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E,BFBaBNCBs: Walker, Lewis, McAdams, and Gilliland, “Principles of Chemical 

Engineering,” 3d ed,, McGraw-Hill, 1937. Hirsch, “Die Trockenteohnik," Springer, 
Berlin, 1927. Tiemann, "The Kiln Drying of Lumber,” Lippincott, Philadelphia, 
1917. Sherwood, Ind. Eng. Chem., 21, 976 (1929); 25, 311 (1933); 26, 1096 (1934)∙ 
Sherwood, Trans. Am. Inst. Chem. Engrs., 32,150 (1936). Ceaglske and Hougen, Trans. 
Am. Inst. Chem. Engrs., 33, 283 (1937).

I. THE DRYING OF SOLIDS
Drying commonly refers to the removal of a liquid from a solid, the liquid 

most frequently being water. The removal of water from a solid in solution 
is termed evaporation, but there is no sharp distinction between evapora' 
tion and drying in crystallization processes. Ordinarily, drying refers to 
the removal of water from a solid when the water is presented in relatively 
small amount.

Drying may be accomplished by various means, such as pressing, centrifug­
ing, absorption, or vaporization of the water content. The paper machine 
combines pressing, absorption, and vaporization by the use of the press rolls, 
the felt, and the cylinders, or can dryers. In most cases vaporization of thɑ 
water is the most expensive method of drying, and therefore as much water 
as possible is removed by pressing, centrifuging, or other mechanical methods 
before drying by vaporization is employed. For example, in the Utilizatioii 
of waste wood bark as fuel, the material is first pressed as dry as possible 
before entering the dryer proper.

Because of the relatively great importance in practice of air drying, i.e., 
vaporization of the water into air or other carrier gas, the discussion which 
follows will be limited to this method of the drying of solids.

THE MECHANISM OF DRYING OF SOLIDS1
In the initial stages of the drying of a very wet solid under constant drying 

conditions, the surface is completely wet with water and the drying process 
is similar to the evaporation of water from a free liquid surface. As long 
as the surface is wholly wet the rate of evaporation is not a function of the 
water content of the solid, and, under constant drying conditions, the rate 
of drying continues constant. This stage is termed the constant rate 
period. However, at some definite water· content the rate of drying begins 
to decrease, and the range from there to dryness is called the falling rate 
period. The water content of the solid at the end of the constant rate 
period and the beginning of the falling rate period is termed the critical 
water content. When dried for a very long time, the water content of the 
solid approaches an ultimate value which depends primarily on the relative 
humidity of the air and is termed the equilibrium water content.

The Constant Rate Period
During the constant rate period, the evaporation takes place at the surface 

of the wet solid, the rate of drying being limited by the rate of diffusion of 
water vapor through the surface air film out into the main body of the air. 
The solid assumes a constant equilibrium temperature, just as a free liquid 
surface assumes the wet-bulb temperature of the air. When the heat neces- 

1Lewis, Ind. Eng. Chem., 13,427 (1921). Sherwood, Ind. Eng. Chem., 21, 12 (1929); 
21, 976 (1929); 22, 132 (1930); 24, 307, (1932).
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THE DRYING OF SOLIDS 1481
βur⅛c^p,ra⅛afi)θ"zAtlθn ,is suPPliθd only by conduction through the same 
wet-b,ιlh + m '^rou,d1 which the vapor diffuses, the surface assumes the 
such as hvern^θr≠∙"ure °f ɑæ a'r' Where heat is supplied in other ways, 
solid the la. larl0n' 0r by conduction from adjoining dry surfaces of the 
and the ι∙i>+8ur rɪɑiθ tcniPerature is higher than the wet-bulb temperature, 
times of ∙ e ° tr∙tang ɪs increased. An initial adjustment period is some­
th eαuτ~nce∙ during which the wet material is warmed or cooled to 

Best teιnρeratur<! which is to prevail in the constant rate period,
a hot sol Ή ɪɪɑɪɪɑtloɪi through Dry Surfaces. Heat flow from air or from 
solid to th t° anj°lnιn⅞ dry surfaces and thence by conduction through the 
tant f', + e surfaces may frequently be an unsuspected but very impor- 
Period ° a,∕ectln≡ the rate of drying, particularly in the constant rate 
faces of V κ e CaSe θɪ a block or slab of material, for example, one or more 
these ' l'V ∙ arθ covered or otherwise waterproofed, the heat inflow through 
¡ θ iiθ,s lncreaseS the temperature of evaporation of the water and so 
ɪneɪeaɪses the rate of drying.
a rafUS fɪt/ɪɪθ °ase a sma^ θɪab θɪ whiting paste having covered edges and 
rate 1° °∙ θʤθ Wettediace area of 1.6, the rate of drying in the constant 
sam ^θɪɪθɑ yas ʃθuɪid to be 70 per cent greater than that for a thin slab of the 
Chem ɪai θ97β (ɪəθɪθ ^ɪɪθ ^ry θʤθ area was ɪɪθ^ɪigible [Sherwood, Ind. Eng. 

wa^ɪɑɪɪ ^rom Surroundings. Radiant heat from surroundings 
ine ɪtlɑɪ ɪɪɪ rɪɪ ^ɪɪθ we^kulb temperature of the air has a similar effect in increas- 
Ib Γ∙r so . .^emPerature and consequently increasing the rate of drying, 
cjr 1. lon is important in practical drying problems because, in a heated 
mJ?·1’ ma^erιa^ subject to radiation from steam coils or from other heating 

lums ɪs found to dry appreciably faster than where surrounded by other 
of 1 material∙ Furthermore, radiant heat may be used to increase the rate 

Thying an^ con.se<luently to improve the capacity of a given dryer.
e rate of drying as pounds per hour, from a wet surface of A sq. ft., may 

e expressed approximately by the equation

⅛ = KA(,Ha - Ha) (1)

'∖⅛ie ɪ8 the absolute humidity of the air, Hs is the saturated humidity 
the temperature of the surface of the solid (both expressed as pounds of 

vater per pound of bone-dry air), and K is a constant. By utilizing the reía- 
ion hc∕K = s [Lewis, Trans. A.S.M.E., 44, 325 (1922); although this relation 

ɪs now known to have no theoretical basis,1 it is found experimentally to hold 
Ieasonably well for water vapor in air] and making a heat balance, one obtains

~(H, - Ha) = (Ta - Ta) + ɪ(r1 - 7'3) (2)8 hc
where rs = latent heat of vaporization, B.t.u. per lb., at the surface tempera­

ture.
s = the humid heat of the wet air, B.t.u.∕(oF.) (lb. dry air) = 

, Ca + CwHa.
where Ca = specific heat of dry air.

Cw = specific heat of water vapor.
Ta- temperature of air, oF. abs.
Ta = temperature solid surface, oF. abs.

ɪ Mech. Eng., 66, 567 (1933).
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Tr — temperature of surroundings, 0F. abs.
P = black-body coefficient of the solid surface (see pp. 1002 to 1029) - 
c = radiation constant = 1.72 X 10-9.

7⅛ = surface coefficient of heat flow, B.t.u./(hr.)(sq. ft.)(oF.).
Since the rate of drying is proportional to the product hc(Hr — Ha), the 

above equation, combined with the relation between H, and T3 as given by 
the humidity chart (see below), may be used to predict the relative drying 
rates when the material is subject to various radiation effects.

Example 1. Consider the effect of radiation on the rate of drying of a thin sheet of 
wet material in air at 104oF., having a humidity ⅛α of 0.017. In the absence of radia­
tion, the sheet will assume the wét-bulb temperature of 80.6oF. Now assume that the 
wet material is Surroundedby a radiant heater the surface of which is at 374oF. (834°F. 
abs.) and let p = 0.9 and hc = 4.4. B.t.u./(hr.) (sq. ft.) (oF.). The latent heat r, will 
be in the vicinity of 1060 B.t.u. per lb. The above equation may then be written:

(H. - 0.017) = (564 - 7.) + P∙9.× 1∙72 × 10"ι(834> - Ti)
u.z4o 4.4

which may be solved by referring to the saturation curve on the. humidity chart for the 
relation between Ts and Hs. The solution is H, — 0.048, and Ts = 564; i.e., the sheet 
temperature has been increased to that of the air. The rate of drying has been increased 
to (0.048 — 0.017)/(0.022 — 0.017) = 6.2 times the former rate when the sheet received 
no heat by radiation.

Air Velocity. Since the rate of drying during the constant rate period is 
controlled by the rate at which vapor can diffuse through the surface air 
film, factors which affect the thickness of that film influence the rate of 
drying in this period. Perhaps the most important of such factors is the 
velocity of the air past the surface; the air velocity has a similar influence 
on the rate of drying as it has on the surface coefficient of heat flow from solid 
to gas in air heaters and in similar equipment.

Data pertaining to the rate of vaporization of water from flat surfaces arc 
given by Hinchley and Himus [Trans. Inst. Chem. Engrs. [London) ,2, 57 (1924)1 
Chemistry and Industry, 43, 840 (1924)], Carrier [Ind. Eng. Chem., 13, 432 
(1921)], Lurie and Michailoff [Ind. Eng. Chem., 28, 345 (1936)], and Shepherd, 
Hadloek, and Brewer, [Ind. Eng. Chem., 30, 388 (1938)]. These results may 
be represented approximately by the equation

G = 0.021 (up)«·9 (3)

for flow of air parallel to the water surface. Here G represents the rate of 
vaporization as pounds per hour per square foot per millimeter Hg difference 
between the vapor pressure of water at the surface temperature and the 
partial pressure of water vapor in the air; ρ is the air density as pounds per 
cubic foot; and u is the air velocity past the wet surface as feet per second. 
This relation holds approximately for air rates between 3 and 20 ft. per sec. 
flowing parallel to the wet surface. When the surface is at the wet-bulb 
temperature, the driving force in millimeters Hg is almost exactly one-half 
the wet-bulb depression in degrees centigrade.

Data on vaporization with air flow normal to the surface are given by 
Carrier [Ind. Eng. Chem., 13, 432 (1921)] and by Molstad, Farevaag, and 
Farrell [Ind. Eng. Chem., 30, 1131 (1938)].

For data on vaporization of water from wet surfaces of various shapes, see 
the recent data of Powell, Inst. Chem. Engrs. (London), March 8, 1940.

Effect of Humidity. For practical purposes, the rate of drying may be 
assumed to be proportional to either the humidity difference H, — Hm 
as defined above, or the partial-pressure difference ps — pa, although these
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Water 'Wk1e8 arθ n°^ exact⅛r Proportional (ps is the vapor pressure of the 
vano d tl·. e .sur∕ace temperature, and pa is the partial pressure of water 
rate ɪ fɪɪd ∙ aιr,Λe∙, ^ɪɪθ vaP°r pressure of water at the dewpoint). Thus the 
whew0’ ∙ryiJlgv^n ^ɪɪθ con≡tant rate period may be accurately controlled, 
the s θnɪ ri ’ θy cOntrolling the air humidity. It should be noted that in 
ɪone a~°θ> λ c^nstant rate period the rate of drying remains constant only as 
of fl S ■ e5* ryinS conditions are constant; in the ordinary dryer the humidity 

le an changes as the air passes over the material being dried, and the rate

Fig. 1. Rate of drying in the constant rate period. [Shepherd, Hadlock1 and Brewer1 
Ind. Eng. Chem., 30, 388 (1938).]

Dry Bulb Temperoifure7oF

ŋɪ ɑɪɪanges progressively, in a countercurrent dryer increasing as
the material becomes drier.

Estimation of Drying Rate in Constant Rate Period. In the con­
stant rate period the surface of the solid is completely wet, and the rate of 
ʌ apoτization is essentially the same as from a free water surface at the same 
-Cniperature. Where it is possible to neglect heat inflow from adjoining dry 
edges and by radiation, the surface may be assumed to be at the wet-bulb 
temperature of the air, and the rate of drying is calculated by Eq. (3). Where 
ɪadiation and conduction are appreciable, the rate will be greater than that 
calculated in this way. The methods of calculation used to obtain the prob­
able surface temperature in such cases are outlined by Shepherd, Hadlock, 
and Brewer [Ind. Eng. Chem., 30, 388 (1938)]. The assumption that the 
surface will be at the wet-bulb temperature introduces a factor of safety in 
that the predicted rate will be low.

Data on vaporization from wet solids collected by Shepherd, Hadlock, 
and Brewer [Ind. Eng. Chem., 30, 388 (1938)] have been used by them as a 
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basis for Fig. 1, which may be used to estimate drying rates in the constant 
rate period. Like Eq. (3), it applies only for vaporization at the wet-bulb 
temperature.

The Falling Rate Period
As pointed out above, the constant rate period ends at the critical wateɪ' 

content, and the range from there to dryness is called the falling rate period. 
In case the critical water content is less than the desired final water content, 
the constant rate period constitutes the whole of the drying process. In th® 
case of some slow-drying materials, the initial water content may be less than 
the critical, in which case no constant rate period appears. The falling rate 
period is in general divisible into two secondary periods or zones, which from 
the mechanisms of drying prevailing in each may be called the zone of 
unsaturated surface drying, and the zone where internal liquid diffɑ" 
sion controls.

The Zone of TJnsaturated Surface Drying. This period follows imme­
diately after the critical point; the decrease in the rate of drying in this zone 
is due to the decrease in the wetted surface of the material. The surface ɪθ 
no longer completely wetted, but dry portions of the solid protrude into the air 
film, so that the rate of evaporation per unit of total surface is reduced. Th0 
effective wetted surface in this zone is frequently a linear function of the 
water content, so that the curve representing rate of drying vs. water content 
of the solid is straight in this region. The mechanism of drying is essentially 
the same as during the constant rate period so that the rate is independent 
of the thickness of the material being dried, and the factors discussed above aθ 
influencing the rate of drying in the constant rate period have similar effects 
on the rate of drying in this zone.

Internal Liquid Diffusion. The maximum rate of diffusion of water 
to the surface decreases with the water content of the material, so that a- 
second critical point is reached beyond which the resistance to internal 
liquid diffusion is greater than the surface resistance to vapor removal*  
During this second zone of the falling rate period, the rate of internal liquid 
diffusion controls the rate of drying. Obviously, if the initial water content 
is less than at this second critical point, internal liquid diffusion will control 
throughout the drying process.

The diffusion of liquids through many solids obeys the same fundamental 
diffusion laws as hold in the case of the diffusion of heat, and the Fourier equa­
tions of heat conduction hold for the drying of solids when internal liquid 
diffusion controls. For the case of a slab of thickness 2R, the relatiθn 
between water content and time has been derived and expressed in an infinit0 
series for E in terms of τ, where E is the ratio of free (total minus equilibrium) 
moisture at time θ to the initial free moisture, and τ represents the group 
KO /JR?, K being the diffusion constant of water through the solid, and R 
one-half the slab thickness. The values of E and τ as given by this theoretical 
relation, are as follows:

τ 0.02 0.05 0.10 0.15 0.20 0.30 0.50 1.00
E 0.84 0.75 0.642 0.563 0.496 0.387 0.236 0.069

This relation is of value in the analysis and extrapolation (preferably doɪɪɛ 
graphically) of drying data over the range where internal liquid diffusiɑɪɪ 
controls. The corresponding relations for various other shapes are give# 
by Newman [Trans. Am. Inst. Chem. Engrs., 27, 310 (1931)].
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θ∙7‰⅝? InHours ; R·HaIfslutb Thickness in Cm.* 
E∙ Ratio of Free Water at TimeQto initial Free 

Water
Fig. 2.—Use of special ordinate scale in 

plotting drying data illustrated by data on 
drying poplar wood slabs.

Oiickness

ι κi.27 Ctπ.
1.30 Cm.

SDeef2∙ In order to compare experimental data with the theoretical curve, a 
F P ɪ ɪ,ɪɪɛ PaPer may be constructed, using a uniform τ scale, but so changing the 

scale as to force the theoretical relation
™ e a ifra⅛hl. line. With this special 
LiPer'. sιnce tɪɪɛ 7^ scale is uniform, data 
„ ow^ng the theoretical relation will fall 
a<5 Sstraι⅛t line when plotted as E vs. τ, 
inf T∙ fZ?2’ °γ. as E vs- θ βy compar- 
wifk+κθ ɪθ^tɪon of such a straight line 
Jfv °f the theoretical line, the val-

0 ʌ may be calculated directly. 
8∣aLlguie shows data obtained on two 

' *0s of poplar wood respectively 1.27 
β∕p2and∙1'90 cm∙ thick- Plotted as E vs. 
,> » ɔɪsɪng the special plotting paper
fnrcri^ed- Arbitrarily taking the point 
07P2cθ1ξparison at E = °·60’ where 
,lf . λ , 2, and the theoretical value 
0f T ɪs 0.126, WC have

τ = 0∙126 ≈ ~ = 3.72 X 3600 X K 
n¿

('ir⅛nce ʌ` ~ 9'4 X ɪθ 8 ɪɪɪ C∙g∙S. units 
sαιams °f wa,ter diffusing per second per 
<rι.u^∙le centi∏ιeter per unit concentration 
wja lent∙ per ceOtiineter thickness, 

ere the concentrations are expressed 
grams of water per cubic centimeter 

or wet wood).

ɪt is important to notice that 
‰ ∙ 1 ^ese conditions the time of 
θ^yιπg varies directly as the square

the slab thickness, whereas, when surface evaporation controls, the time of 
rVmg varies directly as the first power of the thickness. Furthermore, when 

,l e'i'nal liquid diffusion controls, air
ocity has no influence on the rate of ” 

rWng, and air humidity is of impor- 
only so far as it affects the equi- 

z r'<'Um water content. Radiationand 
conduction of heat from the sur-
0Undings have little effect, except in 

ɪaɪsing the temperature of the solid 
a∏d so improving the diffusion con- 
s ant of liquid through the material.

Internal Evaporation. Since
Uring the second zone of the falling 

ɪ ate period the rate of arrival of water 
o the surface is less than the rate at 

Miich evaporation could take place 
.a the surface, the water in the solid 
tl°ar the surface tends to be depleted, 
a∏d the plane or locus of evaporation 
θuds to retreat from the surface. 

1 his probably takes 
ɪɪot in colloidal 

Fig. 3.—Examples of rate-of-drying curves.

place only in porous or fibrous solids, such as pulp; and 
materials, such as clay. When evaporation occurs within the
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solid, the vapor formed must diffuse, not only through the surface air film, but 
through the relatively dry surface layer of solid. The actual evaporation 
takes place at such a distance from the surface that the rate of diffusion of 
vapor through the solid and air-film resistances is equal to the rate of internal 
liquid diffusion.

Outline of General Mechanism of Drying
Figure 3 illustrates the possible drying curves which may be followed 

in drying a given material. The rate of drying, as weight of water per unit 
surface area per unit time, is plotted against the water content of the solid, 
the horizontal line CA representing the rate of evaporation from the wholly 
wet surface under the drying conditions prevailing, i.e., the rate of drying 
during the constant rate period. The three curves HO, KGO, and LEO 
represent the maximum rates of diffusion of liquid to the surface for three 
thicknesses of material, HO being for the thinnest. The line ODC represents 
the relation between rate of drying and water content for the conditions of 
unsaturated surface drying for the particular material. Then, since the rate 
of drying is governed by the slowest part of the diffusion process, the resulting 
rate curve for any thickness will be a composite curve made up of the lowest 
curves representing the rates in the three different zones. For the sample 
of intermediate thickness, starting with a water content at A, the rate of 
drying will follow AC to the critical point C, where the zone of unsaturated 
surface drying commences; follow CO to the second critical point D, where 
internal liquid diffusion becomes controlling, and then along DGO. The 
thicker sample will dry at a rate following AC to B, after which internal diffu­
sion will control and no zone of unsaturated drying will appear. For the 
case of the thinnest sample, the rate will follow AC to the critical point C, 
thence along CO to dryness, the material being so thin that at no point does 
the rate of internal diffusion control. In this case the falling rate period 
consists only of the zone of unsaturated surface drying.

Example 3. A clay slab, dried at a sufficiently high air velocity that internal liquid 
diffusion is controlling, loses 60 per cent of its free water content in 320 min. Using a 
moderate air velocity, the same slab requires 650 min. to dry from 27.6 per cent to 5.2 
per cent water (dry basis), the critical point occurring at 17.2 per cent water. Calculate 
the time required to dry to 2.6 per cent water, assuming internal liquid diffusion to be 
controlling throughout the falling rate period. The equilibrium water content is 1.5 
per cent.

Solution. In the first test, E = 0.40 after 320 min. From the theoretical relation 
between E and τ, τ = 0.285. In the second case, E = (5.2 — 1.5)/(17.2 — 1.5) = 
0.236, whence τ = 0.50. The time for the falling rate period is therefore (0.50/0.285)320 
■= 561 min., and for the constant rate period 650 — 561 =■ 89 min. At 2.6 per cent 
water, E = (2.6 — 1.5)/(17.2 — 1.5) = 0.07 and the corresponding value of τ is 1.00. 
The necessary time to dry to 2.6 per cent water concentration is therefore 89 + 1,- 

0.285
X 320 = 1210 min.

Approximate Equation for Practical Problems. The mechanism 
of drying in the falling rate period has been seen to be complicated, this 
period being in general divisible into two zones involving two different drying 
mechanisms. For practical analysis of drying data, and for computations 
involved in the design and operation of commercial drying equipment, the 
empirical equation

(Wc — Wb) 
(W — Wb)log = kθ W
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njay be used. W ɪə the water content (dry basis) at any time θ after the start 

tne tailing rate period, We is the equilibrium water content, Wc the critical 
tin and 's a constant. This equation is based on the assump-
f E t√t t°e rate of drying ɪɪ1 the iaɪɪing rate period is proportional to the 

e water content W-We- Althoughthisassumptionisonlyanapproxima- 
fh°u<t + the facts, the resulting equation given above has been found to fit 

e data well for the drying of a number of different materials. In case the 
nitial water content IFo is less than the critical, Wc is replaced by TP0, and θ 
e ers to the total time from the start of the drying.

ʌ certain material is dried to 10 per eent water in 5 hr., the initial mois- 
5 De c°ntθnt ɑθɪɪɪs 20 per eent, and the equilibrium or hygroscopic moisture content is 
ʌ Γ 'ent' ʌll moisture contents given are expressed as per cent of the dry weight. 
init·**? 1™8· θ s°1'd t° exilib't no constant rate period (i.e., the critical is greater than the 

*rial moisture content), estimate the time required to dry to 8 per oent water under 
"e sarne drying conditions.
Solution. Substituting in Eq. (4),

log <-2-0 - 5) 
K (10 - 5) 

whence * = 0.0955.
or the new conditions, the equation becomes

log -f° ~ = 0.0955 X S

whence the time required = β = 7.31 hr.
d .'campIe ð*  ʌ very wet solid is dried from 36 to 8 per cent water under constant 
to-δ conditions, the time required being 5 hr. How long would be required to dry 

o.5 per cent water under the same drying conditions? The critical moisture is 14 
ŋr cent and the equilibrium moisture 4 per cent (all water contents expressed on the 

αr5f basis).
Solution. The assumption that the rate of drying is directly proportional to the free 
ater content may be expressed

-W - 4)

= ⅛×5

«

θn integration this becomes

logβ = kΘr = 2.3 Iog10 <* 4-" 4>
(W — We) (IT - 4)

'vhich is assumed to apply to the falling rate period, Θf being the time of drying in the 
aɪling rate period. The time in the constant rate period may be written

θe ≈ f'w° ~ Wc) = <36 ~ ɪ4>
k(Wc — We) k(14 — 4)

sιnce the rate of drying during the constant rate period is the same as at the critical 
Point, given by the first equation as

dPF
——(constant rate period) = -k(W0 — 4) ≈ — ¿(14 — 4) dθ

adding the time for the two periods,

Total time = 5 = Θf + Θc = ɛ

whence k ≈ 0.624, θ? = 1.47, and θc = 3.53.

Ioe<*l →l

(8 - 4) J
, (36 - 14)

*(14 - 4)
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To dry to 5.5 per cent water, θc = 3.53.

Θf log (14 - 4)
(5.5 - 4)

= 3.03 hr.

Total time = 3.53 + 3.03 = 6.56 hr.

Surface Checking and Case-hardening
Surface cracks and checking are caused by unequal shrinkage of the surface 

and interior of the material being dried. Although at the start of the drying< 
the moisture content may be uniform throughout the solid, appreciable 
moisture gradients are soon set up from center to surface, the difference 
between center and surface moisture concentrations probably being thɛ 
greatest when internal liquid diffusion first becomes controlling. In the 
ease of a material which shrinks as it dries, the surface tends to shrink before 
the interior, and unless the material is sufficiently elastic to take up the 
resultant strains either permanent distortion or surface cracking results· 
When these effects must be avoided, controlled humidity drying is employed, 
using air of sufficiently high humidity to decrease the rate of drying so that 
the moisture gradients set up in the material will not be great enough to cause 
sufficient differential shrinkage to cause cracking. Many materials shrink 
during drying through only a limited range of moisture contents, and con- 
trolled-humidity drying needs to be employed in only one part of the dryer·

In some cases, as the material becomes drier, shrinkage or other physical 
change takes place which causes an appreciable decrease in the diffusion 
constant of liquid through solid, causing the so-called “case-hardening” 
effect. As the surface layer dries, it becomes relatively impervious to the 
diffusion of the remaining water, which is trapped in the interior of the solid· 
This effect is noticeable in the drying of soap. Since it is caused by excessive 
difference between surface and interior moisture concentrations, it may soɪnθ' 
times be obviated, as suggested above, by Controlled-Iiumidity drying· 
For example, should the case-hardening develop only when the surface 
concentration becomes very low, air of relatively high humidity may be used 
while the first 50 to 75 per cent of the water is being removed, so that the 
case-hardening effect develops only in the latter portion of the drying process­
in this way, the total drying time may frequently be reduced.

Laboratory Drying Tests
Since the use of forced air currents, and in general the fixing of the drying 

conditions throughout the dryer are governed by the nature of the material 
and its drying characteristics, it is important to have reliable test data on 
the manner in which the material to be dealt with dries. Such data may be 
obtained in simple laboratory drying cabinets, even without humidity control, 
and it is recommended that the results be studied by plotting the rate of 
drying as. the water content, as in Fig. 3. A plot of free water content us- 
lime for the falling rate period, using a Semilogarithmic coordinate scale, 
as suggested by Eq. (4), should also be constructed.

Differences in air conditions between plant operation and laboratory test 
can usually be allowed for, but special care should be taken to use a test sarnpl° 
having the same ratio of dry to wetted surface, and subjected to similar 
radiation effects as in the plant dryer. A common mistake is to use a small 
test sample and to accentuate the effect of heat conduction from dry surfaces! 
furthermore, a single test sample may receive radiation from steam coi⅛ 
or other source of heat in the drying cabinet which appreciably increases
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its rate of drying, whereas in the large-scale dryer most of the material may 
æɪɪ suriOnnded by other similar material and not subject to radiant heat, 

ese precautions are particularly important because errors made are in 
is θ dɪrθetion: the tests tend to indicate a greater rate of drying than

actually attained under plant conditions.
sh +ɪŋɪɪ Cail· !ɔθ regarding the general mechanism of the drying of
IwefHmateriais by ^w° simple ^es^,s∙ These are (α) the drying of one and 

' ? thicknesses of the material in still air under constant drying conditions ; 
a'lc ¿ -ι'ile drying θɪ a single thickness of the material in a blast of air having 
rτfU kient∙ velocitSr to evaporate the water from the surface at a greater 
ɑɪ e than it can diffuse through the sheet to the surface. In both tests 

1Ying from the edges of the samples should be eliminated by tinfoil or other 
waterproof covering.
t ɪɪɪ Λθ8t σ, ^ɪɪθ sarnPles should be suspended in a laboratory cabinet main­
tained at constant temperature and constant humidity. They are then 
ofθth ɑ ɪɑ place at frequent intervals, using a balance resting on the top 

the cabinet, with a wire attached to one scale pan passing down into the 
ɪnet and on which the sample to be weighed may be hung. The weighings 

kθ made quite accurately, since the rate of drying is calculated from 
e difference between two successive weights. The samples are finally 

ɪɪθd thoroughly, the tare determined, and the rate of drying (as weight of 
water per unit time per unit face area) plotted vs. percentage moisture 
V ry basis). The double-thickness sample may be made by sewing together 
wo single-thickness sheets. This is tested similarly and the data obtained 

are plotted as rate of drying vs. moisture content on the same plot as the 
ata for the single thickness. If surface evaporation is controlling throughout 
ɪe drying process, the curves should coincide except for a slight effect 
heat flow in through the dry edges. If, however, internal liquid diffusion 

13 controlling during the falling rate period, the rate for the single sheet 
Wl, . ɪɔθ twice that for the double sheet during this period. If the samples 
exhibit a constant rate-of-drying period, the critical water content will be 
apparent from this plot. The data may also be plotted, as free water vs. 
-ɪme, on Semilogarithmic coordinate paper, using only the data on the falling 

rate period.
Test b serves to place the curve representing the rate of diffusion of water 

tθ the surface. The sample is held in a stream of air flowing at 30 ft. per 
3θc. (or more) and weighed frequently, at short intervals of time. For 
exaιnple, the small sample may be held in the exhaust from a small centrif­
ugal blower, operating at room temperature. The rate of drying is again 
calculated and plotted vs. percentage moisture, in this case giving a curve 
oo∏cave to the rate axis. By comparison with the theoretical-diffusion 
equations, the diffusion constant of water through the sheet may be found, 
ʌ comparison of this curve with the rate curves obtained from test a indi­
cates the drying range where there is danger of internal diffusion becoming 
controlling and also indicates how much it may be possible to increase the rate 
θf drying by employing high air velocity and low humidity.

CLASSIFICATION OF DRYERS
Dryers may be classified as continuous or batch, adiabatic or constant 

temperature, and also as to the manner in which the heat necessary for 
vaporization of the water is transferred to the material.

ɪn the common air dryers the latent heat of vaporization is supplied to the 
stock by convection from the heated air, and such dryers may be termed 
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“hot-air dryers.” In the drying of thin sheets of veneered wood, the heat 
is supplied by contact with heated metal plates between which the wood is 
pressed. Similarly, in the can or cylinder dryers for textiles, pulp, and other 
sheet material, heat is received by conduction from a heated metal drum, the 
interior of which is supplied with steam. In such dryers, instead of the stock 
picking up heat from the air, the air may be colder than the sheet, and heat 
flow takes place in the reverse direction, i.e., from stock to air. The wet 
material being dried may also receive heat by radiation, although this method 
of heat transfer is usually found to occur only in high-temperature dryers 
and incinerators. As pointed out above, radiation from the surroundings 
raises the temperature of the wet solid, which increases the rate of drying- 
Since the vapor pressure of the water in the solid increases rapidly with tem­
perature, a high rate of radiant heat flow causes only a moderate increase 
in the temperature of the stock, and it would appear that this means of 
increasing the rate of drying, especially in the constant rate period, has not 
received the attention it merits.

Hot-air dryers may be classified as adiabatic and internally heated, the 
latter usually operated at constant temperature. In the adiabatic dryer, 
all the heat supplied comes in as sensible heat in the entering air. The air 
is preheated and in passing through the dryer cools as it gives up its sensible- 
heat content which is utilized in vaporizing water from the stock. Thus 
the temperature is lowest where the air leaves and highest where the air 
enters, so that where the flow of air and material is counter current, the driest 
stock comes in contact with the hottest air. In cases where the material 
being dried is sensitive to heat when dry, this is an important disadvantage 
of the adiabatic dryer. However, the wet-bulb temperature of the air remains 
approximately constant, so that such dryers are particularly well adapted 
to the drying of materials sensitive to heat when wet, e.g., gelatine. As 
the air passes through an adiabatic dryer it cools, and its capacity for carrying 
water vapor is greatly diminished. The air carrying the water vapor away 
from the dryer has therefore a relatively low water-vapor-carrying capacity, 
and consequently large amounts of air are required, resulting in low heat 
efficiency. When steam coils or other sources of heat are within the dryer, 
enough heat is usually supplied to accomplish the vaporization of water 
from the material being dried, and the temperature of the air remains approxi­
mately constant, although it may be allowed to decrease or even caused 
to increase as it passes through the dryer. Frequently air is circulated 
through sections of the dryer and over steam coils either in the bottom or 
just outside the dryer. Part of the air.so circulated may be passed from one 
section to the next, each section operating as a small cross-current adiabatic 
dryer. The dryer as a whole, however, usually operates at a constant tem­
perature, although by removing air from each section various combinations 
of drying conditions may be maintained.

Intermittent dryers are charged with the material to be dried, which 
remains within the dryer until dry, when it is removed and the dryer 
recharged. Such dryers are usually of the loft, compartment, or chamber 
type and are widely used for small-scale and experimental work. They are 
cheaply and simply built and have the important advantage that when 
properly controlled they are able to operate on relatively complicated humid­
ity and temperature schedules for the air in the dryer. However, close con­
trol and inspection must be maintained or the product from successive 
charges will not be uniformly dried. Continuous dryers have the important 
advantages inherent in continuous operation at any stage in a manufacturing 
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plant. The continuous operation fits in more satisfactorily with the other 
s eps in the manufacturing process, labor costs are reduced, less storage space 
ɪor charge and product is required, and the dried product is apt to be more 
uniform. . Perhaps the most important advantage of the continuous dryer 
,>ver the intermittent dryer is the greater heat efficiency of the former, the 
saving in cost of heat being usually more than enough to offset the greater 
Pxed charges on the continuous dryer.

AIR CIRCULATION AND RECIRCULATION
Adequate circulation of air over the material being dried is of the utmost 

importance in maintaining high capacity and low heat consumption of the 
uryer. As pointed out above, the surface coefficient of vapor diffusion of 
water vapor from solid to air varies approximately as the 0.8 power of the,air 
velocity, so that when the surface is at the wet-bulb temperature of the air 
⅜ rate of drying is also proportional to the 0.8 power of the air velocity, 
ɪʊhen the rate of surface evaporation is controlling, but due to radiation or 
heat conduction from adjoining dry surfaces the surface is above the wet-bulb 
temperature, an increase in the air velocity at the same time tends to cool 
the solid and so decrease the vapor pressure of the water at the surface 
temperature, which in part tends to offset the beneficial effects of the higher 
aιr velocity. Nevertheless, the net effect of increased air velocity is always 
to increase the rate of drying, providing surface evaporation is the con­
trolling mechanism of drying. In the second zone of the falling rate period, 
internal liquid diffusion is controlling and air velocity can have no effect on 

rate of drying. When internal liquid diffusion is controlling, which in 
8<>me cases may be throughout the whole of the drying process, it is con- 
8Oquently useless to attempt to cut down the time of drying by using a high 
mr velocity past the surface of the material. Good air circulation within 
the dryer not only increases the surface coefficient of vapor diffusion but 
8θrves to eliminate stagnant-air pockets where the air humidity is high and 
very little drying takes place.

There are three general ways of attaining the advantages of high air 
Velocity over the surface of the material. These are: (α) the use of large quanti­
ties of heated fresh air, (?>) the use of a mixed feed of heated fresh air and hot 
Waste air from the dryer, and (c) the repeated circulation of the air across 
ŋr through the solid material as it passes through the dryer. The use of large 
Quantities of heated fresh air accomplishes the desired purpose but involves 
an excessively large heat loss in the waste hot air. Circulation within the 
dryer or recirculation of waste hot air is therefore the method used, the 
choice depending on the arrangement and construction of the dryer. The 
repeated circulation of the air over and across the material as it passes 
through the dryer is usually to be preferred, as each pass of the air over 
the material involves a shorter length of air travel and lower friction and 
power consumption by the fans than when waste air is returned by ducts and 
recirculated through the whole of the dryer.

Figure 4 shows a plan view of a two-track tunnel dryer illustrating rhe 
principle of cross circulation within the dryer. The dryer, shown, houses ten 
trucks on which are piled trays holding the material being dried. Fans 
placed at the sides in alternate sections circulate the air over the trays on the 
trucks and over the steam coils set behind the fans. Because of the large 
cross section and short length of air travel, the back pressure on the fans is 
very low, and long-blade slow-speed fans are used, capable of circulating 
large amounts of air. Fresh air displaces sufficient hot humid air to carry
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Fig. 4.—Two-track tunnel dryer showing cross circula­
tion within the dryer.
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away the water evaporated, but aa it is possible to remove a minimum 
amount of nearly saturated air, the heat efficiency of the dryer may be main­
tained very high. At the same time the capacity will be high because of 
rapid drying caused by the high velocity of the air over the material.

In the case of the cross-circulation dryer just described, fresh air is supplied 
at one end of the tunnel and the hot humid waste air removed at the other 
end, the air usually passing countercurrent to the material. Under these 
conditions the humidity of the air in the dryer varies from that of the fresh 
air at the air-feed end 
to that of the humid 
waste air at the other 
end of the dryer. 
However, when the sys­
tem of recirculating 
part of the waste air and 
mixing it with fresh air 
is employed, the hu­
midity gradient through 
the dryer is from that of 
the mixed feed at one end 
to that of the waste at 
the other end; when us­
ing similar amounts of 
fresh air, the average 
humidity in the dryer 
will therefore be greater 
than when recirculation 
within the dryer is em­
ployed. This may be 
200oF., but at low temperatures the humidity driving force is ordinarily so 
small that the increased average humidity of the air has an appreciable 
effect on the rate of drying.

In all cases where the air is to pass vertically over wet sheets of the material 
suspended within the dryer, the direction of air movement should be down­
ward, since the air density increases as the air cools.

Condensation on the Walls of the Dryer. When recirculation of air 
through the whole of the dryer, or repeated circulation within the dryer, is 
used, the heat consumption may be maintained very low by withdrawing 
only the minimum amount of nearly saturated air. However, if the humidity 
of the air becomes greater than the humidity of air saturated at the tempera­
ture of the inner surface of the housing wall, i.e., if the inner surface of the 
wall of the dryer is below the dewpoint of the humid air, condensation of 
moisture will take place. Provision may be made for carrying away water 
condensed in the waste-air flues, but condensation within the dryer itself 
must usually be avoided, because of corrosion of the dryer or spoilage of the 
material by drip from the roof. The degree of saturation of the waste 
humid air is therefore frequently limited by the liability of condensation of 
water within the dryer.

The inner-surface temperature of the housing may be estimated by the 
method of calculation described in Sec. 7 on the Flow of Heat. For example, 
suppose the dryer wall to be of wood ⅝ in. thick, having a thermal conduc­
tivity of 0.05 B.t.u./(hr.)(sq. ft.)(oF. per ft.), and that the inner- and outer­
air temperatures are 170o and 70oF., respectively. Assume that the surface 

of no great importance when drying at 150o to
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coefficient of convection plus radiation (Sec. 7) for both inner and outer 
Uraces be 2.0 B.t.u./(hr.)(sq. ft.)(oF.), then the total resistance to heat 

now through the wall is

r = A + _AÊ£A_+A = 2.04
2.0 ɪ (0.05 × 12) T 2.0

bɪnoe the temperature drop is proportional to resistance, the drop through 
the inner-surface air film is ɑ'ðɑɪθ ,—— — 24.5o, and the inner-surface 
, 2.04
eɪnperature is 1700 — 24.5o — 145.5°F. The maximum safe dewpoint of 

θ waste air is consequently 145.50F., and the corresponding maximum 
solute humidity of the waste air is 0.181 lb. water per pound of bone-dry

HEAT CONSUMPTION OF DRYERS
The cost of heat is an item of major importance in nearly every dryer, and 

in many cases constitutes well over half the total cost of operation. The

Table 1. Heat Losses through Dryer Housing Walls*
aɪues given are over-all coefficients of heat transmission expressed as B.t.u./(hr.) 

(sq. ft.) (oF. difference in temperature between inside surface and outside air)
4-in. Brick wall.................................................................................................... 0.77
4-in. Concrete wall........................  0.94
⅞-in. T. & G. sheathing................................................................................. 0.73
⅝-in. T. & G. sheathing and sheet steel................................................... 0.72
Sheet steel, ¾-in. air cell, sheet steel......................................................... 0.63
Sheet steel, 1-in. improved Asbestocel sheets, sheet steel................... 0.44
Sheet steel, l½-in. improved Asbestocel sheets, sheet steel.............. 0.32
Sheet steel, 2-in. improved Asbestocel sheets, sheet steel................... 0.25
⅛-in. Transite 2-in. improved Asbestocel sheets, sheet steel............ 0.25
%-in. T. & G. sheathing, builder’s paper, 4-in. air space, builder’s 

paper, ¼-in. Transite on 2 × 4-in. studs............................................. 0.38
Type A, Special Johns-Manville Special Built-Up................................ 0.11
Type Bt Special Johns-Manville Special Built-Up................................ 0.22
Type C, Special Johns-Manville Special 2-in. panel construction. . . 0.24 
Transite encased insulating board, ¼ in................................................... 0.55
Transite encased insulating board, 1 in..................................................... 0.32
Johns-Manville Standard lumber dry-kiln housing............................... 0.069

Oven Walls:
Sheet steel, 6-in. 85 % magnesia, ⅛-in. Transite (temp, diff. 

450oF.)............ '...............................................................................................  0.084
Sheet steel, 6-in. 85% magnesia, ¼-in. Transite (temp, diff. 

350oF.)............................................................................................................... 0.082
Sheet steel, 6-in. 85% magnesia, ⅛-in. Transite (temp, diff. 

250oF.)............................................................................................................... 0.080
Sheet steel, 4-in. 85% magnesia, ⅛-in. Transite (temp, diff. 

450oF.)............................................................................................................... 0.124
Sheet steel, 4-in. 85% magnesia, ¼-in. Transite (temp, diff. 

350oF.)............................................................................................................... 0.121
Sheet steel, 4-in. 85 % magnesia, ⅞-in. Transite (temp, diff. 

250oF.)..................................................................................................................0.117
Sheet steel, 2-in. 85 % magnesia, ⅛-in. Transite (temp, diff. 

450oF.)............................................................................................................... 0.234
Sheet steel, 2-in. 85 % magnesia, ¼-in. Transite (temp, diff. 

350oF.).............................................................................................................. 0.228
Sheet steel, 2-in. 85 % magnesia, ¼-in. Transite (temp, diff. 

250oF.)..................................................................................................................0.221
* Courtesy Johns-Manville Corporation.
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total heat consumption may be divided as follows: (α) heat required to 
evaporate water, (h) the heat to heat the dry solid from the feed temperature 
to the discharge temperature, (c) the heat required to heat trucks, trays, or 
parts of the dryer itself if the operation is intermittent, (d) the heat in the 
waste humid air as sensible heat above the fresh-air temperature, and (e) 
the heat lost to the surroundings by conduction through the dryer housing.

When the initial and final moisture contents of the material are low, the 
heat lost as sensible heat in the dried product may be quite appreciable. 
Although it is true that this quantity could be reduced by operating the 
dryer at a lower temperature, 
the drying temperature is 
frequently fixed by the na­
ture of the material and is 
not subject to variation. 
Furthermore, operation at a 
lower temperature usually 
results in an increased heat 
loss as sensible heat in the 
waste air, and no net saving 
is accomplished. The heat 
requirements under heading 
a aie therefore not subject 
to control by the operator 
and may be termed the i 
“theoretical” heat require­
ments of the dryer. Since 
this quantity iff commonly 
between 1000 and 1100 B.t.u. 
per lb. water evaporated, the 
“theoretical” heat require­
ment, using low-temperature steam, is in the vicinity of 1.1 ɪb. steam per 
pound of water evaporated.

The dryer housing may be constructed of wood, brick, or insulating boards 
of various types, the nature of the material and the thickness of the walls 
depending on the temperature maintained within the dryer. In estimating 
the heat loss from a proposed dryer housing, it is necessary to have a knowledge 
of the over-all coefficient of heat transfer through the dryer walls.

Table 1 gives values of this coefficient H, as B.t.u./(hr.)(sq. ft.)(oF.), 
for a number of typical constructions. The coefficient H is the reciprocal 
of the sum of the several resistances through which the heat must flow in 
series, viz., the inner and outer air-film resistances, and the individual sections 
of the wall. These resistances may be calculated and the over-all coefficient 
H may be then estimated by the methods described in Sec. 7. For example, 
the over-all resistance of a ⅜-in. wood partition was found on p. 1493 to be 
2.04. The value of H is therefore 0.49 B.t.u./(hr.) (sq. ft.) (oF.), from which 
the rate of heat loss from the dryer may be calculated, knowing the inner 
and outer air temperatures.

The housings should be tight to minimize air leakage, either in or out. 
“Through metal,” i.e., bolts or screws extending through the wall, increases 
the heat loss to a surprising extent and should be eliminated where possible.

The third important heat quantity is represented by the loss as sensible 
heat in the waste humid air. A common misconception in this connection 
is that the lower the temperature of the air leaving, the less will be the sensible- 
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θat loss. For a given percentage saturation, the absolute humidity increases 
as ,er with temperature than does the temperature rise above the fresh-air 

t 7kθrature' ɪɪɪŋ8> sensible-heat loss, which is directly proportional 
o the temperature rise and inversely proportional to the increase in humidity, 
©creases as the final air temperature is increased. It is true, however, that 

considerable drying may be accomplished without appreciable change in 
e~ure of the air passing through the dryer; under such conditions the 
θɪɪsɪŋɪθ-ɪɪθat loss is zero. Consequently for a definite percentage saturation 

the waste air, the sensible-heat loss may be seen to go through a maximum, 
is point is illustrated in Fig. 5, which shows the sensible-heat loss per pound 

° τ∖atθr evaporated plotted vs. the temperature of the waste air, for various 
conditions of the fresh air entering at 70oF. Even in the case of the bone- 
rY fresh air, the maximum is seen to occur at a lower temperature than would 

Oidinarily be employed, so that in general it is true that for a given percentage 
saturation of the waste air, the higher its temperature, the lower will be the 
sensible-heat loss.

ɪɪɪθ degree of saturation of the waste air is frequently taken as a criterion 
? the amount of heat lost as sensible heat in the waste air. This is justifiable, 
or the curve of sensible-heat losses, temperature at a constant percentage 

saturation of the waste air is seen to be fairly flat, so that the heat loss is 
mainly dependent on the degree of saturation. At a given temperature, the 
sθnsιble-heat loss varies approximately inversely as the percentage saturation, 
aPproachmg a minimum as the humidity approaches saturation.

ɪt is important that the sensible-heat loss be calculated above the outdoor 
aɪr temperature, even in cases where the air supply for the dryer is obtained 
nnmediately from a heated room. It is evident that the dryer should be 
charged with heating the fresh air from the outside temperature, even though 
some of the heating be done by the ventilating system, or by radiators in 
the room.

ECONOMIZERS
As pointed out above, the sensible-heat loss in the waste humid air repre­

sents a considerable fraction of the total heat requirements of the dryer, and 
the transfer of this heat to the incoming cold fresh air offers a possible means 
of reducing the heat consumption of the drying operation. Furthermore, 
vτhen the dewpoint of the waste humid air is high, and the temperature 
of the fresh air is lcΛv, considerable condensation of water vapor may be 
effected in a suitable heat exchanger and add greatly to the heat so recovered. 
However, the over-all coefficients of heat transfer from gas to gas are normally 
so low that the required heat-exchange surface of a suitable type of economizer 
is excessively large, and the use of such equipment is found practical only 
where the temperature of the gases leaving is relatively high, or where the 
dewpoint is so high that considerable recovery of heat by condensation of 
water vapor is possible.

Adams and Cooper [Ind. Eng. Chem.., 22, 127 (1930)] report six tests on a 
10,500-sq. ft. copper-surface cross-flow Briner-type economizer operating 
ɪn connection with a 60-ton sulfite pulp dryer. The fresh-air temperature 
varied from 13o to 74oF., the waste air from the dryer from 99o to 128oF., 
and the amount of waste air handled from 203,000 to 236,000 lb. (water-free 
basis) per hr. The sensible heat removed from the waste air varied from 
400,000 to 1,030,000 B.t.u. per hr., and the heat recovered by condensation 
of water vapor varied from 2,470,000 B.t.u. when the fresh air was at 13oF. 
to 80,000 B.t.u. per hr. when the fresh air was at 74oF. The corresponding 
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temperatures oí the entering air after passing through the economizer were 
71oF. when the fresh air was at 13o, and IOlo when the fresh air entered 
at 74oF. It may be seen that the amount of condensation varied in such a 
way as to maintain the air feed to the dryer between 71o and 101oF., although 
the fresh-air temperature varied over a 61o range, i.e., from 13o to 74oF. 
In these tests, the total heat in the waste air averaged about three times that 
necessary to heat the fresh air to the waste-air temperature; and the heat 
actually picked up by the fresh air was about half that necessary to heat 
it to the waste-air temperature. The actual heat recovered was consequently 
from 10 to 20 per cent of the total heat consumption of the dryer.

By the use of an absorber to remove water vapor from the waste air it is 
possible to operate with total recirculation. This accomplishes somewhat 
the same result as an economizer and also provides for humidity control 
when the outside fresh air is very humid. Direct-contact absorption in a 
strong aqueous solution of lithium chloride reduces the humidity to a low 
value without cooling the air, and a double or single effect evaporator is 
provided to reconcentrate the diluted solution. Excellent heat economy is 
possible with such a system, although many of the installations have been 
to facilitate low-temperature drying of leather and similar products during 
summer periods of high humidity [see Weisselberg, Chem. & Met. Eng., 45 
418-421 (1938); Bichowsky, ibid., 47, 302 (1940)].

TYPES OF DRYERS
Commercial drying equipment is necessarily extremely varied in design 

because of the fact that materials dried in industry vary widely in physical 
form and in both physical and chemical properties. A brief description of 
only the commoner and more generally applicable types is given in the 
following section. Operating and performance data are included where they 
are available.

Spray Dryers for Liquids. [Stewart, Chem. & Met. Eng., 35, 471 (1928). 
Reavel, J. Soc. Chem. Ind., 46, 925, 951 (1927). Power, Chem. Eng. Mining 
Re∙e., 20, 201 (1928). Bowen, Ind. Eng. Chem., 30, 1001 (1938). Fogler 
and Kleinschmidt, Ind. Eng. Chem., 30, 1372 (1938).] Liquids may be dried 
by spraying into heated air, the large surface of contact between the drops 
and the air making possible a very high rate of vaporization. When the dry 
material is not sensitive to heat, the solution may be superheated and sprayed 
into a rotary dryer or heated enclosure and the dried product collected in the 
form of a powder. When a finely ground product is desired, it is thus possible 
to accomplish both drying and pulverizing in one operation. The process 
may also be used to produce a homogeneous mixture from a solution or 
suspension of two or more substances.

Efficient countercurrent action is not ordinarily possible in the spray 
process, so that the sensible-heat loss in the waste air is usually high, and the 
use of the method is confined to those cases where the short time of heating is 
particularly desirable. The spray process is of advantage in the drying 
of the following materials: easily oxidized substances, such as leuco-base 
dyes; easily dissociated substances; easily damaged ferments; substances 
with delicate flavors; substances physically or chemically sensitive to heat; 
organic or inorganic colloidal solutions; suspensions; and suspensions in 
solutions. It is used in drying blood products, eggs, gelatine, soap, sugar, or 
beverage powders, blackstrap molasses, and its use is said to be the only 
possible way of obtaining dried glucose as a powder. Because of its relatively 
poor heat economy, the process is not usually recommended for the drying 
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inrf⅛a∙p matfrιals ?ut ls oi particular importance in the food and beverage 

tries and for the drying of fruit juices to produce soluble powders.
the ɪiθ 'mp° κant.' fiteps ln the spray-drying process are the atomization of 
tvn»» r ’ t^le cry'"κ Process, and the recovery of the product. Several 
nr»« ° ,sprays may be used, (1) a centrifugal bowl or disk atomizer, (2) a 
the lu.re^type ,nozzIe, or (3) a two-fluid or atomizing nozzle. In general 
den» 8t i°rm hollow spherical particles and the third forms irregular 
d ?. partlcleaL but auy type may produce a product of varying form and 
tie sity dependlnS on atomizer design and operation and the physical proper- 

s and moisture content of the feed. The centrifugal type of atomizer is 
an<l*L 0 +κ°mm°n slnce lt yielda a product of more nearly uniform particle size 

nas the advantages of high capacity, low maintenance, accessibility for 
eanmg low liquid pressure requirements, and little tendency to clog. The 
ɪsk ɪs driven by an electric motor or steam turbine at speeds normally 
e ween 3000 and 12,000 r.p.m. The liquid is fed to the disk and thrown 

th ~,omontal'y by centrifugal force, breaking up into a spray as it leaves 
θ edge of the disk. The pressure-type nozzle, usually of the spin-chamber 

ype, operates under pressures of 100 to 2,000 lb. per sq. in. It does not 
Produce as uniform a particle size as the centrifugal type, has low capacity, 
and tends to plug and to erode with use. In the two-fluid atomizing-nozzle 
1qurd under low velocity is delivered to the nozzle and there atomized by 
an impinging stream of air at pressures up to 100 lb. per sq. in. It has 
Most of the advantages of the centrifugal disk except for non-uniform particle 
size. The fineness and uniformity of the spray are of utmost importance 
Oecause the capacity of the dryer is governed by the time required to dry the 
,argest of the drops formed. The largest drops tend to dry incompletely 
and to form wet lumps in the product, making it necessary to reduce the rate of 
1QUid feed. If the largest drops are satisfactorily dried, the smaller drops will 

also be well dried; if the spray is uniform and the smaller drops are all nearly as 
*arge as the largest, the capacity of the dryer will obviously be greater than 
when the average size of the drops is only a fraction of that of the largest.

The spray is located at either the top or bottom of a large cylindrical drying 
chamber into which is fed heated air or hot products of combustion. Usually 
the chamber has a height approximately equal to the diameter, although with 
Pressure sprays the height may exceed the diameter appreciably. The drying 
aɪr or gases may range from 200o to 1200oF. and usually pass through the 
dryer in parallel flow to the product. In the Kestner spray dryer the hot 
Kas enters tangentially at the top, thus being given a centrifugal motion which 
lt retains in passing down through the drying chamber. The spray is located 
at the top and revolves in the same direction as the rotation of the gas in the 
chamber; the spray and gas are therefore thrown together with a paralie*  
Motion with the object of preventing the formation of uncertain eddy currents 
which might allow short-circuiting of spray or hot gas and so hinder the 
efficient operation of the dryer. A small amount of cold air is passed verti­
cally down over the spray to prevent drying until the sheet of liquid formed 
by the revolving disk has completely broken up into a fine spray.

Various methods are employed for the recovery of the product. Usually 
a portion which collects on the floor of the drying chamber is swept by rakes 
ɪuto hoppers or conveyors or blown out by air. The portion which is carried 
out in the discharged gases is collected in a cyclone which may be supple­
mented by a bag filter or scrubbing tower. The feed liquor is sometimes 
1≈sed to scrub the gases, thus effecting at the same time a concentration of 
this liquid by the heat available in the gases.
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FiGo 6.—Twin-roll drum dryer with 
center feed. (Courtesy Buffalo Foundry 
and Machine Co.)

Capacities of spray chambers vary widely with the properties of the liquid, 
the degree of atomization, the temperature of the gases, and the size of 
chamber. Generally the capacities vary from 0.1 to 3.0 lb. water evaporated 
per hour per cubic foot, the low value being for 20- to 50-mesh particles at low 
gas temperatures and the high value for 300-mesh particles at gas tempera­
tures of 800o to 1200oF. Drying chambers vary from 10 (for particles below 
350 mesh) to 30 ft. in diameter. They must be large enough so that none 

• of the spray will hit the walls when wet. Gas temperatures vary from 200o 
to 1200oF., and gas velocities are usually 50 to 120 ft. per min. based on the 
average gas temperature.

Thermal efficiencies range from 70 per cent for high gas temperatures to 
20 per cent for low air temperatures (300oF. or less). Fuel requirements 
vary from 2000 to 5000 B.t.u. per lb. 
water evaporated. Labor for operating 
a dryer, exclusive of materials handling, 
is 12 to 24 man-hr. per day. Mainte­
nance is 5 to 10 per cent of the total 
installed cost. A 20-ft. diameter dryer 
requires about 50 hp. The installed cost 
of a spray dryer exclusive of buildings 
will be from $10 per cubic foot for large 
chambers to between $25 and $60 per 
cubic foot for small chambers.

Spray dryers are applicable to large 
production since they do not perform well 
in sizes below 5 ft. diameter. Space re­
quirements and investment cost are high. 
However, this method of drying produces 
a product which needs no subsequent grinding or blending and generally has 
peculiar, valuable properties of low bulk density, uniform particle size, free- 
flowing and non-caking tendencies.

Drum Dryers for Liquids. Another common type of continuous 
dryer for liquids is the drum dryer, consisting of one or two steam-heated 
metal cylinders revolving around a horizontal axis. Inquid is applied in a 
thin film to the cylinder surface and dried by heat transferred from the con­
densing steam in the interior. The dried product is removed, after traveling 
as far around the drum as possible, by a straight “doctor” knife set close to 
the drum surface. The dried material drops into a chute or hopper and the 
water vapors are generally removed by natural or forced draft through a 
hood over the dryer. Drum dryers have been employed commercially in 
the drying of milk, soap and detergents, dyes, fruit and vegetable extracts, 
glue, cereals, salt solutions, etc.

There are three general types of drum dryers: single-, double-, and twin­
drum dryers. The single consists of one cylinder; the double and twin, two 
cylinders set close together and parallel, mounted on the same frame, and 
driven by one motor. The latter two differ only in the rotation of the rolls. 
In the double the rolls rotate toward each other at the top, and in the twin 
they rotate away from each other at the top (see Fig. 6). The latter is particu­
larly adaptable to drying salt solutions where crystals may form. All three 
types may be operated under vacuum on temperature-sensitive materials 
or on those from which valuable solutions are being evaporated.

A special type of drum dryer adapted to the predrying of pastes is a finned 
single-drum dryer. The drum surface is grooved around the circumference 



THE DRYING OF SOLIDS 1499
so that the heating surface is materially increased. Pastes are forced into the 
oɪ ooves by rolls and removed by finger scrapers. Tlie final product, generally 

o completely dry, is dried further in an appropriate air dryer, such as the 
Iorizontal conveying screen dryer (Aeroform dryer).

Various methods of feeding drum dryers are employed. In the “pan” 
θed the rolls dip into the liquid; in the “spray” or “splash” feed liquid is 
hrown against the bottom surface of the roll; and in the “slurry” feed it is 

Iocirculated through pipes past the roll surface. These methods are chiefly 
used with single-drum dryers. With double- and twin-drum dryers the 
lQuid is usually fed between the rolls to the upper trough, which is fitted with 

u∏dboards. This type of feed is sometimes applied to single-drum dryers 
by the use of a close-fitting frame.

For the successful operation of a drum dryer it is important that the liquid 
teed be evenly distributed over the surface of the roll so as to give a film of 
Umiorm thickness and concentration. For this reason doctor rolls are often 
used with twin- and single-drum dryers and constant level controls where 
trough or pan feeds are employed. It is also important to remove as much of 
the dried product as possible so that a thin film will not remain on the roll. 
Fhe doctor knife must be close fitting and sharp. Frequent honings are 
desirable, and, where the drum surface is likely to wear irregularly and form 
grooves, a flexible knife is preferred.

The capacity of drum dryers is proportional to the dryer width and diameter 
a∙∏d to the speed of rotation. The speed of rotation determines the time 
available to dry the film of liquid picked up. The time required depends not 
θnly on the amount of water in the film but on its thickness. In other 
words, for a given feed consistency a thick film of liquid not only contains 
more water than does a thin film but its rate of drying is reduced because of 
the greater resistance to flow of heat and vapor through it. However, the 
speed of rotation also determines the thickness of the film, the slower the speed 
generally the thicker the film. Usually, a greater capacity is obtainable when 
using a given feed by drying thin films at a fairly high roll speed, especially 
if a very dry product is.desired. With very thin films and high roll speeds 
the time of contact of the material with the hot roll is greatly reduced, which 
is an important advantage in drying liquids sensitive to heat. Usual speeds 
of rotation are 4 to 12 r.p.m.

The over-all heat-transfer coefficient depends on the individual resistances 
of the steam film, the metal wall, and the material film and has been found 
to vary in practice from 10 to 50 B.t.u./(hr.) (sq. ft.)(oF. temperature differ­
ence). The material film is generally controlling, although inefficient 
removal of non-condensable gases and condensate inside the roll may increase 
the resistance of the steam film appreciably. The usual capacity varies from 
2 to 8 lb. of water evaporated per hour per square foot of roll surface. This 
capacity is largely dependent on the steam pressure and hence on the over-all 
temperature difference.

Drum dryers are supplied in a variety of standard sizes. Single-drum 
dryers range from 2 ft. diameter by 1 ft. 8 in. long to 6 ft. diameter by 12 ft. 
long. Double- and twin-drum dryers range from 2 ft. diameter by 2 ft. long 
to 5 ft. diameter by 12 ft. long.

The total installed cost of a drum dryer is about twice the purchase cost. 
Steam consumption varies from 1.3 to 2.0 lb. steam per pound water evapo­
rated. Maintenance costs are about 5 to 10 per cent of the installed dryer cost.

Drum dryers produce a flaked or powdery product which needs no further 
grinding or blending. They are difficult to operate, however, where a hard, 
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thin coating builds up and adheres on the roll surface so that it cannot be 
removed easily by the doctor knives.

For a further discussion of drum dryers, see Van Marie [Ind. Eng. Chem. 
30, 1006 (1938)] and Harcourt [Chem. & Met. Eng. 45, 179 (1938)].

Pan Dryers. Pan or agitator dryers are particularly adapted to the 
intermittent drying of small batches of solids, e.g., grains, flour, coal, ores, 
dyes, salts, and flotation concentrates. They are operated either under 
atmospheric pressure or under vacuum. The use of agitation generally 
shortens the drying time over that obtained either in atmospheric or in 
vacuum tray dryers. These dryers are not suitable for materials which 
cake on hot metal surfaces or whose quality is degraded by breakage of the 
particles.

Agitator dryers are usually considered to comprise the following types: 
atmospheric or vacuum pan, vacuum rotary, screw conveyor, or trough. 
In all types the material is agitated in contact with a heated metal wall. 
The pan dryer (3 to 6 ft. diameter by 1 to 2 ft. deep) is in the form of a shallow 
circular pan with flat or bowl-shaped bottom and vertical sides. A plow or 
scraper agitator rotates around a vertical shaft and stirs the material during 
drying. Discharge of material is accomplished through an opening in the 
floor or side wall. The vacuum rotary dryer (1.5 to 6.5 ft. diameter by 3.5 
to 36 ft. long) comprises a stationary, cylindrical steam-jacketed shell within 
which a set of agitator blades revolve around a horizontal axis. Vacuum 
is applied (as also for the vacuum pan dryer) by steam jet or vacuum pump 
through’ a suitable condenser, the line including a dust bag or appropriate 
dust collector. The dryer is not easily cleaned. The screw conveyor dryer 
(6 to 24 in. diameter by almost any length) is also a steam-jacketed cylindrical 
shell through which material is moved by means of a screw conveyor. Such 
a dryer may consist of a number of such units mounted in parallel one above 
the other to conserve floor space, the material discharging from the exit of 
one into the feed end of the one below. Only enough air is passed through 
the dryer to remove vapors and not dust. The trough dryer (4 ft. by 24 ft. 
to 12 ft. by 60 ft.) is a modification of the screw conveyor dryer in which 
material is moved by oscillating rabble arms through a steam-jacketed or 
gas-heated trough open to the atmosphere.

The drying of materials in agitator dryers is dependent on the heat transfer 
from the condensing steam through the dryer walls into the drying material. 
The main resistances are those of the material and material film along the wall. 
While the material contains surface moisture, its temperature will approxi­
mate the boiling point of the solvent under the absolute pressure prevailing 
in the dryer. As the material dries beyond this point, its temperature rises 
approaching the temperature of the dryer wall.

The capacity of these dryers varies with the material, being 1 to 3 lb. 
water evaporated per hour per square foot of heating surface for materials 
with high moisture content, not carried to extreme dryness, and 0.1 to 0.5 lb. 
water per hour per square foot for low-moisture materials carried nearly to 
their equilibrium moisture content. Pan dryers are generally loaded to 1 
to 2 ft. depth, and vacuum rotary dryers, 50 to 60 per cent full. Agitators 
revolve at 2 to 8 r.p.m. Steam consumptions for pan and vacuum rotary 
dryers range normally from 1.3 to 1.8 lb. steam per pound water evaporated 
for high-moisture materials; and for screw conveyor dryers, 1.5 to 2.5 lb. 
steam per pound water evaporated. For low-moisture materials (near the 
equilibrium moisture content) thermal efficiencies will be much lower.
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The total installed cost of one of these dryers will usually be between two 

and three times the purchase cost. Operating labor costs are appreciable 
since the operation is batchwise. Maintenance costs average between 5 and 
10 per cent of total installed cost of dryer including vacuum equipment.

The following data are reported by Atwater and Borkland [Chem. & Met. 
Eng., 26, 226 (1923)] for a 6-ft. pan dryer jacketed on the bottom and sides. 
Ιhe dryer was operated at atmospheric pressure with a small blower exhaust 
to remove the vapors. In these tests the steam consumption was stated to 
average 1.7 lb. per lb. water evaporated; and the power used for the agitator, 
0.31 hp. per 100 lb. of wet charge.

Material Charge, lb. % water, wet basis
Initial Final Lb. water evaporated Minutes

Goal......................................................................................................Sawdust...........................................................................................0yρsum..l>reelay......................................................................... ..................band.....................................................................................................
Rotary Dryers. Rotary dryers are applicable to the continuous drying 

of granular, crystalline, or lumpy materials which are relatively free-flowing 
throughout the drying operation and which do not contain too large a propor­
tion of dust. Materials dried in this way include inorganic crystalline salts, 
ores, coal, sand, sugar, oxalic acid, etc.

A rotary dryer consists essentially of a rotating cylinder, mounted on 
rollers and inclined to the horizontal. [Smith, Ind. Eng. Chem., 30, 993 
(1938).] Material is fed in at the upper end and discharged at the lower. 
There are three common types distinguished by the manner in which heat is 
supplied for drying: (1) the direct rotary in which flue gases or hot air are 
Passed through the dryer in direct contact with the material and either 
counter current or parallel to its flow, (2) the indirect-direct rotary, in which 
heat is transferred from the gases both indirectly through the metal walls 
a∏d by direct contact with the material, and (3) the totally indirect where 
heat is transferred solely through metal walls.

In the direct rotary the rotating cylinder is equipped with flights on the 
inner surface which serve to lift the material and shower it down through the 
hot gases. For performance data on single shell dryers using hot flue gases, 
see Alliott [Jr. Soc. Chem. Ind., 38, 1737τ (1919)] and Horgan [Trans. Inst. 
Chem. Engrs. (London}, 6, 131 (1928)]. Variousdesignsareofferedtodivide 
the cross-sectional area into segments to reduce dusting and grinding action 
in large diameter dryers. This type of rotary is operated with either counter­
current or parallel flows of gases and material. Counter current flow gives 
greater thermal efficiency and is generally used but parallel flow is advan­
tageous with materials which must not be heated to too high a temperature 
when dry and which must be dried to a certain final moisture content and not 
to complete dryness. Either steam-heated air or flue gases may be employed 
depending on the temperature-sensitivity of the material.

The indirect-direct rotary is presented in a number of designs. In one 
the dryer, located in a brick-lined chamber, is heated externally by flue gases



1502 DRYING

which subsequently pass through the dryer cylinder (see Fig. 7). In another 
design the dryer is made up of two concentric cylinders. Hot gases pass 
through the center cylinder and then reverse direction to pass through 
the annular space between cylinders counter current to, and in contact with, 
the drying material. In another design the heated gases pass through axially 
arranged ducts, attached to the inner surface of the dryer cylinder, before 
returning through the dryer in contact with the material. The application 
of this type of rotary dryer is the same as that of the direct rotary, with 
the possible exception of abrasive materials. It is thermally about 35 per 
cent more efficient and requires less space 
than a direct rotary dryer.

The totally indirect rotary dryer is typi­
fied by the steam-tube dryer [Bill, Ind. Eng. 
Chem., 30, 997 (1938)] in which the dry­
ing cylinder is fitted with steam tubes run­
ning the length of the dryer along its inner 
surface. Other variations are possible 
where hot gases supply heat through the 
outer shell or through an inner concentric 
cylinder or both. This dryer type is useful 
where the materials will stand a high temperature but no contamination from 
products of combustion, e.g., clay or whiting. The steam-tube rotary is 
useful where materials require a well-regulated temperature during drying 
or where the material is too dusty for use in a direct rotary.

In addition, there is the Roto-Louvre dryer, of comparatively recent- 
development, in which hot air is blown through louvers in the wall and up 
through the bed of material in the rotating dryer cylinder. By a special 
design the air is introduced only through the louvers covered by the material. 
This dryer takes less space, is more expensive, but exerts less degrading 
action on crystal materials than a direct rotary dryer [see Erisman, Ind. 
Eng. Chem. 30, 996 (1938)].

The rotary kiln is of similar design and operation to a direct rotary dryer, 
except for the absence of lifting flights and the brick lining of the inner walls. 
It is usually operated at a high temperature. In the kiln the drying operation 
is usually of secondary importance to the roasting or calcining action.

The size of a rotary dryer depends chiefly on three factors: (1) total amount 
of heat to be transferred per unit time, (2) permissible gas velocity through 
the dryer, and (3) thermal efficiency desired. A rough comparison of the 
relative capacities of the various types of rotary dryers is given in the followr 
ing table based on equal dryer volume and similar operating temperatures:

Relative Capacity
Direct rotary.......................................................................................................... 1 ∙ θ
Indirect-direct (double-shell)........................................................................... 1.35
Indirect (hot gases)............................................................................................. 0.7
Indirect (steam tube)......................................................................................... 3.0
Roto-Louvre........................................................................................................... ɪ ∙ ð

Air velocities through a dryer should be chosen conservatively since the 
quantity of material carried out varies as the second to fifth power of the 
velocity, depending on particle-size distribution. A conservative choice will 
allow for future increases in dryer capacity or changes in particle size of the 
feed. Air velocities vary from 50 to 100 ft. per min. for very dusty materials 
to as high as 900 ft. per min. for coarse materials. Dryer capacity varies 



THE DRYING OF SOLIDS 1503
no^ɪ^ɪɪɪɪ^ʤ as ^ɪɪθ θ*θ?  P°wer °f the mass velocity of the air (expressed as 
vr>iln⅞ pθ1 square f°°t Per hour). A Roto-Louvre dryer usually employs 

ocities of 120 to 300 ft. per min. through the material bed.
n general the highest air temperatures that the material and dryer con­

duction will stand should be employed so as to get highest thermal efficiency.
Presentatiye efficiencies expressed as percentage of the total heat used to 
aporate moisture and heat material to exit temperature are given below.

Dryer High temp, (direct-firing), 
%

Low temp, (steam-heated air), %
Direct rotary...Indirect-direct (double shell)....................................................................1 otally indirect (hot gases)........................................................................ 55-7575-8550-60 30-55
1 otally indirect (steam tube)...................................................................Koto-Louvre. 60-80 75-85

T,he operating costs of a rotary dryer are generally lower than of other types 
o continuous dryers. Labor required for actual dryer operation, exclusive 
01 material handling, is about 25 per cent of one man’s time. Steam con­
sumption. for a direct steam-heated air dryer is normally about 3 to 4 lb. steam 
Per pound water evaporated. Power is required for driving the fan, rotating 
he dryer, and handling the feeding and discharging of the material. Empiri­

cally the horsepower for a direct rotary (for dryer drive and fan) can be 
expressed as about 0.5D2 (where D = dryer diameter, ft.). Of the total­
power, 20 to 60 per cent will be required for the fan, depending on air velocity 
a∏d pressure drop of the system. Yearly maintenance charges will amount 
to 5 to 10 per cent of the total installed cost of the drying equipment.

Manufacturer’s data on performance and operating costs are given in 
Pables 2 and 3.
. ɪn the operation of a rotary dryer the following points are worth consider- 
ɪɪɪffɪ A uniform feed rate is important in securing dryer capacity and product 
Iimformity. Air leakage should be avoided. Dryer seals should be inspected 
frequently and adjusted so as to keep a tight seal both from the standpoint 
°f air leakage in and dust loss out. Sometimes two fans, one on the inlet 
and one on the outlet, are serviceable in regulating the air pressure within 
the dryer at atmospheric pressure. Control of dryer performance is best 
accomplished by the temperature of the discharge material. Knockers are 
Useful in preventing the sticking of materials to the walls in the wet end 
°f the dryer. The handling of sticky materials can sometimes be aided by 
the partial recirculation of dried product. Uniform air distribution entering 
the dryer, both as to temperature and velocity, is very important. Often 
oversized air heaters, installed to accommodate maximum capacity, cause 
unequal temperature distribution when operated at low steam demands.

“Can” or Cylinder Dryers for Sheet Materials. Materials in the form 
of continuous sheets are commonly dried on “ can ” or cylinder dryers, in which 
the sheet is heated by contact with revolving steam-heated cylinders, the 
water vapor being removed in a stream of air. The cylinders, which may be 
from 2 to 6 ft. in diameter and up to 20 ft. wide, are placed in two or three 
horizontal rows, one above the other, and the sheet passed over cylinders 
alternately in each row. The axes of the rotating drums are staggered, and 
the surfaces of successive dryers in the same row are close together, so that the
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i c of contact of the sheet with the drum is considerably more than a semi- 

tɪɪc θ’ total length of contact being usually from 50 to 70 per cent of the 
otal length of the sheet in the machine. In pulp and paper dryers, the sheet 

J3 requently held in contact with the rolls by an endless felt, which at the 
same time absorbs moisture from the sheet and is itself dried. If, in drying 
Paper, the drums are all the same size and driven at the same speed, the 

nαency of the paper to shrink as it dries stretches the sheet and may cause 
yιJury to the product or breaking of the sheet. Elaborate electric drives have 

een developed which adjust the speed of the rolls to allow for the decreased 
ψ}ea* sPeθd of the sheet as it shrinks and so to overcome this difficulty.

. θ fɪ`amework supporting the drive and drum bearings is usually covered 
t∩ a hood from which the humid waste air is exhausted to a stack or moni- 
p s on the roof. Condensation on the cool ceiling and consequent drip on to 
θ sɪɪθθt is thus prevented.

Table 3. Operating Costs for Rotary Dryers*

Data

⅛∙ghal moisture, %................................................................................................⅛⅛s.......................................................................................................
8≡S⅛.hr............................⅛wer,hp........................................... ......................................................Manufacturer’s price....................................................................................... ...^ɪon cost (including foundations, reducers, motors,Γ∩8⅛ 8team or fuel, per hr....................................................................................L°k!' °f ,p°wer> per hr...............................................................................................poBθr charged to dryer, per hr.....................................................................TotTa^e^ rθpa,hf cos^' Per hr........................;................................................^pera^ng cos^ exclusive of depreciation and interest, ^θtal operating cost, exclusive of depreciation and interest, Per ton of product.................................................................................................Manufacturer’s data, courtesy The Hardinge Company.

Single-shell type, air heated Single-shell type, direct heat
AimnoniiHn sulfate Stone

1.63 4.80.16 0.3Steam coils OU3.75 214 × 30 ft. 5 × 30 ft.12 17$4700 $3200$1210 $1490$0.354 $2.70$0.18 S0.357$0.25 $0.30$0.045 $0.02l$0.829 $3.378$0.221 $0.161

Double-shell type, Indirect heat
Kaolin

242Coal
5.5801n. ×50ft.42 $16.500$2280$0.85$1.03$0.55$0.044$2.474$0.45

The value of the coefficient of heat flow from steam to sheet is determined 
θy the conditions prevailing on the inside and on the surface of the dryers, 

θur important causes of low coefficients are: (1) poor removal of air from 
∩e steam in the dryers, (2) poor removal of condensate, (3) the accumulation 

ŋf oil or rust on the interior of the dryers, and (4) the accumulation of a fiber 
ɪɪɪt on the outer surface of the drums. One of the best ways of removing 
aιr from the steam is to fit each drum with a small pet cock which is slightly 
opened all the time, although this method has the disadvantage that when the 
hiachine is shut down the operators may neglect to close the pet cocks, in 
ʌvhieh case air is sucked in and fills the drum, so that on starting up again 
Dme is lost in expelling the air. Short vertical pipes dipping nearly to the 
bottom of the inside of the drums are usually provided to siphon off the con­
densate, but these pipes sometimes rust and break off, so that the drum runs

8%25e2%2589%25a1S%25e2%2585%259b.hr
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half full of water. Instead of the siphon pipe small buckets attached to the 
end of the drum on the inside may be used, which lift the condensate as the 
drum revolves, depositing it in an axial outlet. One reported test (Lewis, 
McAdams, and Adams, Pulp Paper Mag. Can., February, 1927, p. 122) on 
a sulfite pulp dryer, in which the actual sheet temperatures were measured, 
gave a value of about 33 B.t.u./(hr.) (sq. ft.) (oF.) for the over-all coefficient 
of heat flow from steam to sheet.

The capacity of a drum dryer may be increased appreciably by the use of 
air jets directed at the face of the sheet across its width. High air velocity 
tends to reduce the air-film thickness on the surface of the sheet and so to 
increase the surface coefficient of vapor diffusion. With thin paper or textile 
sheets, surface evaporation is controlling throughout the drying, so that the 
use of high air velocity is of value not only during the constant rate period 
but also in the falling rate period. Such air jets should be directed only at 
the wet sheet and not across the bare dryer surface, as this would increase the 
heating of the air and decrease the heat economy. The over-all average rate 
of drying obtained in a number of tests on paper dryers has been calculated 
as pounds per hour per square foot of effective dryer surface, as tabulated in 
Table 4. The results of a questionnaire regarding paper drying have been 
published by a committee of the Technical Association of the Pulp and Paper 
Industry, and include performance data from a number of mills on newsprint 
[Tech. Assoc. Pulp Paper Ind., 17, 210 (1934)], writing papers [ibid., 19, 199 
(1936)], and miscellaneous papers [Paper Trade J., 103, No. 3, p. 26 (1936)]. 
Data on the performance of board and kraft paper dryers have been assembled 
by Stamm [Tech. Assoc. PulpPaper Ind., 15, 208 (1932)] and by Montgomery 
[paper presented at the annual meeting of the Tech. Assoc. Pulp Paper Ind., 
February, 1933].

The data collected in Table 4 also indicate the steam economy which may 
be expected with drum dryers drying newsprint and bond paper. The heat 
required to heat the air from room temperature to the exhaust temperatures 
varied from 134 to 520 and averaged 276 B.t.u. per lb. water evaporated. 
However, the dryer should be charged with the heat required to heat this air, 
not only from room temperature, but from the outside temperature to the 
exhaust temperature. The outside temperatures were not reported, but 
assuming them to be 50oF. in each case (the tests were run between November 
and March), the calculated heat required to heat the air used from 50oF. to 
room temperature averaged 437 B.t.u. per lb. water evaporated. The total 
heat requirements in these tests therefore averaged about 1100 + 276 + 437 
or about 1800 B.t.u. per lb. water evaporated. The steam requirement 
indicated is about 1.8 lb. steam per pound of water evaporated, which may be 
compared with 1.67 which is the average of the measured values. The heat 
loss increases with, but is by no means proportional to, the amount of air 
used because when large amounts of air are used the exhaust temperature is 
much lower. This is made evident by a comparison of the values of pounds 
of air per pound of water evaporated, w’ith the rise in air temperature above 
the room temperature.

With dryers of this type most of the heat lost to the surroundings is recov­
ered, because the air used is drawn in from the room. Practically all the 
heat supplied which is not actually required to vaporize water from the 
sheet is represented by the sensible-heat content of the waste humid air above 
the fresh-air temperature. The steam requirements consequently vary with 
the season of the year, and the data relating to steam requirements given 
in Table 4 tend to be high because the tests reported were made in the winter-
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Slater and Warner [Meeh. Eng., 44, 587 (1922)] report a test run on a newsprint 
dryer made when the outside-air temperature was 83oF., showing a steam con­
sumption of 1.40 lb. steam per lb. of water evaporated, noticeably less 
than the average of 1.67 for the tests reported in the above table. The sheet 
speed was 650 ft. per min., and the average rate of drying, as pounds per hour 
per square foot effective surface was 2.73, which agrees with the above results.

The same authors report the following data on the power requirements for 
such machines, the figures in each case being per 100 ft. per min. sheet speed:

1. Modern high-speed, motor-driven machines, having four presses, 40 72-in. dryers, 
and operating at 700 to 1000 ft. per min., 25 to 30 hp.

2. Turbine-driven machines, rope-drive transmission, three presses, 32.60-in. dryers, 
running 550 to 700 ft. per min., 30 to 34 hp.

3. Engine-driven machines, Marshall drive, three presses, 32 48-in. dryers, running 
350 to 600 ft. per min., 33 to 38 hp.

A type of cylinder dryer operated under vacuum is the Minton paper dryer 
[Tech. Assoc. Pulp Paper Ind., 7, 1 (1924)] in which the paper sheet enters an 
enclosure surrounding the drum dryer of the usual type through specially 
designed seals which permit the passage of the continuous sheet but not the 
passage of air.

Cabinet, Compartment, and Tunnel Dryers. Many types of dryers 
are fundamentally nothing but heated enclosures supplied with fresh air, 
sufficient humid air being exhausted to remove the water vaporized. These 
may be intermittent in operation, in which case the material is placed within 
the dryer and left until dry, or continuous, in which case the material passes 
continuously through the dryer on trucks or conveyors of various types. They 
may Ixj self-contained or consist merely of a heated room or “loft.” Various 
combinations are possible as to the manner in which the heat is supplied, the 
moisture removed, and the material loaded and unloaded. Between the 
obviously intermittent loft dryer and the tunnel dryer in which the material 
is passed continuously in a direction counter current to the flow of air, there 
are several intermediate combinations. For example, the tunnel dryer in 
which different sections are operated at different air temperatures and humid­
ities may be considered as several continuous compartment dryers, operated 
in series.

Loft dryers were formerly widely used and are still common in many indus­
tries. They are usually poorly ventilated, and, as natural-convection cur­
rents are relied upon to provide air circulation, the material in different parts 
of the room is not dried at the same rate. Furthermore, the material in sight 
of the steam coils tends to dry much more rapidly than that in the center of 
the mass. For these reasons they are being replaced by self-contained dryers 
provided with forced-air circulation. Fine writing paper, however, is still 
dried hung over poles and placed in heated lofts, as the strength of the prod­
uct is better than when dried on the “can” or drum dryer.

The term “compartment dryer” refers to a self-contained heated enclosure, 
which may or may not be provided with forced-air circulation. In small 
laboratory dryers the material is placed on tràys which slide into the drying 
cabinet, where they remain until removed. In larger dryers the material on 
racks or cars is moved into the dryer through a large door, which is then closed. 
When dry, it is removed either through the same door, or through a similar 
door at the other side of the dryer. Granular or lumpy material is placed on 
flat trays, preferably with screen bottoms, which are stacked on trucks, allow­
ing sufficient space between the trays for the air to pass freely over the mate-
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Fig. 8.—Tiemann lumber dryer.
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xx,xj-λxx0 mi, iɪɑ.Vuiixi-uυιιveubiυιι uuιτeιiLs, κne air distribution may 
ŋe improved by the use of condenser coils which serve to cool and dehumidify 
Λr>ri ax --------— y,vx xxc<xυιn½ uuiia. One such dryer [Carrier

btacey, Ind. Eng. Chem., 13, 438 (1921)] has condenser coils below a
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ɪɪal- The tray loading is from 1 to 4 lb. of wet material per square foot but 
in+ri^∙8 co≡derabl/ with the difficulty of removing the moisture from the 

?110r θɪ tbe sobd mass. The trucks are fitted with either flanged wheels 
„ ■ run on tracks, or with flat swivel wheels so that they may be pushed 
ar ι÷r¾ °n a factor^ fl°°r∙ In the latter case, guide rails of channel iron 
ɪ e .V°lted t° tllβ do°1 ɪɪɪ tbe drYer 1° guide the truck through. When several 

uc s must be moved every time one truck is placed in the dryer, they may 
oe moved mechanically by a chain 
drive.

Compartment and tunnel dryers are 
usually heated by steam, although elec- 
rιcιty or hot products of combustion 

11∖a^be.used∙ The dryer may operate 
J1Ciiabatically, the fresh air being pre­
heated and no heat being supplied with- 
ɪn the dryer itself, or steam coils within 

θ dryer may be used to reheat the air 
aHer passage over the material. The 
c°rnbination of a fresh-air preheater 
a∩d steam coils within the dryer is com­
mon. The air is caused to pass succes­
sively over the coils and the material 
o be dried by natural convection, by 

mechanical circulation, by circulation induced by water sprays or ai: 
y a combination of these methods.
In dryers relying on natural-convection currents, the 

bɑ ”------- ’ t -x-- . k,j, vxxM ixoM VX Wxxvicxioei cun» vviiiuii ae 
ɔɪɪθ iSr ^e^ore *t4 passage over the heating coils, 
f . ------ -> > ..™. 1., ut>o vra^r;j nas conαenser cous Delow a

se bottom and steam coils attached to the walls behind a partition at the 
Wes. The air rises over the coils through the chimney-like space between 

tne partition and the wall, being heated as it rises. It then passes down over 
e material stacked in the middle of the dryer, picking up moisture and 

Being cooled, and so down through the false bottom where it again comes 
ɪn contact with the condenser coils. Moisture is there precipitated without 
greatly cooling the main body of the air, which then passes up the sides over 
tile heating coils again.

The Tiemann lumber dryer (Tiemann, “The Kiln Drying of Lumber,”. 
TjlPPincott, 1917), shown in Fig. 8, utilizes both natural convection and 
induced circulation. The lumber is carried on cars on parallel tracks, being 
Piled on the cars in such a way as to allow free air passage through the pile, 

οι Izontal steam coils are placed beneath the floor, the air rising over these 
up through the space between the two trucks and thence through the pile of 
lumber. It, is then drawn down through vertical passages at the sides by 
ejector water sprays, passing through entrainment eliminators before coming 
again to the heating coils. The humidity of the air in the dryer and conse­
quently the rate of drying may be controlled by varying the temperature of 
the water used for the sprays. Canvas flaps attached to the ceiling are 
Provided to prevent passage of air around the top, and so to ensure positive 
circulation of the air through the pile of lumber.

As pointed out above, air velocity and humidity have little influence on 
tile rate of drying when internal liquid diffusion is controlling, so that with 
such slow-drying materials as lumber the relatively slow natural or induced
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circulation at relatively high velocities is

Fig. 9.—Gordon tray dryer.

Heater

Courtesy of Carrier EngineeringOirp.
Fig. 10.—Carrier ejector dryer.
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circulation is permissible. However, with a very large number of materials, 
surface evaporation is controlling over a large portion of the moisture-con­
centration range, and positive 
necessary, not only to improve 
the surface coefficient of vapor 
diffusion but to eliminate stag­
nant-air pockets where the hu­
midity is high and the rate of 
drying low. Such positive cir­
culation is obtained mechani­
cally, using propeller or disk 
fans or centrifugally housed 
fans, and the following ad­
vantages are obtainable: (1) 
elimination of stagnant-air 
pockets of high humidity by 
the even distribution of air throughout the dryer, (2) high velocity of air 
over the wet surface of the material, with consequent high value of the sur­
face coefficient of vapor diffusion, (3) positive removal'of moisture by displace­
ment of definite amounts of hot humid air by fresh air.

Many types of dryers using mechanical circulation obtain only the third 
advantage, because the circulating system is used only to supply fresh air 
and to remove waste air from the 
dryer. In order to obtain the 
first two advantages, baffles must 
be provided which force the air 
over the material and prevent 
short-circuiting from inlet to out­
let. A dryer particularly well 
designed for this purpose is the 
Gordon tray dryer (Carrier and 
Stacey, op. cii.), illustrated in Fig. 
9. Baffles are so placed as to 
force the air over the trays in 
several passes and over steam 
eoils which reheat the air after 
each pass over the material.

Figure 10 shows a diagram­
matic end elevation of the Carrier ejector dryer in which circulation over 
and through the material on trucks is obtained by the use of air jets placed 
near the top at one side of the dryer. Air for the ejectors is supplied by an 
external fan to which some of the waste air may or may not be returned. The 
air caused to circulate over and through the material by the ejectors is said 
to be from three to five times the amount of air actually handled by the fan. 
The diagram shows the end elevation of such a dryer, which may obviously 
be of any desired length, the ejectors being spaced at short intervals in the 
direction of the dryer length. Table 5 gives representative cost data for 
typical dryers of this type.

Positive air circulation in the type of dryer illustrated in Fig. 10 may also 
be obtained by the use of propeller or disk-wheel fans instead of air ejectors. 
The air is drawn through the trucks to the fan and then forced over steam 
coils and back over the tops of the trucks as illustrated for the ejector dryer. 
The fan handles all of the air circulating instead of only a fraction of it, but 
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ι e ^essure drop of the air in circulating within the dryer is ordinarily much 
<∙ ss lan through the recirculating ducts and the ejectors themselves in the 

ɪʃɪɪeɪ system. Instead of returning over the tops of the trucks and circulat­
es continuously in the same direction, the air may be returned through the 
ɪueks at a point a little farther along the dryer, as illustrated in Fig. 4. This 

• iζurθ sh°ws a modern tunnel-truck dryer holding 10 trucks, being divided 
ɪɑ o five sections by the ends of the trucks, which act as baffles, and by the 
tιcat,10n °f ^ɪɪθ ^ans∙ θne faɪɪ is placed in each section on alternate sides of 

θ dryer, as shown, and the air caused to circulate back and forth over the 
material on the trucks and over steam coils placed between the fans and the 
i θs of the dryer. This system not only eliminates the false ceiling compart- 
.ent for the return of the air, but, by continually changing the direction of the 
ʃ' ^rovidθs ʃθɪ' more θven drying at the two sides of the dryer. The fan 

aits protrude outside the dryer and pulleys are attached, which are driven 
y belts connected to shafting driven by an electric motor. Fresh air is drawn 

1J at one end of the dryer and exhausted at the other end by means of a small 
blower or a stack.

-__ ______ Table 5. Truck-dryer Costs*

Data A B

¼......................dumber of trucks...................................................................................................................goduct..........................................’. .. .... . .................................î v Ye⅛ht, °f feed, lb. per week....................................................................................................γutιal moisture, wet basis.....................................................................................................................^Pproχ. first cost of dryer....................................................................................................................Stimated weekly fixed costs, including repairs......................................................"≡Umated weekly power costs, at 2 cts. per kw.-hr.....................................................⅛r iɪɪatθd weekly steam costs, at $1.25 per 1000 Ib...................................................Weekly attendance........................................................................................................................................iotal cost per week......................................................................................................................................Average cost per lb. water evaporated, cts..............................................................................ljo∙ steam per lb. water evaporated...................................................... .........................................* Manufacturer’s data, courtesy the Carrier Engineering Corporation.

Ejector 2 Pigment 13,440 C.2^ $1,640 $ ^ S _____$ 31.70$

63.8%3.773.805.0044.270.522.95

Ejector28Clay producta 1,120,560 10% ^'V23 30.30 64.00 315.00 10.00 419.300.382.25

S13.300 $ ^^I
I

$

The vertical turbo dryer (Büttner system) is a continuous tray dryer, with 
ɪ'ŋtating shelves, from which the material is scraped to the tray next below, 
a∏d across which heated air is circulated [see Weisselberg, Ind. Eng. Chem., 
3θ, 999 (1938)].

Continuous Screen Dryers. Continuous Screen dryers include various 
designs, in all of which the hot air or gas is passed vertically through a bed 
θf material carried on a vibrating or moving screen. The horizontal screen 
dryer is the most common type. Material carried on a screen passes through 
a series of sections in which air is recirculated up or down through the material. 
Kach section is equipped with fan and motor and heating coils in an arrange­
ment similar to a tunnel dryer. One commercial design (D-L-O, Oliver 
United Filters, Inc.) employs hot gases [Irwin, Ind. Eng. Chem., 30, 1002 
(1938)]. Air is drawn in at one end of the dryer and exhausted at the other, 
thus approximating either parallel or counter current flow. In the Aeroform 
dryer the paste is partially dried on a grooved-drum dryer and the preformed 
damp sticks then dried in a continuous screen-conveyor dryer. Hot air is 
blown through the bed of material in stick form as it moves through the dryer 
on the conveyor [Hurxthal, Ind. Eng. Chem., 30, 1004 (1938)].
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The vibrating dryer consists of a horizontal or slightly inclined screen over 
which material is conveyed by the vibratory motion of the screen. Hot 
air or flue gas is passed vertically through the bed. In other designs the 
screen extends around the outer surface of a drum as with a top-feed filter, the 
material being fed on to the screen at the top of its revolution and hot air 
being drawn into the center through the bed of material. A positive rotary 
exhauster or high-speed centrifugal fan is employed to handle the air due to 
the high pressure drop through the filter bed.

Conveying screen dryers are limited to relatively free-flowing, granular, 
crystalline, or preformed materials. A bed of the material must be suffi­
ciently porous to permit passage of air at reasonable velocities and pressure 
drops. Representative materials are cotton linters, cellulose acetate, viscose 
rayon, and tobacco for the horizontal conveying screen dryer; lithopone, 
white lead, and lead and calcium arsenates for the Aeroform dryer; coal 
and sugar for the vibrating screen dryer; and crystalline and granular mate­
rials which fall within narrow size limits and do not require such long drying 
times as for the crystal filter dryer.

The horizontal screen dryer is generally fabricated in a multiple of standard 
units. The approximate dimensions are as follows: 8 to 9 ft. high by 11 to 
16 ft. wide by 4 to 7 ft. long (depending on the manufacturer) ; and the units 
house a screen 8 to 9 ft. wide by 4 to 6 ft. long each. Thus any desired length 
of screen can be obtained by arranging the units in series. The crystal 
filter dryer varies in size from 3 ft. diameter by 1 ft. wide to 6 ft. diam. by 4 ft. 
wide.

The capacity of these dryers varies with the moisture content of feed and 
discharge, the air temperature, air velocity, and particle size of material. 
The following table gives the range of capacities to be expected as well as of 
certain operating variables when drying granular materials:

Capacity, lb.H20∕(hr.) (sq. ft.) steam- heated air;
Airveloc­ity, ft./min. Particle size range mesh Depth of loading, in.

Pressure drop through material, in. HaO
Horizontal conveyor screen .. 0.2- 3.0 150-250 1-20 1 -4 0.5- 1Vibrating ................................................................................. 1 -10 250-750 1-20 1 -6 0.5- 5Crystal filter................................................................................ 5 -10 100-250 20-80 0.5-3 5 -30

Thermal efficiencies vary considerably within this group. The horizontal 
conveying screen with recirculating air will show efficiencies ranging from 
50 to 70 per cent for materials with considerable moisture and as low as 15 
per cent when drying to nearly complete dryness. The vibrating dryer and 
crystal filter dryer also show thermal efficiencies of 15 to 50 per cent.

Operating costs vary widely also. Depending on moisture content, steam 
consumption varies from 1.8 to 8 lb. steam per pound water evaporated. 
Power requirements approximate 0.1 hp. per sq. ft. for the horizontal con­
veying screen, 0.5 hp. per sq. ft. for the vibrating dryer, and 0.5 to 2.5 hρ 
per sq. ft. for the crystal filter dryer. Yearly maintenance averages about 
10 per cent of installed costs. Labor requirements vary depending on 
the time required for adjusting feed and handling the discharge material.

This group of dryers have the following advantages : material is dried more 
rapidly than in tray dryers; it is not subjected to mechanical agitation or 
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fumbling; little dusting occurs; the dryers are flexible as to capacity and 

utɪnuous operation; and insoluble impurities are distributed uniformly 
over all particle surfaces and are not concentrated over a limited surface as 

Uen air is passed over a bed of material. The dryers are, however, limited 
u application to definite particle size and drying characteristics ; uniformity 

drying is difficult to obtain unless material is dried to equilibrium dryness; 
uɑ the extent of drying is more difficult to determine by any continuous 

niOasurement such as by air temperature.
»acuum Tray Dryers. Vacuum tray dryers are employed for the 

atch drying of temperature-sensitive or easily oxidizable materials which 
"'ould otherwise be handled in atmospheric tray dryers. Such a dryer 
cOusists of a vacuum-tight chamber constructed generally of cast iron or steel 
Plate and equipped with hollow shelves on which the trays of material rest, 
“team, hot water, or other medium is used to heat the shelves. Auxiliary 
ecIuipment includes a vacuum system (steam jet or pump) and suitable 
cθndenser. ,

Vacuum tray dryers vary in size from 1 to 20 heating shelves with total 
ccay surface of 2 to 2000 sq. ft. The larger dryer chambers have over-all 
dimensions of 9 ft. wide by 18 ft. long by 12 ft. high.

The evaporative capacity of a vacuum tray dryer depends on several 
factors, the most important probably being the moisture contents of the feed 
aud product and allowable temperature of the heating medium. Usually 
the drying cycle consists (1) of a constant rate period where the temperature 
°f the material is at the boiling point of water or solvent at the absolute 
Pressure prevailing in the dryer and (2) a period in which the rate of evapora­
tion falls off and the temperature of the material rises toward the temperature 
°f the heating medium. It is estimated roughly that an over-all heat transfer 
cOefficient of 1 B.t.u. per hr. per sq. ft. tray surface per degree Fahrenheit 
temperature difference is usually obtained, equivalent to an over-all rate 
°f evaporation of 0.03 to 0.2 lb. water evaporated per hour per square foot 
tray surface. High rates apply to high-moisture content materials and low 
fates to low-moisture content materials carried nearly to complete dryness 
[see Ernst et al., Ind. Eng. Chem., 30, 1119, 1122 (1938)].

The thermal efficiency of vacuum tray dryers is usually 60 to 80 per cent. 
Fuel requirements vary from 1.2 to 1.7 lb. steam per pound water evaporated 
for high-moisture-content materials. Power is required only for the vacuum 
85rstem. Annual maintenance costs are 5 to 10 per cent of the total installed 
cost. Labor is high but depends on the drying time, facilities for loading and 
unloading trays, etc.

Vacuum tray dryers have the same advantages and disadvantages as an 
atmospheric tray dryer with the following exceptions: there is little dusting 
during the drying; volatile solvents may be easily recovered by the use of a 
suitable condenser; and explosive mixtures of solvent and air are avoided. 
Power consumption is higher in a vacuum tray dryer and initial installation 
costs are higher.

Some of the points to be observed in the operation of a vacuum tray dryer 
are the following: The trays should be kept as flat as possible to obtain 
maximum area of contact with the heated shelves. Preferably the heating 
medium should not be applied to the shelves until after the vacuum has been 
Produced in the dr yer to prevent overheating or boiling over of the material 
at the start of drying. A free space above the material in the tray should 
be left to allow free removal of vapors. Air vents should be placed in the 
steam exhaust. Shelves should be kept free of scale and rust. A thermom- 
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eter in the discharge vapor line (or observation of drip from a condenser) 
gives a good indication of the progress of the drying.

EQUILIBRIUM OR HYGROSCOPIC MOISTURE
The water retained by a solid in equilibrium with air at a definite humidity 

is termed the “equilibrium, or hygroscopic water content.” It is also called 
“regain” because of the tendency of thoroughly dried solids to absorb water 
from air until the equilibrium value is reached. The hygroscopic moisture 
is usually expressed as percentage water, dry basis, as a function of the per­
centage relative humidity of the air, a plot of these two variables giving a 
typical S-shaped curve for nearly all solids. Data for papers, textiles, and 
a variety of miscellaneous solids are given on pp. 1088 to 1092.

Besides being of value in determining the necessary drying conditions near 
. the end of the drying process, data on equilibrium water contents are of value 
in estimating the water acquired by materials in storage. Mildew fungi will 
thrive in still atmosphere only at relative humidities above 7S per cent, so 
that drying below 8 per cent water is sufficient to prevent such deterioration 
in most organic materials.

DRYER CALCULATIONS
The general process of air-drying a solid may be divided into the separate 

processes of first getting the water to the surface of the solid and evaporated, 
and, second, removal of the vapor by a stream of air. Similarly the calcula­
tions in connection with the design and operation of a dryer may be divided 
into two groups: first, those having to do with the estimation of the time of 
drying and the effect of the variables which influence the rate of drying; and 
second, the calculation of the heat requirements and the air quantities required 
to carry away the water vapor formed. The first group of calculations require 
a knowledge of the mechanism of drying of the given solid and have been 
discussed in the first part of this section. The second group involve problems 
in ventilation, requiring a knowledge of the psychrometric relations for air 
and water vapor, which are best expressed graphically in the form of a stand­
ard humidity chart.

Use of the Humidity Chart (see also pp. 1084 to 1085). The use of the 
proper type of humidity chart is most helpful in calculations of the air and 
heat quantities, and drying conditions in a proposed dryer, A form of the 
Grosvenor chart, in which humidities are expressed as weight of water per unit 
weight of dry air, is reproduced below, and the method of using it explained. 
The several terms employed in connection with the humidity chart are first 
defined.

Humidity (Il) is the number of pounds of water carried by 1 lb. dry air. The 
saturated humidity is the humidity when the air is saturated with water vapor, i.e.t 
when the partial pressure of water vapor in the air is equal to the vapor pressure of 
water at the same temperature. The percentage absolute humidity is the humidity 
as a percentage of the saturated humidity at the same temperature, which is SouiewhaL 
lower than the percentage relative humidity, the latter being the partial pressure 
of water vapor in the air as a percentage of the vapor pressure of water at the same 
temperature.

The dewpoint is the temperature at which a mixture of air and water vapor is 
saturated with water vapor, i.e., the temperature at which the saturated humidity ie 
equal to the humidity of the given air-water vapor mixture.

The humid heat is the specific heat of humid air on a basis of a unit weight of the 
dry air, i.e., the heat required to raise the temperature of 1 lb. dry air plus the water 
vapor which it contains, loF.
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The humid volume or specific volume is the volume in cubic feet of 1 lb. dry aɪr 
plus the water vapor which it contains and is the reciprocal of the humid density· 
The saturated volume is the humid volume at saturation.

The wet-bulb temperature is the equilibrium temperature which is assumed by a 
water surface when all of the heat necessary for the vaporization which is taking place 
is received by conduction through the same surface-air film through which the water 
vapor diffuses back out into the air. For saturated air, the air temperature, or dry-bulb 
temperature, the wet-bulb temperature, and the dewpoint are identical.

Figure 11, p. 1515, shows a humidity chart for normal barometric pressure 
on rectangular coordinates, giving the relations between the several quantities 
defined above.

The family of curves concave upward show the relation between humidity 
and temperature, each curve being for a different percentage relative 
humidity. The highest of these, marked “saturation curve,” represents 
the humidity-temperature relation for saturated air. The group of lines of 
flat negative slopes ending at the left at the saturation curve are the adiabatic 
cooling lines and serve two very useful purposes. First, they indicate the 

Fig. 12.—Humidity-temperature relations in­
various types of dryers.

relation between the wet-bulb and 
dry-bulb temperatures and the 
humidity; for example, the humid­
ity may be found from the wet-bulb 
and dry-bulb temperatures by 
following down the adiabatic cool­
ing line which meets the saturation 
curve at the wet-bulb temperature, 
to the vertical line representing the 
dry-bulb temperature, at which 
point the humidity is read from 
the scale at the left. Second, the 
adiabatic cooling lines indicate the 
relation between the humidity and 
temperature of air being adiabat­
ically cooled or heated in contact with water or a wet solid. Thus the change 
of humidity with temperature in a truly adiabatic dryer can be seen by follow­
ing an adiabatic cooling line up toward the saturation curve, starting at the 
point representing the. humidity and temperature of the fresh hot air.

The straight fine of flat positive slope shows the specific volume of bone-dry 
air, as cubic feet per pound plotted vs. temperature, and the curve immediately 
above it is the similar relation for saturated air. ɪt should be noted that 
the ordinates of this second curve of saturated volume are in terms of cubic 
feet of mixture (air plus water vapor) per pound of bone-dry air. The specific 
volume of air of various humidities may be determined by interpolation 
between these two curves, or by multiplying the saturated volume at the 
dewpoint by the ratio of the absolute temperature to the absolute tempera­
ture at the dewpoint.

The steep straight line at the left of the chart shows the relation between 
the humid heat (upper scale) and the humidity (scale at left). It should 
be noted that the definition of humid heat is heat capacity per pound oj 
bone-dry air. Sensible-heat quantities are calculated by multiplying the 
humid heat by the weight of bone-dry air and the temperature change.*  

* Some humidity charts omit the humid-heat line but show a curve of the total heat 
of saturated air above an arbitrary datum temperature, which is of general application 
because the total heat of air at any temperature and humidity is the same as the total 
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r>l ^∙÷r ' convenience, a line for the latent heat of vaporization is also shown 

θɪ θα against temperature, the scale for the latent heat being at the right. 
Humidity-temperature Relations within the Dryer. As pointed out 

u ?Ve’ adiabatic cooling lines on the humidity chart indicate the relation 
ɜ c ,ween the temperature and the humidity of air passing through a truly 

ɪabatie dryer, i.e., one in which all of the sensible heat given up by the air 
ɪn cooling goes to evaporate water from the wet stock. Referring to the 

ιagrammatic humidity chart shown in Fig. 12, where AB is one adiabatic 
«00 mg linβ, fonowg -tjιaf. air en⅛erjng an adiabatic dryer at a temperature 
Va i a ɪɪɪɪɪɪɪɪɑɪ^ *ι  will cool following this cooling line toward the point A. 
b 1Veav^ng with a humidity Ht will consequently have cooled to tt, the wet- 

u b temperature of the air throughout the dryer being tw. Because of heat 
Oss to the surroundings the operation is seldom truly adiabatic, and the final 
e∏xperatιιre is somewhat lower than ¿2, so that the true humidity-temperature 

re ation is represented by the line ð, having a smaller slope than the adiabatic 
c?? . ≡ ɪiŋθ- The ratio (iɪ — ¿2) /(¿1 — ¿3) then gives a measure of the heat 
e i.cιθncy θɪ hhe dryer. For the case of dryers containing steam coils and 

meh are maintained at a constant temperature, the humidity-temperature 
re atɪθɪɪ is obviously represented by the vertical line c, assuming the initial 
and final humidities to be Hi and Ht as before. The heat supplied within the 
jyer itself is usually less but may be greater than the total heat requirements 

o the dryer. If less, the cooling is indicated by some such line as d`, and if 
greater, by a line such as e having a positive slope.

heat of saturated air at its wet-bulb temperature. The humid-heat line is more gener­
ally applicable, however, and calculations using it are believed to be more accurate 
than values read from a total-heat line on a small chart.

Bxample 6. A dryer is to be designed to produce 1000 lb. per hr. of product containing 
,^rocea^ water from a wet feed containing 42 per cent water (wet basis). Fresh air 

at 70o with a relative humidity of 40 per cent will be preheated to 200oF. before entering 
he dryer, and will leave the dryer with a relative humidity of 60 per cent. Assuming 

ɪðɑ dryer operate adiabatically, calculate: (α) the cubic feet per minute fresh air at 
*θς~∙*  dle heat supplied the preheater as B.t.u. per hour.

oo⅛f¾θ7i. The humidity of air at 70oF. with a relative humidity of 40 per cent is 
ouud from the humidity chart to be 0.006. This air is preheated to 200o without chang- 

1∏g its humidity and in passing through the dryer cools, following parallel to the nearest 
adiabatic cooling line on the chart to the 60 per cent relative-humidity curve, at which 
Point its humidity and temperature are seen to be 0.028 and 103oF., respectively. 
Each pound of dry air consequently picks up 0.028 — 0.006 = 0.022 lb. water vapor in 
Passing through the dryer. The evaporation is

1000 × 0.96[(4%8) — (%β)l = θðə lb. water per hour 
and the air required to carry away this water vapor is

655 
(0,022 Xfi0) " 496 '* 5' Per m'n∙

by interpolation between the specific-volume curves for dry and for saturated air at 
< 0oF., the fresh air is found to have a specific volume of 13.4 cu. ft. per lb. dry air. The 
volume of fresh air required is therefore 13.4 × 496 = 6660 cu. ft. per min. The humid 
heat of the fresh air is found from the humid-heat line to be 0.243 and the heat required 
xn the preheater is consequently

0.243 × 496 × 60 × (200 - 70) = 941,000 B.t.u. per hr.

I,he heat requirements of such a dryer neglecting heating of the solid and of the trucks 
and neglecting radiation loss to the surroundings would consequently be 941,000/655 
ɑr 1440 B.t.u. per lb. water evaporated.



1518 DRYING

Example 7. Repeat the calculations of Example 6 for a similar dryer, but assuming 
the air to enter the dryer at 150oF., and sufficient heat to be supplied within the dryer 
itself to maintain the air temperature at 150oF., at which temperature it will leave with 
a relative humidity of 60 per cent.

Solution. From the chart, the humidity of the air leaving at 150oF. with a relative 
humidity of 60 per cent is seen to be 0.111. The air required is therefore

655
(0.111 - 0.006)60

or 104 × 13.4 = 1392 cu. ft. per min. fresh air.
The heat required in the preheater is

0.243 X 104 X 60 × (150 - 70) = 121,000 B.t.u. per hr.
Assuming the stock to enter at 70oF., the heat required for evaporation is equivalent to 
that required to heat the water to 150oF., plus that required to evaporate it at 150oF., 
no matter what the actual temperature of evaporation may be. Thus, the heat 
supplied within the dryer will be

655 × (80 + 1007) ≡ 712,000 B.t.u. per hr.
Neglecting heat to heat the trucks and dry solid, and radiation losses, the total heat 
requirements of this dryer will be

(712,000 + 121,000) ŋ i ιv------------—¿------------= 1272 B.t.u. per lb. water evaporated

Example 8. A dryer is to produce 800 lb. per hr. of a product containing 10 per cent 
water from a feed containing 60 per cent water (wet basis). In order to produce the 
desired drying conditions the air will be supplied to the dryer at 212oF. with a dewpoint 
of 1 lloF., and leave at 154oF. with relative humidity of 50 per cent. Part of the waste 
humid air will be recirculated and mixed with fresh air entering at 70oF. with a relative 
humidity of 52 per cent before being reheated. Again neglecting heat loss by radiation 
and the heat required to heat the trucks and the dry solid, calculate the air and heat 
requirements of the dryer.

Solution. The rate of vaporization of water is 800 × 0.90 × [(6θ4o) — (1%o)J ≈a 
1000 lb. per hr. From the chart, air having a dewpoint of 1 lloF. is seen to have a 
humidity of 0.060, and the air leaving at 154oF. with a relative humidity of 50 per cent 
has a humidity of 0.100. The air required is therefore

1000
(0.100 - 0.060)60

The fresh air enters with a humidity of 0.008, so if x represents the fraction of the waste 
air recirculated (on a bone-dry basis), then from a humidity balance

0. IOOrc ÷ 0.008(1 - x) = 0.060

whence x = 0.565, i.e., 56.5 per cent of the waste air is recirculated and mixed with 
fresh air. The fresh air will be (1 — 0.565) × 416 = 181 lb. per min., and, since the 
specific volume of the fresh air is 13.4 cu. ft. per lb., the volume of fresh air required 
will be 181 × 13.4 = 2425 cu. ft. per min. at 70oF. The total heat requirements of 
such a dryer are most easily calculated as the sum of the heats required to heat the water 
and form vapor at 154oF., plus the heat to heat the fresh air from 70° to 154oF., i.e.,

1000(84 + 1005) + 0.243 × 181 × 60 × (154 - 70) = 1,311,000 B.t.u. per hr.

or 1311 B.t.u. per lb. water evaporated.
Example 9. 6000 lb. per hr. wet filter cake containing 26 per cent water (dry basis)

is to be dried to 3 per cent water (dry basis) in a countercurrent tunnel-truck dryer, 
using cross circulation of air over the trays. The dryer will utilize thermostatic control 
instruments to maintain a constant air temperature of 145oF. The fresh air will enter 
the preheater 50 per cent saturated at 70oF., and leave the dryer at an absolute humidity 
of 70 per cent. The cake will be placed on trucks on screen-bottom trays, 4 lb. dry cake
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Pθr square foot of tray area and 240 sq. ft. of tray surface per foot of length of the dryer. 

ftIculate the required dryer length.
Note. The critical moisture content may be taken as 10 per cent (dry basis) and the 

Equilibrium moisture may be assumed negligible under the conditions at the air entrance, 
he air velocity over the trays is sufficient to obtain a surface coefficient of heat flow 

born air to stock of 2.5 B.t.u./(hr.) (sq. ft.) (0F.) for both upper and lower surfaces of 
the cake.

SoZuiion. Since the weight of dry cake is 2 lb. per sq. ft. exposed wet surface, the 
eVaporation per square foot is 2 × (0.26 — 0.10) = 0.32 lb. in the constant rate period 
a∩d 2 × (0.10 — 0.03) = 0.14 lb. in the falling rate period. The humidities of the air 
entering and leaving the dryer are found from the chart to be 0.008 and 0.125, respec­
tively. Since all of the water leaving the stock is picked up by the air we may write

G(Jh - H1) = H(J72 - TTi) (5)
ʌvhere G and R are the pounds per hour of bone-dry air and of bone-dry stock, respec­
tively, H is the air humidity, W the pounds of water per pound dry stock, and the sub­
scripts, 1 and 2 refer to con­
ditions at the air entrance 
and exit respectively. This 
indicated linear relationship 
between H and W is illus- 0-20 
*rated in Fig. 13, which 
shows the air temperature 
f,*ld humidity plotted against 
the water content of the 0.15 
material. The humidity at 
the critical point (10 per cent ⅛ 
Water) is found from this 1= 
Plot to be 0.044, and the cor- ɪ 0.10 
responding wet-bulb temper­
ature at 145oF. is found from 
the humidity chart to be nA_ 
107.7oF. The wet-bulb tem­
perature at any other point 
ɪn the dryer may be deter­
mined in a similar manner 0 
and plotted vs. water content 
of the solid as shown in Fig.
13. Neglecting heat flow to Fig. 13.—Conditionsin dryer of illustrative design problem, 
the cake by radiation or con­
duction from adjoining dry surfaces, the wet surface in the constant rate period may be 
assumed to be at the wet-bulb temperature. (The rate is not constant in this period 
because of changing air humidity.) The temperature difference between air and solid at 
the critical point is consequently 145o — 107.7o = 37.30F. and at the air exit 145o — 
134.7o = 10.3oF.; the logarithmic mean temperature difference is 21.0oF. Assuming a 
latent heat of 1020 B.t.u. perlb., the time required in the constant rate period is

(0.32X_1020) = 6 2 hf.
(2.5 × 21)

rThe rate of drying at the critical point is

(2,5 × 37.3 × 100) = 10√<≡λ _ 4 53 per cent per h,,ur 

(1030 × 2) ∖ <⅛ /

Assuming the rate of drying in the falling rate period to be proportional to the free 
water content,

lθθ(^) = -100C(W - Wε) = -C(10 - 0) = 4.53
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Consequently C ≈ —0.453, and Eq. (4) may be written

log. ('° ~ 0) - 0.4536
(3-0)

from which θ, the time for the falling rate period, is 2.7 hr. The total time of dryin# 
is therefore, 6.2 + 2.7 = 8.9 hr., and

The dryer length = - .ι⅜9-×Jc00> = 45 ft.
(1.26 × 4 X 240)

Critical
Table 6. Approximate Critical Moisture Contents Obtained on the 

Air-drying of Various Materials, Expressed as Percentage Water 
on the Dry Basis

Material Thickness, in. moisture, % water, dry basis
Sulfite pump (pulp lap)........................................................................................... 0.039 110Sulfite pulp............................................................................................................................. 0.25-0.75 60-80Paper, white eggshell.................................................................................................... 0.0075 41Fine book........................................................................................................................... 0.005 33Coated..................................................................................................... 0.004 34Newsprint.......................................................................................................................... 60-70Beaverboard........................................................................................................................... 0.17Celotex.............................................................................................. 0.44 160Poplar wood........................................................................................................................... 0.165 120Wool fabric, worsted..................................................................................................... 31Wool, undyed serge........................................................................................................ 8Sole leather................................................................................................................. 0.25Chrome leather................................................................................................................... 0.04 125Sand, 50-150 mesh......................................................................................................... 2.0 5Sand, 200-325 mesh....................................................................................................... 2.0 10Sand, through 325 mesh............................................................................................ 2.0 21Sea sand (on trays)........................................................................................................ 0.25 30.5 4.70.75 5.51.0 5.92.0 6.0Brick clay................................................................................................................................. 0.62 14Plastic clay brick mix.................................................................................................. 2.0 19Flint clay refractory brick mix........................................................................... 2.0 13Silica brick mix.................................................................................................................. 2.0 8English china clay........................................................................................................... 1 16Kaolin............................................................................................................... 14Subsoil, clay fraction 55.4%................................................................................. 21Subsoil, much higher clay content................................................................... 35Barium, nitrate crystals, on trays..................................................................... 1.0 7Carbon pigment................................................................................................................. 1 40Copper carbonate, (on trays)............................................................................... 1 -1.5 60Iron blue pigment, (on trays).............................................................................. 0.25-0.75 110Lithol red.................................................................................................................................. 1 50Lithopone press cake (in trays).......................................................................... 0.25 6.40.50 8.00.75 12.01.0 16.0Niter cake fines, on trays.........................................................................................Prussian blue........................................................................................................................ 40Pulp lead, initially 140% water.........................................................................Rock salt (in trays)........................................................................................................ 1.Ò 7Stannic tetrachloride sludge.................................................................................. 1 180White lead............................................................................................................................... 11Whiting...................................................................................................................................... 0.25-1.5 6-9Gelatine, initially 400% water.................................. ......................................... 0.I -0.2 (wet) 300
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Table 7. Approximate Temperature and Time of Drying of Various 

MaterialsMaterialApples, sliced........................................................................................................................Beans......................................... ' ’ ' ’ 'Blankets............................................................... ..... .. ..... ..... ..... .. ........ ..... .. .. ..... ... λ .Brick, common....................................................................................................................Cabbage, raw..........................................................................................................................Candied peel..........................................................................................................................Carrots, raw...........................................................................................................................Casein, on trays in tunnel dryer......................................................................Cement sacks..........................................................................................................................Coconut........................................................................................................................................Cocoa-fiber mats..................................................................................................................Coffee..............................................................................................................................................Cores, oil sand, for molding ½-i in. thick................................................3 in. thick................................................16 in. thick................................................Cotton linters..........................................................................................................................Feathers........................................................................................................................................Films, motion picture, on drums.........................................................................Furs..................................................................................................................................................Clue, bone, thin sheets on wire trays..............................................................Clue, skin....................................................................................................................................Clue size on furniture.....................................................................................................Gut................
Hanks, on poles.....................................................................................................................Hides, thin.................................................................................................................................Hides, heavy............................................................................................................................Hops.................................................................................................................................................Leather, thick sole..............................................................................................................Lumber, 1½-in. oak..........................................................................................................2-3-in. oak..........................................................................................................green hardwood.............................................................................................green softwood...............................................................................................softwood, 1 in. thick.................................................................................Macaroni.......................................................................................................................·;....Matches........................................................................................................................................Millboard sheets..................................................................................................................Molds, green sand, cast-iron flasks, one surface only exposed,8 in. thick..........................................................................................................................13 in........................................................................................................................................Nuts..............................................................................................................................................Peaches.......................................................................................................................................Pears.............................................................................................................................................Peas..................................................................................................................................................Potatoes, sliced...................................................................................................................Potatoes, steamed............................................................................................................Pottery..........................................................................................................................................Rags.................................................................................................................................................Ramie fiber................................................................................................................................Rubber...........................................................................................................................................Sand, loose, 1 in. deep....................................................................................................Shade cloth................................................................................................................................Shirts...............................................................................................................................................Soap..................................................................................................................................................Stains and varnish on wood......................................................................................Starch.............................................................................................................................................Stock feed, mixed................................................................................................................Sugar...............................................................................................................................................Tannin and other chemicals, spray dried....................................................Terra cotta............................................ Tobacco, leaf............................................................................................................................Tobacco, stem.........................................................................................................................Wallboard....................................................................................................................................Wool.................................................................................................................................................

Temp., 4T 1 Time175 6.5 hr.140 18 hr.120 40 min.170 30 hr.150 4.5 hr.165 2 hr.140 5 hr.140 8 hr.120 1 hr.145-155 4-6 hr.170-210 10 hr.160-180 24 hr.300 30 min.480 2.5 hr.700 10hr.180150-18080 20 min.11070-90 6-9 days70-90 2 days130 4 hr.150350 1 hr.190120 2 hr.90 2-4 hr.70-90 4-6 days130 12 hr.90 2-6 days90-125 8 days90-125 3-4 weeks100-180 3-180 days160-220 2-14 days175 3-5 days90-110140-18095 10 hr.600 6 hr.700 13 hr.75-140 24 hr.135 25 hr.140 24 hr.150 6 hr.85 4 hr.170 6.5 hr.120180140 10hr.80-90 6-12 hr.300 10-15 min.240 1-2 hr.120 20 min.100-125 12-72 hr.110 7 hr.180-200 1-12 hr.180-220 20-30 min.150-200 20-30 min.250-300 Instantaneous150-220 12-96 hr.85-130 12 hr.180-200 12 hr.200-250 12-24 hr.340 5 hr.105
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Note. In the solution on page 1519 the neglect of heat flow to the material by radiation 
and by conduction from the trays introduces an unknown factor of safety, because the 
actual surface temperature will be somewhat above the wet bulb. Although this 
decreases the temperature difference, the rate of drying is actually greater, because of 
the increased vapor pressure of water at the surface. A second factor of safety is 
introduced into the design by determining the constant C from the rate of drying at the 
critical point. If unsaturated surface drying is of importance in the falling rate period, 
humidity will have an effect, and, as the average humidity of the air in this period is 
less than at the critical point, the time for the falling rate period will be somewhat less 
than calculated.

DATA ON CRITICAL MOISTURE CONTENTS AND DRYING 
CONDITIONS FOR VARIOUS MATERIALS

In spite of the importance of the critical moisture content of solids in deter­
mining the time of drying and the most suitable drying conditions, very few 
data are available as to the value of the critical moisture for various materials. 
Table 6 shows such data collected from various sources for a number of differ­
ent common materials, but it should be emphasized that where possible the 
drying characteristics of the sample to be dried should be determined by 

. suitable laboratory tests. The values tabulated are approximate at best, 
' since the critical moisture content varies not only with the material but 

with the rate of drying and with the initial moisture content.
It appears that the constant rate period ends when the moisture content 

,. <x¿ the surface reaches some specific value. If the rate of drying is great, 
‘ the moisture gradients within the solid will be steep and the average moisture 

content considerably greater than that at the surface. It is for this reason 
that the critical moisture content (average through the material) increases 
with increase in rate of drying.

Table 7 indicates the approximate time of drying for a large number of 
miscellaneous materials when dried at the temperatures indicated. Obvi­
ously the drying times in such a tabulation are only approximate, and will 
vary with the thickness or loading of the material on trays, the air velocity 
over the material, the air humidity, and other variables as discussed above.

∏. THE DRYING OF GASES*
It is frequently necessary to remove practically all of the water vapor from 

air or other gas which is to be liquefied or used in a chemical process, where 
the presence of more than slight traces of water vapor must be avoided. Air 
to be liquefied must be dried because of the stoppage of the tubes of the heat 
exchangers by ice when the air which is being cooled contains water vapor. 
The drying of air usually refers to the much more complete removal of water 
vapor than is accomplished by dehumidification. Four important methods 
[Holden, Chem. Met. Eng., 28, 801 (1923). Quarendon, Ind. Chemist, 15, 279 
(1939)] of drying gases, namely, by reagents, by compression, by refrigera­
tion, and by adsorption, are discussed below.

Reagents. The common laboratory method of drying gases by contact 
with solid or liquid reagents having marked affinity for water may also be 
used on a plant scale. Although equilibrium between gas and reagent may 
not be obtained practically, the equilibrium relationship is a criterion of the 
degree of moisture removal possible with a given reagent. Table 8 (see also 
p. 1118) gives the moisture concentration of air in equilibrium with a number 
of different materials, in milligrams of water vapor per liter of gas dried at 
25oC. (“International Critical Tables,” vol. 3, p. 385, McGraw-Hill, 1928).

* See Sects. 9, 10, and 11.
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Solid reagents should be packed in vertical pipes or columns, and the gas 

passed evenly through the mass of the lumps or granules. With packed 
horizontal tubes, channeling along the top pf the passage reduces the capacity 
and efficiency of the apparatus (for data on pressure drop in packed tubes, 
ɛθe Sec. 6, p. 771, and Sec. 10, p. 1119). Lump absorbents, such as fused 
i/ɪɪ*  anhydrous calcium sulfate (“Drierite”), or magnesium per­

chlorate (“Anhydrone”), are best supported in perforated bucket-like 
containers which fit inside a tower of small diameter and rest one upon the 
other. Unless supported in some such manner, the material packs down as 
it absorbs water and melts, forming a dense mass through which it is very 
difficult to force the gas.*

Table 8. Milligrams Water Vapor per Liter of Gas Dried at 25oC.
Approximately equal to the equilibrium vapor pressure of water in millimeters mercury.

A filter at — 1940C.. ..P2O6...........Fused KOH..............AI2O3.......................
h2so4........MgO..................Fused NaOH....................λ . .∖ /..............

1.6 × 10-23 CaO.<2 X IO-s Granulated CaCls0.002 95.1% H2SO4...0.0030.003 ZnCl2.............................0.008 CuSO4...........................0.16

0.20.14 to 0.250.30.360.81.4
When liquid absorbents are used, the gas should either be passed through a 

spray of the reagent or passed up through a tower packed with a suitable 
packing of large surface over which the liquid is distributed (see p. 1197). 
Sulfuric acid may be used in a packed column, but, besides the usual diffi­
culties of handling an acid, cooling coils must be provided to remove not only 
the latent heat of condensation of the water vapor, but the very appreciable 
heat of solution of the water in the acid. A strong aqueous solution of 
lithium chloride is quite effective and less corrosive. It may be regenerated 
ɪn steam-heated evaporators. In using any liquid reagent entrainment must 
be avoided because of possible contamination of the material being dried.

A process for drying city gas has been developed, using glycerin as a drying 
agent, the diluted glycerin being reconcentrated in a small vertical-tube 
evaporator and reused. Various types of gas washers may be employed and 
the glycerin loss may be made very small. The plant [Tupholme, Gas Age- 
Record, 63, 311-313 (1929)] is said to reduce the dewpoint from 62.5o to 27oF., 
at an estimated cost of 0.3 ct. per 1000 cu. ft. of gas treated. In a plant 
handling 1,000,000 cu. ft. of gas per 24 hr., the costs are estimated at $1.30 
per day for depreciation, and $1.95 per day for steam., cooling water, and 
maintenance. Ethylene glycol is quite hygroscopic and may be used in place 
of glycerin.

Compression. Air may be dried by compression, since the humidity of 
saturated air at a given temperature decreases rapidly as the total pressure 
is increased. This is illustrated by Table 9 which shows the saturated humid­
ity of air at 68oF., as a function of the total pressure. If the air is initially 
unsaturated, it is first saturated by compression before any condensation 
takes place. In ordinary adiabatic compression the air, which is heated in 
the compressor, is cooled in an after-cooler, where condensation takes place.

Leaving the after-cooler the air tends to be supersaturated, containing water 
as a mist or fog and should be passed through a mist separator before being

* See also Sec. 9, p. 1079.
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dried further by other means. This is especially important where chemical 
towers containing such reagents as lump KOH are used, as these towers act 
as separators, and the water thrown out dissolves the reagent which is then 
rapidly used up.

Table 9. Saturated Humidity at 68oF.
Saturated Humidity, 

Lb. Water per Lb. Dry Air 
0.0147

.0072

Pressure, Atm.
1
2
5

10
50

200

.0029

.00144 

.000287
.000072

When the desired percentage condensation of the water vapor in the air is 
low, Cjompression cannot compete on a cost basis with dehumidification. For 
higher percentage condensation, the required pressures involve equipment and 
power costs which are ordinarily prohibitive; consequently drying by com­
pression is not resorted to, unless the gas must be compressed for a later step 
in the process.

Refrigeration. By cooling air well below its dewpoint by means of brine 
or ammonia expansion coils, it is possible to condense most of the water 
content and greatly reduce its humidity. Thus, the saturated humidity of 
air at lloF. is only about 10 per cent, and at — 20oF. is less than 2 per cent 
of that at 68oF. Difficulty is encountered in drying to low humidities, how­
ever, because of the formation of ice on the cooling surfaces, and the conse­
quent necessity of a frequent shutdown of part of the coils so that this ice 
formation may be thawed. The ice acts as a thermal insulator and the surface 
temperature at which condensation takes place is therefore considerably 
above the temperature of the cooling medium. A common error is to assume 
that the air leaving the cooling coils must be saturated at its dry-bulb tem­
perature. Actually, it is considerably drier than saturated because its dew­
point tends to approach the surface temperature of the coils.

Large plants have been built for the purpose of drying air blast for blast 
furnaces by passage over refrigerated brine coils (Gayley dry blast). Refrig­
eration is also used in cooling water supplied to sprays in dehumidifiers.

Adsorption.*  Certain porous solids show a great affinity for water vapor 
because of the intense capillary action exhibited by the large number of ultra- 
microscopic pores. For example, silica gel, which is an artificially prepared 
form of porous SiO2, will take up 20 to 30 per cent of its own weight of water 
and still appear dry. The back pressure of water vapor over the material 
is very low, its efficiency as a desiccator falling somewhere between that of 
P2O5 and H2SO4. The efficiency of adsorption remains high up to the “ break 
point,” after which its capacity for further adsorption falls off rapidly. The 
gel may then be reactivated by heating, -without change in the structure or 
efficiency. Silica gel will also absorb CO2 if the pressure is below the critical, 
and the CO2 can be removed by decompression.

The silica gel is placed in stationary containers through which the air is 
passed in parallel. Successive units are cut out for reactivation, several 
units remaining in operation while the gel in one is being reactivated. For 
reactivation it is unnecessary to remove the gel from the container, so that 
dusting is eliminated.

* See Adsorption, Sect. 11, pp. 1269-1336.
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ʌ large air-drying plant has been built in Scotland [Lewis, J. Iron Steel 

Inst. (London), September, 1927 ; Engineering (London), p. 583, Dec. 30, 1927; 
-I. Soc. Chem. Ind., 46, 902 (1927)] to handle 35,000 cu. ft. per min. of fresh 
aJi for a blast furnace, using silica gel as the drying medium. It consists of 
fiIx units, five being in operation while the sixth is being reactivated. Each 
unit consists of a large steel box in which are trays containing the gel in 
granular form. The bottoms are perforated and the air passes through the 
trays in parallel.

Table 10. Operating Costs of Silica Gel Gas-drying Installations*

Capacity, cu. ft. per min., free measure Pressure,lb. per sq. in. gage
Absolute humidity Operating costs 1000 cu. ft. free measure, cte.Initial Final

3,000 air 0 0.0114 0.0009 3.97,000 air 0 0.0114 0.0009 3.316,000 air 0 0.0114 0.0009 3.1100 air 100 0.0028 0.00007 1.05300 air 300 0.001 0.00007 0.35150 CO2 1000 0.00026 0.00005 0.30
* Manufacturer’s data, courtesy The Silica Gel Corporation.
The gel requirements are approximately 2 lb. per cu. ft. per min. fresh air, 

and the moisture content of the air is reduced from 3.1-4.9 gr. per cu. ft. 
to 1.1-1.6 gr. per cu. ft. Reactivation is accomplished by combustion of 
blast-furnace gas, the gas used representing the equivalent of 7 tons of coal 
per day. An air filter is found necessary to remove dirt from the fresh air 
and to prevent plugging of the gel. The air-drying installation is said to be 
largely responsible for a recorded increase of 12 to 17 per cent in the capacity 
of the blast furnace.

Activated alumina is also used successfully [Derr, Ind. Eng. Chem., 30, 384 
(1938)], although capable of absorbing somewhat less water than silica gel. 
When used in thick beds, the air treated is dried to a dewpoint of as low as 
—70oC. Beds of 2 to 3 in. and air velocities of 75 to 150 ft. per min. serve to 
dry air partially, and this treatment may be employed as an alternative to 
dehumidification in air conditioning. Gases other than air may be dried 
successfully providing they are handled at pressures below the critical. 
Liquids can also be dehydrated [Derr and Willmore, Ind. Eng. Chem., 31, 
866 (1939)].
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mixing of material
tinɛɪɪθ fu^ect θɪ wmnρ has been one of the most difficult of the unit opera- 

c^JenPcaI engineering to submit to scientific analysis. To date there 
s een developed no formula or equation that can be used to calculate the 

∣ >glee ol.sPee^ °f mixing under a given set of conditions. Steps have been 
ten to improve this situation, however, notably by Hixson and White and 

f e,ιr ^esPec^ve coworkers and more recently by Büche and by Brothman 
*ɪɪɑ Kaplan.

It is sometimes said that the power input to a mixer alone gives a true 
ɪ ieasure of the thoroughness of mixing because a definite amount of work is 
θquιred to mix the particles of material within the container. However, this 
an never be true in practice, because of the immeasurable interferences—cross 
nιτents, eddies, etc.—which are set up (even in the mixing of plastics and 
0 1 s) within the container. Consequently, a tremendous amount of power 

mιg be consumed in producing a very vigorous local action with good mixing 
around the mixing element but with no action at all outside of this zone 

©cause the energy has been dissipated in producing local interferences.
ecause of the fact that the mixing art is so empirical, and because of the 

' most infinite variety of substances to be mixed, the number of mixers which 
ave been developed is enormous. Some are good and some are poor, but 
ere are few standards. Each industry has developed mixers peculiarly 

οι its own use. Such diversification is not only unnecessary, but it is the 
greatest obstacle to a sound coordination of knowledge of the subject. When 
nixing is viewed from the standpoint of the physical characteristics of the 
materials to be mixed, analysis will indicate that about 40 distinct types will 
veJJJr satisfactorily cover every mixing operation in every industry.

The main purpose of this section therefore, is to classify all mixing problems 
according to the materials to be mixed and to recommend a type or types of 
mixer to be used for each of these problems.

FUNDAMENTALS OF MIXING
General Objectives of Mixing

Whether we are dealing with liquids, solids, or gases, or any combination 
of these phases, the fundamental object to be accomplished by theoretically 
perfect mixing is always the same. It can be stated as follows: In all cases, 
two or more materials existing either separately or in an unevenly mixed condition 
ftre> by mixing, to be put into such a condition that each particle of any one 
Uuiterial Ues as nearly adjacent as possible to a particle of each of the other mate­
rais (see Fig. A.). In practice these perfect results are never obtained, and 
ɪt may be stated that in some few cases such theoretically perfect mixing would 
be undesirable. The result of mixing may be a blend, a dispersion (suspen­
sion, or emulsion), a solution, or a chemical reaction, and in industrial work 
the desired quality of the finished product in almost every case is the largest 
factor in determining the required thoroughness of mixing. For instance 
ɪn preparing cod-liver oil emulsion (with water), the most intimate mixture 
ɪs the most desirable because this product must never show separation after 
being sold, whereas in treating (temporarily emulsifying) certain gasolines with 
caustic soda solution a too intimate mixture is to be avoided because sub­
sequent rapid separation is necessary.

1529
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Two general rules must be fulfilled in solving every mixing problem.
Rule 1. A degree of mixing sufficient to yield the desired results must 

be produced. This rule refers only to microscopic and ultramicroscopio 
characteristics of the mixture.

Rule 2. A satisfactory rate and direction of motion of the entire 
body of material (however remote from the mixing element some portions 
are) must be established and maintained, so that all of the material within 
the container may be mixed to the desired degree within the optimum time. 
This rule refers to characteristics of the mixture that may be observed with 
the eye.

Considering Rule 1, intimacy or degree of mixing depends on the differ­
ential rate of flow of the various 
constituents of the mixture. This 
differing rate is produced either by 
direct physical contact between 
the ingredients of the mixture and 
the mixer itself (of which the con­
tainer must always be considered 
a part), or by the state of motion 
imparted to the materials by the 
mixing element, or by both of 
these. Shear, either directly or 
through the intermediate steps of 
momentum and impact, is the 
most important factor in translate

UHMIXED mixed
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Uneven Particle Distribution Even Particle Distribution
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Fig. A.—The effect of mixing.

ingi the forces generated by the mixer into differential rate of flow. The
greatest intimacy is generally produced in the vicinity of the mixing element, 
because the most vigorous motion occurs in that region.

A substantial part of the total power input is expended in bringing about 
this intimacy of mixing, while the remainder is utilized in maintaining the 
necessary general flow.

When Rule 2 is fulfilled, the entire contents of the container will be evenly 
distributed and in proper condition to be repeatedly subjected to the more 
intense mixing action required by Rule 1. Stratification and settling will 
render the performance of an otherwise excellent mixer quite worthless. 
Unless both horizontal and vertical flows are sufficient, and unless all of the 
material in the container is moved frequently into the zone of intensified 
action, whatever mixing, dispersion, solution, or reaction takes place there 
will be completely nullified because of insufficient mixing in remote parts of 
the container. This point cannot be too strongly stressed, for it is often 
neglected, with disastrous results to yields, time, and power consumed. In 
cases of liquid mixing, too much turbulence interferes with the proper opera­
tion of Rule 2, because so much of the momentum imparted by the mixing 
element to the liquid is lost in local eddies and interferences that the residual 
momentum is insufficient to carry with any vigor to the extremities of the 
container.

Under Types of Mixers, the fundamental principles of design as applied 
to the solution of typical problems will be discussed.

Practical Objectives of Mixing
Mixing may accomplish one of the following things:
1. Simple Physical Mixture. Mixing to a satisfactorily blended 

product:
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a. Two or more miscible fluids such as molasses and water.
b. Two or more uniformly divided solids such as powdered dyes of different shades.c. Mixtures of phases where no reaction or change of particle size takes place. Examples of this are concrete mixing and mixing of sand soap.
2. Physical Change. This may be:α. Dissolution. The passing of gas, liquid, or solid into another phase by solution, such as the dissolving of chlorine, butanol, or salt in water; the deodorization of vege­table oil by blowing superheated steam through it; leaching; etc. The work of Hixson and Wilkins at Columbia University forms a valuable and practical addition to the subject of dissolving solids in liquids [Performance of Agitators in Liquid-solid Chemical Systems, Ind. Eng. Chem., 25, 1196 (1933)]. It constitutes an important verification of the “Cube Root Law” of Hixson and Crowell [Ind. Eng. Chem., 23, 923, 1002, 1160 (1931)].
b. Crystallization. The formation of crystals from a supersaturated solution.c. Adsorption. The selective removal of minor constituents by surface phenomena, as in the bleaching of oils by fuller’s earth, the decolorization of syrup, etc., by means of vegetable carbon.
d. Flocculation. The collection of a precipitate into flocs for the purpose of settling or filtration.

(α) (^>)
Fig. B.—Ice-cream mix before and after homogenizing, (α) Rough dispersion; (ò) Fine dispersion.

3. Dispersion. Mixing to a quasi-homogeneous product:

a. Two or more immiscible fluids.
b. One or more fluids with finely divided solids.
Common Examples, a. Mayonnaise (liquid in liquid); marshmallow whip (gas in liquid).
b. Paints (solid in liquid); ore flotation (solids, immiscible liquids, and gas in liquid).
The continuous phase is the external phase, while the discontinuous (or 

disperse) phase is the internal phase. If the internal phase is liquid, the dis­
persion is an emulsion; if it is solid, the dispersion is a suspension; and if it is 
gas, it is a foam.

For practical purposes the degree of dispersion of the internal phase desired 
in a finished product varies considerably.

Figure B shows a comparison of the ingredients of ice cream before and 
after homogenization. Both a and b appear about the same to the eye, but, 
under the microscope, b is seen to consist of much finer and more uniformly 
sized droplets than a. Therefore b will produce a more uniform finished 
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product because the butterfat particles have been so completely dispersed 
that all danger of subsequent agglomeration has been removed.

The particle size of the dispersed phase is measured in microns. (1 micron 
= lμ = 0.001mm.) So-called suspensions or emulsions have a particle 
diameter greater than 0.1ju. Colloidal solutions have particle diameters 
between 0.1μ and 0.001μ,

Emulsions may be classed as permanent and temporary. In Fig. Bi & 
would probably be permanent, while a could be temporary.

To form dispersions or emulsions which will not segregate, one or more of 
these conditions must be fulfilled:

α. The specific gravity of the phases must be made equal or gravity separation pre­
vented by overcrowding in dispersed phase.

b. The particles must be in Brownian movement due to their small size.
c. If neither of the former conditions can be fulfilled the viscosity of the outer phase 

must be high enough to prevent settling or
d. The outer phase must have a slight set (curve ABC on Fig. Gi p. 1536).

To prevent separation of dispersions by aggregation of the internal phase, 
one or more of the following conditions must be fulfilled:

e. The particles of the internal phase must be protected from contacting each other 
by a film of a third material, either a finely divided solid or a protective colloid, adsorbed 
by the interface.

f. Same as (b) above.
g. The outer phase must have a strong set (butter-holding brine).
h. The specific gravities of the two phases should not be widely different.

Taking examples from successful commercial emulsions or dispersions, we 
find various combinations of these conditions. The oil in mayonnaise is 
kept from segregating by (α) and from separating out by (e) and (Ji). A 
high-grade non-settling paint gets this property from (b), (c), (d), and (e). 
Scott’s Emulsion of cod-liver oil relies on (c) and (e). It will be noted that 
the importance of (β) is being recognized in the paint industry and modern 
formulation takes account of this action.

4. Promotion of a Reaction. Mixing with its consequent blending or 
dispersion is often necessary to cause or hasten a reaction. With intensive 
mixing, it is possible in some cases to lower the temperature or pressure at 
which a given reaction will occur. Examples are: (α) neutralizing, (b) 
halogenating, (c) hydrogenating oils, (d) hydrolyzing starches to sugars, 
etc. Furthermore, by thorough mixing, undesirable side reactions are 
prevented by eliminating the danger of local excess of reagents or local 
overheating.

Physical Factors in Mixing
The physical factors which play a part in all mixing operations are:
1. The consistency, or apparent viscosity, of the mixture at’mixing velocities. This 

⅛ the most important physical factor.
2. The specific gravity of the continuous phase and the relative gravities of each 

phase.
3. Other physical properties of the materials before, or during, mixing.
4. Relative proportion of the materials and their order of addition to the mixture.

1. Consistency, or Apparent Viscosity, at Mixing Velocities. These 
important terms, for the purposes of this section, will be considered synony­
mous. Therefore tney require discussion, and the curves in Figs. C. H, I, J,
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a∏d K constitute a very necessary part of this discussion. The terms vis­
cosity, plasticity, pseudoplasticity or thixotropy, and inverted plasticity 
ɪmist also be explained.

The curves in H were obtained on the Gardner mobilometer, illustrated
ɪɪɪ Fig. F. The other curves were obtained by hanging 
certain weights in grams on the driving cord of the modi- 
hθd Stormer viscometer illustrated in Fig. E and measuring 
the resulting revolutions per second of the blades, the 
blades being immersed in a pint can of the material under 
test, to a depth of 1.55 in.

Viscosity is the resistance of a material or a mixture to 
flow when force is exerted upon it. Fluidity expresses 
the opposite to viscosity. The c.g.s. unit for measuring 
}riscosity is the poise, which is defined as follows: A pois© 
ɪs that force which, when exerted tangentially on 1 sq. cm. 
surface of either of two horizontal planes 1 cm. apart, will 
ɪnove one plane at the rate of 1 cm. per sec. in reference to 
the other plane, the space between the two planes being 
filled with viscous liquid.

Stress
Fig. C.—Typical 

consistency curves.
I. True viscosity.
II. Pseudoplastic­
ity. — ‘
ity. 
plasticity.

III. Plastic-
IV. Inverted

Fs

WhereF = force applied, dynes.
V = relative velocity of planes, cm. per sec.
s = distance apart, cm. 
M = viscosity, poises.

The centipoise, Jiooth poise, is in more common use than the poise.
Figure D gives a means of transposing some of the ordinarily used units to 

the centipoise scale.
Referring to Fig. C, curve I, it is seen that, for a truly viscous substance 

θr mixture, the rate of flow, or rate of shear (expressed, for instance, in centi­
meters per second), starts from zero and increases at a constant rate as the 
stress increases. The rate of flow-stress curve, therefore, is a straight line, 
and the cotangent of the angle which any of these lines makes with the base, 
as A0D, Fig. G, indicates the viscosity. Many substances and mixtures have 
Properties approaching such true viscosity; for example, water, glucose solu­
tions, gasoline, or glycerol (see also Figs. H and ʃ). These are mostly pure 
liquids, true solutions, or dilute suspensions. It must be assumed that the 
molecules, colloidal particles, or larger particles here are loosely related to 
each other. There is no interlocking or overcrowding.

Plasticity differs from viscosity only in the fact that when a constantly 
increasing force is imposed on a material or a mixture, a definite yield point 
must be reached before flow is established. Mobility expresses the opposite 
of plasticity.

The flow of a material which approaches a plastic substance or mixture, 
is represented by curve III (Fig. C). The origin is not zero, for a definite 
minimum stress, known as the “yield point,” is required to start this material 
flowing, but from that point on it appears to flow as does a viscous material, 
with constantly increased rate of flow as the stress is increased up to the point 
where there is a rather sharp upward bend in the curve at x. A theoretically 
true plastic would not bend at x but would continue in a straight line. The 
56 per cent asbestine (magnesium silicate)-in-linseed-oil curve on Fig. G is an 
example of true plasticity.
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It may be said that there are few, if any, true plastics, though many mate­
rials, such as modeling clay, synthetic resins during molding, cheese, etc.· 
approach this state. It must here be assumed an interlocking
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arrangement of the molecules, colloidal particles, or larger particles which 
refuses to change until the yield point is reached, when the interlocking struc­
ture breaks down completely.

Pseudoplasticity or Thixotropy. Many materials or mixtures have 
flow curves which are mixtures of the above two types. Curve II on Fig. C
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AJustrates so^ca^e^ pseudoplasticity [Williamson, Ind. Eng. Chem., 21, 1108

Though starting from the origin,

Fig. E.—Modified Stormer viscometer.

(1929); Williamson and Heckert, loc. cit.∖. 
the curve for a pseudoplastic shows a 
vθry slow increase in rate of flow (rate of 
shear) for moderately low shearing 
stresses. In other words, the lower por­
tion of curve II stays down near the 
abscissa and in so doing indicates plastic 
characteristics, though no definite yield 
point is evident; but as the shearing 
stress is further increased we begin to 
get a very sharply climbing curve, which 
finally becomes a straight line when 
sufficiently high shearing stress is im­
posed. In this upper range, viscous flow 
is evident. In Fig. G, the curves for (α) 
θθ per cent lithopone in linseed oil, (ð) 
Scott’s Emulsion, (c) 40 per cent alumi­
num powder in linseed oil, and (d) Hell­
man’s Mayonnaise illustrate this 
property in varying degrees. Figure H 
is the result of a study made on the same 
materials in a Gardner mobilometer, 
employing higher percentages of solids to 
gɪve pastes of high consistencies. The 
types of curves in both Fig. G and Fig. 
H are much the same, indicating similar 
properties of mixtures of like materials, regardless of the proportion of each 
m the mixture, i.e., regardless of whether the mixture is a liquid or a paste. 
Γhe relatively high “apparent vis­
cosity” indicated by the lower por­
tion of the curves is known as “false 
body.” Total false body may be 

expressed as —-----— where τ∕o =

apparent viscosity at zero rate of 
shear, and ‰ = apparent viscosity 
at infinite rate of shear (Williamson, 
loc. citi). Thisgraduallyaccelerated 
rate of flow (shear) as the stress in­
creases is probably due to a pro­
gressive orientation of particles to 
parallelism with the lines of liquid 
flow and the consequent release of 
ɪnloeked liquid. Pseudoplasticity is 
particularly evident in some colloidal 
dispersions and in some mixtures of 
solids with liquids, such as certain 
pyroxylin lacquers, paints, paper­
pulp suspensions, heavy gypsum 
slurries, etc.

Inverted plasticity is illustrated by curve IV, and represents the opposite 
ease. These materials are of thin consistency at low stresses but become 

Cylinder

^Surface 
of 

materia!

Guided 
rod

-Weight

Fig. F.—Gardner mobilometer.

/Changeable 
forated
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increasingly thicker as 
the force is increased. 
Heavy starch suspen­
sions and quicksand 
possess this property 
(see Fig. J).

It is necessary to 
describe the above 
properties of materi­
als, t.β., viscosity, 
plasticity, pseudo- 
plasticity, and invert­
ed plasticity before a 
good picture of con­
sistency can be ar­
rived at. It must be 
fully realized that the 
consistency of practi­
cally all materials and 
mixtures varies with 
conditions such as 
rate of flow, temper­
ature, and pressure. 

Loud in Grams on Siirring Device
Fig. G.—Behavior of some specific materials of moderate 

consistency on the modified Stormer viscometer. Dotted line 
refers to data obtained with a 74o Brix glucose solution.

ture ça plastic) at the pɪɑ. jjrt—Behavior of some of the same materials in a 
point .4 in Fig. G is indi- Blsher-Gardner mobilometer with a four-hole disk.
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at no- b<y∕°÷t A-n?’ and at p°int B by cθt b°d∙ lt shθuld also be n°ted that 
IXto/1* ■ l, ■ " * J aye the same apparent viscosity as a 40 per cent aluminum 
tι∙ι-ι θ'· m ^ιnrteei* θɪl (a pseudoplastic), and as a 74o Brix glucose solution (a 

y viscous material) OA, because the lines cross at this point.
viso∕^everf, point B’ which represents 2⅝ r.p.s. of the stirrer, the apparent 
tha ɪɪb ʌ+ r κ e ∕θ pθr cen* asbestine-linseed-oil mixture is now far greater 

n at of the 74o Brix glucose solution OA, when stirred at the same number 
r∙p.s., since cot BOD is far greater than cot AOD. Also, the apparent

Load in Grams on Stirring Device
(k∕1g' ʃ- Viscosity in centipoises of several truly viscous materials, one true plastic 
w per cent asbestine in oil) and one pseudoplastic (38.5 per cent aluminum powder in 

) at varying rates of stirring (modified Stornier viscometer).

Viscosity of the 40 per cent aluminum-powder linseed-oil mixture now lies 
between the other two.

Therefore it is seen that at any given temperature the apparent viscosity, 
°r consistency, of a truly viscous material never changes, but that the appar­
ent viscosity of all other types of materials varies widely with variation of 
stirring speed (rate of flow).

Figure I relates variable data of this type to the absolute system so that the 
apparent viscosity of any material under any given set of mixing conditions 
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may be expressed in centipoises. For example, for all practical purposes, a 
13.8 per cent solution of 21 second nitrocotton is found tö exhibit true vis­
cosity at all loads and all rates of flow, this viscosity being about 10,500 
..entipoises. As another example, the point A on Fig. I is seen to be about 
2300 centipoises, and point B is 9400 centipoises. Therefore this shows a 
great increase of consistency of 56 per cent asbestine as the stirring speed 
drops from 7.1 r.p.s. to 2 r.p.s.

The modified Stornier viscometer has been very successfully used in the 
past, and by its more universal application in mixing problems where liquids 
and thin pastes are involved, the choice of proper equipment could be greatly 
facilitated. For high consistencies the Gardner mobilometer (Fig. F) 
gives accurate results. A correct interpretation of the curves obtained, as 
in Figs. G, H, I, and J, would aid in making the following decisions.:

1. The type of mixer necessary to establish and maintain the particular type of flow 
required.

2. The size of mixing elements necessary.
3. The optimum speed at which to turn the mixer.
4. The power required at that speed.

starch 
eter).

•Inverted plasticity illustrated by 
suspensions (modified Stormer viscom-

For example, a propeller- or turbine-type mixer would be useless on a 
42 per cent cornstarch suspension (Fig. J) because it must operate by pro­
pelling the liquid at a fairly 
high rate of flow which would be 
unobtainable in this material. 
In this case a slow-moving 
paddle, arm, or helical ribbon 
type would be more effective. 
On the other hand, a propeller- 
or turbine-type mixer of ample 
size in proportion to the total 
volume of mix would do well on 
materials like the 56 per cent 
asbestine-in-oil in Fig. I because 
the comparatively high rates 
of flow under which they operate 
would reduce the apparent vis­
cosity and thus produce a freer 
flowing mixture. For practical 
purposes, the point C on the 56 
per cent asbestine curve has this significance: at any part of the container 
where a force (per unit area) corresponding to this point, or any lesser force, 
is exerted there will be no motion of the material; hence mixing will cease.

Other comments on Figs. G, H, I, and J:

It is significant to note the strong plastic tendency of lithopone in water as compared 
with lithopone in oil.

It is also significant to note the much higher yield point of 56 per cent asbestine as 
compared to 60 per cent lithopone in the same grade of linseed oil.

All curves shown are drawn in accordance with the definition of viscosity, but for 
“eye” comparisons of this kind the abscissa should really be the “grams weight.”

Using different coordinates, higher consistency materials can be pictured more 
accurately as shown in Fig. H. The grade of materials used in the preparation of 
these curves may be identified as follows:
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Nitiocelluiose solutions from 21-second.cotton.
Cornstarch.................................................................
ɑlueose.................................
Idthopone........................................
ʌsbestine.......................... λ ... .. . . .∖ . . .W ” .∖
Linseed oil................

Hercules Powder Co.
Corn Products Refining Co.
Corn Products Refining Co. 
Krebs Pigment & Color Corp. 
Commercial
Spencer Kellogg Co.

Figure K illustrates a practical application of the modified Stormer vis­
cometer in the testing of paint consistency by referring to standard curves 
Prepared by testing known mixtures. The paint to be tested is preferably 
poiitained in a pint can and is thoroughly stirred to make sure that all pigment 
is in suspension. It is placed on the stand of the instrument and the stand 
1 aised until the surface of the paint in the container rises to the marks on the

Fig. K,—Standard curves for use in classifying paints (modified Stormer viscometer).

8Patula-Iike blades. Weights are applied and readings taken until a reading 
falls between 24 and 36 sec. per 100 revolutions of the spatulas. This reading 
is then spotted on the chart and translated into consistency by dropping 
vertically to the horizontal scale. The consistency is merely a superimposed 
arbitrary scale in which 10 consistency represents a medium-bodied paint, 
9K to 3K progressively thicker paints, and 9N to 5N progressively thinner 
paints. The usual types of ready-mixed paints seldom run thicker than 
about 6K or thinner than about 6N. The instrument does not function with 
pastes thicker than about 3K.

The authors are greatly indebted to W. W. Heckert of E. I. duPont de Nemours & Co. 
for the data from which the curves in Figs. G, I, and J were prepared, to E. S. Stein- 
bring of the same company for the data pertaining to Fig. K, and to O. F. Redd, Tech­
nical Director of The Patterson Foundry and Machine Co. for the Gardner Hiobilometer 
data shown in Fig. H.
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Examples of Degrees of Consistency. The following tables express 
ranges of consistency in terms of materials with which everyone is familiar. 
(Consider them taken at low rates of shear in all cases.)

Approximate Viscosity
Liquids at 68oF. in Centipoises

1. Ether...................................................................................... 0.1
2. Water..................................................................................... 1.0
3. Kerosene............................................................................... 10
4. Medium motor oil, S.A.E. 10........................................ 100
5. Glycerin or castor oil....................................................... 1,000
6. Blue Label Karo corn syrup.......................................... 10,000
7. Molasses............................................................................... 100,000
8. Confectioners’ glucose..................................................... 1,000,000 (or more)

Pastes and Plastics
(In order of increasing consistency)

1. Thickened gravy.
2. Cream sauce.
3. Tomato catsup.
4. Butter at 72oF.
5. Vaseline.
6. Mayonnaise.
7. Modeling clay.
8. Road asphalt.

2. (α) Specific Gravity of the Mixture, and (5) Relative Gravity 
of Each Phase.

(α) has a bearing on the power required, and, for mixtures of the same 
viscosity or consistency, the power varies directly as the average specific 
gravity of the constituents of the mixture when identical mixers running at 
identical speeds are used.

(b) is one of the two or three most important factors governing mixing. 
For great differences in gravity, great effort must be put forth to overcome the 
tendency of the materials to settle. It is evident that it is easier to hold 
whiting (calcium carbonate) in suspension in water than it is to keep litharge 
of the same mesh in the same state of suspension.

The same thing is true in principle when solids-solids, gases-gases, or any 
combination of gases, liquids, and solids is involved (see section on Mechan­
ical Separation).

3. Other Physical Properties of the Materials before or during Mix­
ing. a. Ease of Wetting. This refers only to the ease with which powders 
are wetted when they are being mixed into a liquid, a pasty, or a plastic mass. 
It is much easier to mix clay into water than to mix zinc stearate into water. 
It has been shown that solids are more easily wetted by the liquids which are 
closest to them in chemical structure. For example, zinc stearate would 
be much more easily wetted by alcohol than by water, because the stearate 
and the alcohol are both organic compounds. In zinc stearate the long 
aliphatic chain far overbalances the inorganic zinc with respect to facility 
of wetting.

One of the most difficult substances to wet thoroughly with water or even 
with oil is carbon black. This material resists wetting because of the tre­
mendous surface of its particles, which consequently occlude much air. This 
air must be forced out before the particles can be thoroughly wetted.

Adhesiveness, or stickiness of solid particles, also adds to the difficulty of 
wetting these particles. Often a very dry powder which is difficult to wet may 
be incorporated by lowering the surface tension of the liquid.
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&· Surface Tension. This greatly influences the particle size and perma­

nence of emulsions, as well as the bubble size of gas dispersions in liquids, 
^ne of the chief purposes of emulsifying agents is to alter the surface tension 

one or more of the liquid phases (see under Dispersion, p. 1531).
c. Particle Size. This applies only to solids, and their mixture with each 

0‰r or with liquids. Obviously a fine particle size will give a smoother 
finished product. Also, a mixer which will prevent particles from aggregating 
and will break up preformed aggregates will give a smoother finished product, 
ɪn dissolving, ,fine particles will go into solution more rapidly. Then, again, 
ɪt is more difficult to keep large particles in suspension in liquids because of 
their gι∙eater tendency to settle. On the other hand, exactly the opposite 
ia true in mixing solids with solids, for in this case the finer particles always 
tend to filter down through the coarser ones and to seek the bottom (see 
Sedimentation, pp. 1619 to 1652).

d. Temperature Effect of the Addition. When one material is added to 
another, the effect may be either endothermic or exothermic. Very often a 
jacketed mixer is necessary to maintain the proper temperature.

e. Variation of Consistency or Viscosity during Mixing. In many cases the 
initial consistency is that of water and the finished consistency very high, 
and in other cases the exact opposite is true. The mixer provided should be 
efficient over the whole range, and it does not necessarily follow that every 
mixer which is satisfactory for high consistency or viscosity is also satisfactory 
for the lower range.

4. Relative Proportion of the Ingredients, and the Order of Their 
Addition to the Mix. Obviously exact quantities and methods cannot 
bθ outlined, as they will differ in each case. As an example, water and kero­
sene oil when separate have low viscosity. If four parts of the oil are beaten 
into one part of water, the oil becomes the internal phase and the resulting 
emulsion will be creamy and thick. The one part of water is extending itself 
to cover the four parts of oil.

On the other hand, if one part of water is beaten into four parts of oil, the 
water becomes the internal phase and the resulting emulsion may be but 
slightly more viscous than the oil itself for the oil is not spread over nearly 
the interfacial surface that the water was in the former case.

Order of addition to the mix is also important. As a simple illustration, 
consider clay blunging, i.e., the addition of lumps of clay to water to make a 
slurry, or slip, in the cement or ceramic industry. If the clay were first put 
in the container, and the water then added, mixing, if not impossible, would 
at least require excessive power through the thick stages. Therefore, 
it obviously is best to start with the water and add the clay while stirring. 
In other cases the procedure is equally important but not so obvious.

TYPES OF MIXERS
In the proper design of mixers, not only the mixing element but also the 

shape of the container must be considered. A very fine mixing element in 
the wrong vessel may be utterly useless. Furthermore, the exact result to 
be attained should be kept in mind so that ample mixing may be provided to 
obtain that result with a large factor of safety. Usually the additional cost 
required by this extra provision is trifling compared with the cost of all the 
equipment involved in a process.

Since mixing öccupies a place at the very heart of the process, it is important 
to do it well. A properly designed mixer may avert a bottleneck in the 
plant.
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The variety of devices used for mixing is extremely large, and many of them 
have no claims to distinction. Before mixing technology can advance very 
far, it will be necessary to recognize certain fundamental forms around which 
our studies and our knowledge may be built. This, of course, does not pre­
clude the future development of new and better forms, but it does give a 
basis for a certain amount of standardization which is now vitally needed.

Mixers may be grouped under five primary classifications: (ri.) flow mixers; 
(B) paddle or arm mixers; (C) propeller or helical mixers; (O) turbine or 
centrifugal-impeller mixers; (E) a few miscellaneous types. These may, in 
turn, be divided so that about 40 truly useful and practical types will cover 
the entire field of mixing.

Fig. 1.—Jet mixers.

∕⅛,x∙h Beadfor 
⅛ S fd. splitOpening
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A. Flow Mixers
The materials are practically always pumped through this type of mixer 

and the mixing effect is produced by interference with the flow. They are 
used only in continuous or circulating systems for the 
thorough mixing of miscible fluids. They are rarely used 
for the mixing of two phases where extreme intimacy is 
desired. The word “turbulence” does not necessarily 
imply satisfactory mixing.

1. Jet mixers, such as oxyhydrogen torches, rely on 
the impingment of a jet against another jet, usually 
with both jets fed under pressure. This mixer is some­
times used for liquid mixing but finds its greatest applica­
tion in the mixing of combustible gases just before 
ignition.

2. Injectors consist essentially of a main pipe and
an auxiliary pipe, jet, nozzle, tube, or orifice, through 
which a second ingredient is injected into the main 
stream. This simple and inexpensive type of mixer is
widely used for the mixing in any proportions of gases with gases, gases with 
liquids, and liquids with liquids. Bunsen burners, oil burners, spray guns, 
cement guns, carburetors, atomizers, and nozzle mixers (see Fig. 2) for the 
mixing of immiscible liquids, are all ex­
amples of this type. Either gas or liquid 
may be the main ingredient. In some cases 
the velocity of flow in the main pipe induces 
a flow of material in the auxiliary pipe. 
In other cases, material is fed through the 
auxiliary pipe under sufficiently high pres­
sure and velocity to cause the flow through 
the main pipe. This may be material re- τ, „ . .
circulated from the tank itself by means of 5te∙ 2∙~τhe ιnjector mκer∙
an outside pump. A requisite of rapid, thorough mixing in this type is that 
the mass velocity in the auxiliary stream be considerably higher than in the 
main stream. Chilton and Genereaux ∖Trans. Am. Inst. Chem. Engrs., 25, 
102-122 (1930)] found that when mixing two gases with this type of mixer, 
good mixing can be obtained by making the mass velocity of the added stream 
two to three times that in the main stream.

3. Orifice-Coluxiins or turbulence mixers, largely used for the con­
tinuous treating of petroleum distillates, may be like A in Fig. 3, which shows 
a simple orifice column, or like B, which shows a Duriron nozzle carefully 
designed to give maximum turbulence. They rely for their action on the
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Fig. 3.—Baffle-plate and orifice-column, 
mixers.

4.—Circulat­
ing mixer.

anslation of pressure into turbulent velocity, finding many applications 
ere viscosity is low enough, to allow reactions to be completed with the 

θry short holding time available. Both types are very simple to install.
<. Circulating mixing systems, 

such as the air lift, “vomit” tubes, 
°ng draft tubes, and outside circu­

lating pumps, are usually used to pro- 
Uce a slow turnover of the contents 

ŋ large tanks by means of compara­
tively small mixing units. In practi­
cally all of these circulating types a very 
sɪnall proportion of the material is 
ŋθɪng agitated at one time, making 
hem unsuitable where continued in- 
ι∏ιacy of mix is desired. They are 

never useful where rapid, thorough 
mixing is required. Other materials,
such as gases, liquids, or slurries, may be introduced in the risèr or pump 
0 ensure preliminary absorption or mixing before being discharged into the 

main tank.
Circulating systems are also used for blending large 

amounts of solids, usually in excess of 1000 cu. ft. The 
simplest form consists of two or more bins feeding 
through automatically regulated feed valves to a belt or 
conveyor. The material is then elevated and redistrib­
uted equally to the bins at the top. The operation is 
continued until the required amount of blending has 
resulted.

5. Centrifugal pumps without recirculation are 
sometimes used to mix liquids which have been previously 
Proportioned and they are often useful where blending 
alone is desired. The “holding” time (or detention 
time) is usually less than a second and this is only 
sufficient for instantaneous reactions between immiscible 
materials.

θ. Spray and packed towers, while used most commonly for the absorp­
tion of a pure gas in a liquid or for the removal of some part of mixed gases, 
are also finding increased application in removing 
a constituent of a liquid mixture by means of an 
immiscible liquid of higher or lower specific gravity. 
Countercurrent operation is the rule for this type 
θf equipment, which has much to do with its 
success in many applications.

Packed towers are not desirable where there is 
any tendency to form a precipitate, for the cleaning 
Problem is usually serious. Fig. 5.—Centrifugal pump.

B. Paddlo or Arm Mixers*

* Some of the material in this section prepared by H. W. Bellas.

This is probably the oldest type of mixer and consists essentially of one 
or more blades, horizontal, vertical, or diagonal, fastened to a horizontal, 
vertical, or diagonal shaft (axis) and rotated axially (though not always



1544 MIXING OF MATERIAL

Fig. 6.—Absorp­
tion tower.

Complet# 
packed 
tower

centrally) within the container. Thus the material to be mixed is actually 
pushed, or carried, around in a circular path. In thin 
liquids, paddles always impart a swirling motion to the 
entire contents of the container. In all cases, that material 
directly in the path of the blades is always pushed faster 
than that lying between the 'blades. This factor has the 
greatest influence in changing the relationship of successive 
laminae (or strata) parallel to the blades with respect to 
each other. Having accomplished this important step, 
however, paddles lack effective means of producing, per­
pendicular to the blades, forces that would cut through 
these strata and cause them to mix with each other. This 
is their greatest shortcoming. Stratification is largely, 
though never entirely, overcome by tilting the blades (Fig.
96).

Paddle mixers, or arm mixers, are more widely used than 
any other type, because (1) they are oldest, best known, 
and first to be thought of ; (2) often they can be homemade ; 
(3) the first cost is usually quite low: (4) above all, on 
many kinds of work they are entirely satisfactory. For 
instance, for the mixing, or kneading, of heavy pastes or 
plastics (or doughs) the arm type (Fig. 17) is indispensable.
However, where stratification may easily occur, as in the suspending of 
fairly heavy solids in light liquids or the mixing 
of light pastes or liquids of considerable vis­
cosity, a paddle mixer, no matter how carefully 
it is designed, is comparatively inefficient both 
as to power consumed and as to quality of 
results.

7. Straight Arm or Blade Paddle Mixer. 
This is the most common form of mixer and 
may be either horizontal or vertical. The 
blades may be either flat or tilted to produce 
an up or down thrust on the liquid. It is 
worth noting that in the latter case the result 
is more nearly that of a propeller than a paddle. 
Badger, Wood, and Whittemore [Chem. & Met. 
Eng., 27, 1176 (1922)] experimented with blades 
tilted at 45 deg. and found that under the 
best conditions this mixer took three times as long as and 25 per cent more 
power than a propeller required to produce the 
same degree and speed of mixing in the same con­
tainer (Figs. Q and R, p. 1560). Nevertheless, 
it was justly concluded that this paddle type 
was entirely satisfactory in many cases where the 
requirements were not too severe.

In the case of cylindrical tanks with unimpeded 
swirl, a prediction of the power input to flat-paddle 
agitators can be made by the use of the data of 
White and Sumerford [Chem. & Met. Eng., 43, 
370-371 (1936)]. In the higher ranges of paddle 
size and/or speed, White found the power input to 
be related to the paddle dimensions, speed, and properties of the liquid by 

Fig. 7.—Simple paddle mixer.

Fig. 8.—Gate mixer.
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the following equation:

P = CL3SN3D1-lWa-3H011 (1)
svhere P = power input, h.p.

c = power coefficient, non-dimensional.
D = vessel diameter, ft.
H = liquid depth, ft.
L = paddle length, ft.
Λr = paddle speed, r.p.s.
s = liquid density, lb. per cu. ft.

W = paddle width, ft.
ɜ'ɔ 2 = absolute viscosity, lb. per ft. sec.
Ihe power coefficient c they found to be related,to a modified, Reynolds 

ir'™ D ’ ^ust aS *ɪ 16 fiction factor in pipe-line flow of fluids is related to the 
ue Reynolds number. Figure L below is a plot of c vs. the modified

Fxg. L.—Graph for determining power Ooeffieient.
Reynolds number, L3NsJz. This correlation they found to hold very well for 
Jtoks without baffles, having paddles with a length one-third or more of the 

ftok diameter and with a width less than one-sixth the length. The shaft 
tonst be on the center line of the tank and the depth of liquid not more than 
'to per cent greater than the tank diameter.

To find the poweɪ- input to a given paddle agitator at a given speed, the 
toodified Reynolds number must first be determined. By reference to Fig. 
L above, the power coefficient c for the system is determined, and from it 
and Eq. (1) the power input P is calculated.

Other correlations of power input have been made by Hixson and Luedeke 
l⅛d. Eng. Chem., 29, 927-933 (1937)] and Büche {Zeit. Ver. deut. Ing., 81, 
1065-1069 (1937)].

ɪn designing a paddle agitator for a given purpose, a procedure is outlined 
⅛r Biiche (Joe. cit.). The shape and speed of the agitator are first determined 
by small scale tests, and the modified Reynolds number (Ll)3NlsJz for the 
s>hall tank is calculated. The plant-size vessel and agitator are then made 
SeometricaIly similar to the laboratory model, and a speed Np is chosen 
dependent on the laboratory Reynolds number and the linear scale factor, 
a≡ follows:

(Ll) 3NlsJz NpJNl
<1.0

1.0 - 2000 
>2000

1.0
(LlJLp)0-30
(LlJLp)0-03
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f The Reynolds number in the plant equipment can then be calculated and 
the power input predicted by the use of Fig. L and Eq. (1). The basis for 
this method is Büche’s finding that degree of agitation in similar systems is 
dependent upon power input per unit volume of liquid. Brothman and Kaplan 
[C hem. & Met. Eng.1 46, 633—636, 639 (1939)] have also found that under like 
conditions the degree of mixing is related to the 
power input per unit volume and have plotted it 
vs. a “shear index,” which is a measure of the work 
output of the paddle per unit input.

8. Gate Type. This type covers many designs 
of which Fig. 8 is an example. It is questionable 
whether or not a combination of horizontal, vertical, 
and sometimes diagonal blades improves the mixing, 
but it is very often used where structural strength 
is desired.

9. Paddles with Intermeshing Stationary
Fingers. This type may be horizontal or vertical. 
In thin liquids the stationary fingers tend to prevent 
swirl of the entire mass and also to direct currents 
more or less at right angles to the fingers, thus aiding 
mixing. This type is also used in the mixing of 
heavier liquids, pastes, and doughs such as paints,
starch paste, and sizes, and in this case the station- die mixer with intermesh- 
ary blades aid in the stretching, shearing, folding ɪɪɪs stationary fingers, 
over, and consequent mixing of these materials. 'irf

10. Horseshoe Type. This is used in kettles, usually for heavy duty 
such as grease mixing, caustic fusions, cake dough, etc. A distinctive feature 
is that the mixing element always conforms to the walls of the container,
sweeping or actually scraping them free 
from pasty or solid material that might 
otherwise cake upon them. It is partic­
ularly important to prevent this caking in 
mixtures which burn when locally over­
heated, or in cases where the walls must be 
kept clean to permit good heat transfer. 
Therefore this type (as well as other types 
mentioned later) is widely used in jacketed 
kettles or on furnace settings where the mix 
within the kettle is thick. horizontal tank.

11. Traveling Paddle. This mechanism is used for very large batches 
of slurries, such as cement slurry or paper pulp. The task is usually a matter 
of maintaining the material in suspension, and the sizes of the vats used are 
seldom less than 40 ft. long by 25 ft. wide by 20 ft. high and run up to more 
than 150 ft. long by 40 ft. wide by 30 ft. high. This type is also adapted to 
circular tanks.

A traveling mechanism, either paddle propeller or turbine, is the only one 
which will operate successfully on large quantities of slurries and pulps.

Types 12, 13, 14, and 17 which follow represent double-motion paddle or 
arm mixers and are used for pastes and plastics. In these cases there is little 
flow produced, and the do.uble motion produces an extra amount of direct 
shearing, kneading, and folding action on the mass.

12. Rotating Pans with Offset Blades, a. The can revolves on a turn­
table and the offset paddles within it also revolve. It is in common use for 
mixing small batches of thick paint and ink pastes.
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∖ This machine is a very efficient modification of the same sort of double 

motion, also with offset, rotating blades and rotating pan. The plow-like 
ades, mounted with springs, fit the bottom of the pan very closely, and 

stationary scrapers help to feed the blades and also scrape the sides of the 
Pan clean. It is used for mixing pastes or plastics, such as putty, for concrete 
mixing, and also for intimately mixing dry powdered or granular solids. For 
such materials it is beyond doubt faster than any other type. Where a

Fig. 10.—Horseshoemixer. Fig. 11.—Travelingpaddlemixer.

Fig. 12α.—Pony mixer, ro­
tating pan with offset blades.

Fig. 12t.—Rotating pan mixer.

kneading or a smearing action is desirable, as in putty making, mullers as in 
the pan mixer (see type 40) are used.

Í3. Double-motion Paddle. This type is used extensively for pasty 
materials such as adhesives, greases, and cosmetics and for ice-cream freezing. 
Two sets of blades rotate in opposite directions. The outer sweep is often 
provided with scraper blades which keep the container wall clean. This 
results in improved heat transfer, making it possible to heat or to cool batches 
in as little as one-quarter of the time necessary in vessels equipped with
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Fig. 13.—Double-motion paddle mixer in 
kettle.

non-scraping agitators. This mixing action is probably not to be excelled 
for the type of work mentioned 
above.

14. Double-motion Paddle.
This is not unrelated to the 
traveling paddle of type 11. A 
paddle rotates on a shaft which 
is located off center in the kettle 
or container, and at the same time 
the shaft revolves around the 
center or axis of the kettle. This 
planetary motion causes the ac­
tion to visit every portion of the 
kettle in turn, giving thorough 
local mixing and carrying par­
ticles forward in overlapping 
cycloidal paths, thereby produc­
ing intermixing. This type is 
widely used for pastes and doμghs, 
particularly in the food industries, 
in the manufacture of cake bat­
ters, mayonnaise, etc.

15. Whipper or Emulsifier.
A familiar example of this type is an egg beater.
form, is always run at high speed, and due to 
the actual beating together of the two fluids, 
a fine state of division, or emulsification, is 
produced. It is used extensively for the 
preparation of whipped cream (liquid and 
gas), mayonnaise (immiscible liquids), etc.

16. Air-lift Agitator. Air forces the 
slurry up the central tube to the overhead 
rotating distributor pipe. The slurry flows 
out and is distributed over the surface. The 
paddle at the bottom is also equipped with 
an air pipe along its entire length for freeing 
it when stuck in settled slurry.

This type is useful for maintaining large 
masses of slurry in suspension. The mixing 
action, if any is desired, is very slow. Sizes 
range as a rule from 20 ft. diameter by 12 ft. 
high, up to twenty times that volume.

17. The kneader, with two arms or blades
rotating in opposite directions in a container 
with a divided trough or saddle, is used for 
mixing thick, plastic, gummy, doughy masses. 
Of all 40 types of mixers, type 17 is most 
nearly indispensable to its particular field 
of materials. Heavy “ sigma” blades, slight- 
Iy helical, rotating oppositely across the ɪ,ɪɑ. u.__Double_motion paddlθ 
trough division, simultaneously effect trans- mixer (baker’s type),
portatioɪɪ, kneading, tearing, stretching, fold­
ing. (See pp. 1572 to 1574 for fuller description of the action.) These blades

The device, whatever its
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Fig. 15.—Whipper or emul­
sifier.

Fig. 16.—Air-lift· agitator with scrapers.

to intensify the tearing action,

Fig. 17 a.—Kneader.

0r amis are sometimes toothed or serrated 
as in pulp shredders. In certain cases the 
Wades may be more like figure 8’s than 
ɛɪgmas in order to double the action per 
revolution. The two blades are often made 
sθ that they overlap to produce a better 
interchange of material from one blade and 
*rough to the other. On the other hand, 
nop-overlapping blades running at differ­
ential speeds may be employed, and in this 
case they are usually adjusted with slight 
Wearance so that they clean each other in 
passing and also produce more positive 
shear, like scissors. For fine work, espe­
cially that which involves heat transfer, the blades are machine-fitted to the 
trough with as little 
as 0.001-in. clear­
ance at working 
temperatures. ' 
greater heat 
fθr, hollow 
are used.

Because _  __
difficulty of dis­
charging plastic ma­
terials, the majority 
of kneaders are 
ɪnade to empty by 
tilting, the tilt being 
either hand- or 
power - operated. 
Othermachinesemp- j⅛. 17⅛.—Non-tilting vacuum kneader,
ty through a large 
door at the side of one trough. In cases where the mixture is sufficiently 

For 
trans­
blades

of the
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fluid or granular at the end of the process, valves in the bottom of each 
trough are best adapted for easy and rapid discharge.

a. This is a kneader for general purposes, bread dough representing the mean 
consistency. A 100-gal. machine requires from 5 to 80 h.p. A typical 
trough is 38 in. long by 32 in. wide by 28 in. high. The sigma blade shafts 
and the blades themselves vary from 3 to 7 in. diameter as power increases- 
Bread dough requires about 15 h.p. and a heavy asphalt-asbestos mastiɑ 
about 60 h.p. Blade speeds of 20 to 40 r.p.m. are common. Where a differen­
tial speed is used, a ratio of 3: 2 or even 6: 7 is often employed. Machines of 
this class are not often built for more than 1000 gal.

Fig. 17c.—Masticator.

5. This is a non-tilting type for vacuum operation. It is especially useful 
where evaporation is required, as in the preparation of powdered milk- 
Cored blades, steam-heated and machine-fitted to the trough are essential- 
This may also have a side door instead of bottom valves for discharge.

c. This kneader is used for the heaviest work, such as dispersion in rubber 
compounding. The machine is shown in tilted position. The blade shafts 
are almost the same diameter as the blades themselves. A 100-gal. disperser 
or masticator may require 100 to 200 h.p. The shafts may be 10 to 12 in­
diameter and blade speeds up to 30 r.p.m. are common. Macliines of this 
class are seldom built for more than 100 gal. capacity.

C. Propeller Mixers, Including a Few of the Helical Type
Propeller mixers furnish an inexpensive, simple, and compact means for 

mixing in a wide variety of cases. Their mixing action 
follows from the fact that the revolving helical blades con­
stantly push forward what is to all intents and purposes a 
continuous cylinder of material, although “slip” induces 
currents which modify considerably this cylindrical form. 
Since4 the propeller causes a cylinder of material to move 
in a straight line, the shape of the container itself will 
govern the subsequent disposition of this stream. For this 
reason the shape of the container is particularly important 
in this case and yet this factor is often neglected. Figure 
22 illustrates how a container may be shaped and a draft 
tube used to improve propeller mixing.

Propellers are most effective for liquids not over 2000 centipoises apparent 
viscosity, with or without the presence of light solids, though useful up to

Fig. 18.—Propel­
ler-type fan.



Fig. 19.—Pro­
peller mixer, 
push-pull type. 
(Buffalo Foundry 
& Machine Co.)

20.—Porta­
ble-type propeller 
mixer.
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4000 centipoises. With heavier solids, in flat-bottom containers especially, 
oine difficulty is experienced in preventing settling, since 

γ? is practically impossible to direct the stream from the 
i tθ.a^ Parts ot ttιe ⅛ank in any simple manner.

e location of propellers within the tank influences the 
ɪa ui e of the mixing, and the following types illustrate these 
various positions.

Figure >8 makes it possible to calculate the approximate 
and8 ɪʃɪtθh θɪ" consumPt^on ot anY propeller, given size, speed,

f. ɪɛ/ ^ɪ^θpθɪɪθɪ*  as a Gas Mixer. A propeller, disk, or 
an (practically the same as the ordinary window ventilator 
aɪi) is used within a mixing chamber to give circulation 

anc mixing of gases. It is also used for mixing gases under 
continuous-flow conditions.

19. Propeller with Vertical Shaft. These are used in 
combinations of one, two, or more propellers on the shaft, 

hey may all thrust upward or downward to meet special 
conditions ; however, the push-pull combination is usually the 
mθst <lθsirable for small tanks.

550∙ Portable-type Propeller—Clamped to Side.
ɪɪs type is compact and satisfactory and is very useful 

ɪoɪ portable work; for viscosities up to 300 centipoises 
i θ direct-connected, full-motor speed type is correct, 
rp∣ *0r tl⅛her viscosity the geared machine must be used.

hose units are made in sizes from ¼ to 5 h.p.11 * ^roPβ^er ɪɪɪ Side of Tank. This type is usu­
ally located non-radially. The motion produced is a 
swɪrl which gradually brings the entire tank contents 
ɪɪito the influence of the propellers. This motion is 
most, useful for large batches of light liquid, such as 
gasoline or aqueous solutions, where great speed of 
mixing is not necessary. In such cases this type gives 
satisfactory blending up to 200,000 gal. capacity and is 
θne of the best means of mixing very large tanks of 
ɪght liquids. In these large tanks it is usually desir­

able to use two or more units at intervals around 
the periphery.

In the paper industry, propellers on horizontal 
shafts are used for circulation with incidental mixing 
θf stock in large stock chests, built with one or more 
mid-feathers. The propeller may be freely installed 
ɪn one of the aisles, or it may be located in a large 
hole in a partition placed across the aisle; somewhat 
ɪike the fan, Fig. 18.

Side propeller agitators vary in size from ⅜ to 
oθ h.p., with propellers from 4 to 84 in. A good 
stuffing box and strong bearings must be provided.

F or blending liquids of considerable difference of 
specific gravity, a high velocity vertical stream is
desirable, and for this purpose the propeller may be replaced by a centrifugal 
impeller.

—Propeller 
mixer. Side tank instal­
lation.
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22. Propeller in Draft Tube. One or more propellers are surrounded 
by a tube, which usually has small clearance from the propeller tips, 
tube serves to guide fluid through the propeller, 
appreciably overcoming side slippage of currents. 
Providing the tank is well shaped, a thorough circu­
lation at a rapid rate with consequent uniformity of 
mixing action takes place. For these reasons this 
type is probably the most efficient among propeller 
mixers and is related to type 24. It is used mainly 
on light or moderately viscous liquids where intimate 
mixing is desired.

23. Pug Mill. This machine is indispensable to 
the ceramic and related industries for securing a 
thorough mixing of very heavy clay masses, usually 
on a continuous basis. The unmixed or partially 
mixed ingredients are fed at one end of a trough or 
cylinder, usually enclosed to withstand heavy pressure, 
within which a series of very short and stout paddles 
are revolving. These paddles, tilted to approximate 
the form of propellers, transport the mixture gradually
to the other end of the trough, cutting and kneading it constantly in transit. 
It is often discharged by extrusion through one or more holes. The entire

Fig. 22.—Propeller in 
draft tube.

4

⅜db∙∙>∙∙'.,∙'

operation is known as “pugging.” 
Pug mills may be either vertical or 
horizontal. Because very heavy 
slips are handled, the power con­
sumption is high.

24. Soap Crutcher. This con­
sists of a continuous helix in a draft 
tube which fits closely around the 
screw. The course of the material 
is usually upward through the helix 
and downward on the outside of the 
tube. Its conveying action is well 
adapted to pastes of the consistency 
of soap, and it is universally used in 
the soap industry as a mixer. It is 
also useful for other pasty or fibrous 
materials. Huge mixers of this type 
are used in the paper industry for

Fig. 23.—Pug mill. Fig. 24.—Soap 
crutcher.

When operatedthe bleaching of paper pulp at 16 to 18 per cent consistency.
at high speeds, a high rate of circulation and a vigorous mixing action are pro­
duced. Without the . draft

helical) Mixer. This is a Fig. 25.—Ribbon mixer,
satisfactory type for mix­
ing powders, self-rising flour mixtures, talc, baking powder, etc. It is 
usually operated at moderate speeds. The mixing element consists of several 
vertical paddles and two helical ribbons, one a right-hand screw and the other
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,. +i ɪɪaɪɪɑ screw, so that the material is moved back and forth from one end 

ɪθ^θntainer ^ɪɪθ o^ιer* and also lifted vertically. The ribbon blades
. > e ∖ι λΓ narrow because the mixing of solids requires constant slippage off 

e blades to promote local turnover (eddies) to prevent packing of the 
ɪa eπal and to hold the power required to a reasonable figure. This type 
s also used for the mixing of some moderately thin pastes.

D. Turbines or Centrifugal-impeller Mixers
. 1 he turbine mixer is best described as one or more centrifugal pumps work- 
ɪɪɪg in a tank against practically no back pressure. As is evident from Figs, 

and 28, material enters the impeller axially through 
θ central opening. The material is accelerated by 
e vanes and is discharged more or less tangentially 

ɪom the impeller and at fairly high velocity. The 
Hiost efficient type of turbine mixer employs a curved 
stationary deflecting-blade ring, which deflects these 
angential currents to a radial direction. The entire 

direction change from vertical to horizontal and radial 
ɪs thus accomplished smoothly with the smallest possible 
loss of kinetic energy, and, as a result, the radial currents 
are still traveling at high velocity when they reach the 
remote parts of the container. Thus, Rule 2 (p. 1530) 
is especially well fulfilled by the turbine type. Rule 1 
is also fulfilled, since the discharge from the impeller is scattered along the 
radii in literally an infinite number of directions and the process is repeated 
JUany times a minute. 
The entire contents of the 
tank are kept in vigor­
ous and w e 11-directed 
uiotion.

When two or more im­
pellers are used, the verti- 
cal currents are as shown 
in Fig. 28.

The power required by 
a turbine mixer is approx­
imately one-thirtieth that 
required by an outside 
circulating centrifugal 
Pump delivering the same
volume of liquid, and the mixer impeller revolves at a moderate speed. Foi- 
instance, a 36-in. rotor turns at about 75 r.p.m.

Turbine mixers are especially useful for mixing viscous liquids or heavy 
slurries, for suspending heavy solids, for rapid dissolving, for good dispersions, 
and for mixing in irregularly shaped containers.

Figures N, 0, and P show how the power consumption of turbine mixers 
varies with changes in size of turbines, peripheral speed, and viscosity of 
liquid being mixed.

26. Turbine Blower or Centrifugal Fan. This type will mix gases 
very intimately when the gases are supplied in the desired proportions on 
continuous work. It is also used for batch mixing of gases, being located 
inside or outside of the mixing chamber. It will handle large volumes with 
low power consumption.

. X ∖ '∙⅛-Dactia/ stream 
v⅛K?< Impeth

Deflecting blade ring
(stationary)

Fig. Μ.—A typical
turbine mixer.

Horsepower
Fig. N.—Power requirement for turbine mixer.
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27. Simple Turbine Mixer. This type is particularly desirable for the 
blending of liquids of low or medium viscosity, especially when set off center

Effect of viscosity of the material on 
the power requirement of turbine mixers.

Viscosdy in Centipoises

in the tank. It is also good for low and medium consistency of slurries and for 
medium consistencies of fibrous materials, such as paper pulp, in suspension· 

28. Turbine Mixer with
Stationary Deflecting 
Blades. With this type one 
or more impellers may be used. 
It is useful for all consistencies 
and viscosities mentioned in 
Tables 1 to 5 but is partic­
ularly effective where it is de­
sired to obtain maximum speed 
of mixing or dissolving or to 
produce a good break-up, or 
to handle high-viscosity or 
high-consistency materials 
quickly and efficiently, or to 
mix on a continuous basis. 
Where an impeller is used at 
the bottom of the container, a 
dished bottom is always very desirable in order to start the currents upward 
as they leave the mixing element.

Fig. 28.—Turbine 
mixer with station­
ary deflecting blades.
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Fig. 29.—Turbo-disperser.

ype 28 is better than any other mixer for use in irregularly shaped con- 
aιners, %.e., rectangular tanks, horizontal cylindrical tanks, etc., because 

θ radial flow penetrates to the extreme corners.
• Turbo-disperser. This type is a new machine 

Ccupymg a unique position since it fills a place between 
jɪnple mixers and homogenizers or colloid mills. It 
vɪθfkɪɛŋ8 °f a centrifugal turbine impeller which rotates

i a screen or perforated plate interposed between 
impeller and stationary 
deflecting blades. The 
blades come close to the 
screen, giving an area of 
nigh shear in which diffi­
cult dispersions are easily 
accomplished. The high 
degree of shear, the ex­
truding action, and the 
nigh flow, all contribute 
toward the accomplish- 

θɪ dispersions and 
the dissolving of types of 
material which are diffi­
cult to accomplish in 
simpler types of mixer.

30. The continuous 
turbo-mixer has all the 

I

Continuous- 
flow turbo-mixer, 

advantages of type 28 but, owing to the continuous flow and the division of 
the volume into three compartments in series, smaller equipment is allowable 
ɪor a given production. The main stream has proportioned into it the solid, 
liquid, or gas with which it is to be 
treated and passes progressively from 
θɪɪθ compartment to the next, thus 
eliminating short circuiting. The tre- f

∏iendous circulation through the cen- L
trifugal impellers assures the greatest 
contact between the materials, so that Θa'S _n- 
the resultant rates of reacting, dis- inlet**

∏p Γ

⅛2

J*6αtf  <κ√½?/ 
£ ~ Liquid level

/Alternate 
gas inlet1ltDrainC= ∙

Fig. 31.—Turbo-gas absorber.

solving, or contacting are very high. 
The type of impeller and stator used 
ɪn each stage is determined by the type 
ɑf work to be done. A 200-gal. size 
will dissolve 100 tons of salt per day 
practically to saturation, while a 100- 
gal. machine is capable of mixing 15,000 
gal. asphalt and naphtha per hour.

31. Turbo-gas absorber or oxidizer is used for promoting contact between 
gases and liquids. Hydrogenations, oxidations, chlorinations, purifications, 
etc., are greatly stimulated by the long gas path through the liquid under 
violent agitation. The constant distortion of the bubbles of the gas together 
with the continual exchange of liquid at the interface account for the high 
efficiency of this type. In some applications the gas is self-induced at the 
surface, while in others pressure gas is fed to the lower of a series of the 
absorbers on a single shaft.
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E. Tumbling ⅛Iixers

Fig. 32.—Tumbling barrel.

Fig. 33.—Double-cone mixer.

32. The tumbling barrel is simple but useful. It consists of a barrel, 
mounted on a horizontal shaft and rotating with the shaft. Tumbling the 
barrel over and over mixes the contents. It is extensively used for mixing 
powders and for all con­
crete mixing. For types 
of work involving two or 
three phases with such 
widely differing materials 
as stones, powders, and 
water, it has no equal. 
Various modifications of 
this type exist. The 
barrel is sometimes 
mounted obliquely on the 
shaft, so that the irreg­
ular throw may speed the 
mixing. Sometimes, as 
in a concrete mixer, it is 
made with internal baf­
fles, scrapers, or plows, 
which divert the contents 
to the outlet. Another 
variation has barrel rotat­
ing in one direction and 
paddle blades turning in 
the opposite direction.
A modification used in the mixing of hair felt, for example, employs longitudinal 
baffle blades. Disk baffles perpendicular to the shaft, dividing the body into 
series compartments, adapt this type to continuous operation.

Where necessary to obtain ex­
tremely intimate mixing, or disper­
sion, or to break down aggregates, 
as in the preparation of colloidal 
sulfur or other compounding ingre­
dients for latex, the ball of pebble 
mill is most advantageous. When 
thus used for mixing or dispersing, 
rather than for grinding, it is only 
another variation of the tumbling 
barrel.

33. The double-cone mixer is 
a definite variation in form. It is 
used for the rapid blending of solids 
only. It consists of a cylindrical 
ring to which are attached two 
cones, the whole rotating slowly on
trunnions, end over end. The inside is usually polished and free from obstruc­
tions for easy cleaning. During rotation, the bottom cone is tilted to a point 
where the angle of repose of the contents is exceeded. The surface layers then 
roll down toward the opposite cone, followed quickly by the entire mass, which 
slips rapidly into the other cone, now near the bottom position. Striking



Mushroom mixer.
InIeh ∙-WaIerJacket

Motor

Fig. 35.—Colloid mill.
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against the conical walls, much material is deflected toward the center and 
tħence upward through the remainder of the 
mass. Because no two particles take parallel 
5⅛ls and> further, because there is a great 
Uinerence in the velocities of various particles, 
homogeneity quickly results. Ten minutes is 

usually sufficient time for thorough blending of 
a!ly materials. The mixer is quickly loaded or 
ischarged, a positive-seating, quick-acting, 

dust-tight discharge valve being provided. A 
magnetic brake on the drive stops the machine 
in any position, and an electrical inching 
mechanism permits it to be brought slowly 
around to the correct point for charging and 
discharging. This type is widely used for the 
mixing of solid granules or powders where 
speed or great cleanliness is required, e.gf., for 
dry color standardization or for the blending 
of colored resin products. Power con­
sumption is not over 1.5 h.p. per 1000 lb. 
of contents.

34. The mushroom mixer is the 
third distinct tumbling type. A flat, 
covered bowl is mounted on an inclined 
shaft and rotated. Three to eight heavy 
metal balls from 3 to 6 in. diameter are 
loaded into the mixer with the batch, 
ɪ heir function is to break down aggre­
gates and to produce intimate mixing 
oy shearing. This type is widely used 
for the standardization of dyestuffs and 
for the mixing of various pharmaceuti­
cals, botanicals, and organics. It is 
easily cleaned and must be dust-tight.

F. Miscellaneous Types
35. The colloid mill is used where 

extremely fine dispersions are required. 
Most colloid mills are the same in prin­
ciple, though they may differ in details 
of construction. As in Fig. 35, the 
materials to be dispersed are fed between 
a very rapidly revolving solid rotor 
and its casing, which it clears by 0.001 
ɪn. or less. The rotor may or may not 
bθ grooved, and it may or may not be 
conical. The material is subjected to 
intense shear and intense centrifugal 
force, and the combination acts to 
make excellent dispersions. The mater­
ial is usually premixed in an ordinary 
mixer and this coarser dispersion is then
reduced by passing it through the mill. Owing to the electric charge imparted

i' Water
Jacket
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to the particles, and the small size to which they are reduced, emulsions 
can usually be made with very little stabilizer. Pigments can be dis­
persed in oils to the original ground particle 
size, but it is doubtful if actual grinding 
takes place. Colloid mills have the advantage 
of giving continuous flow but the disadvantage 
of a high first cost, high power requirements, 
and a heating effect on the material. On 
some types of work where the maximum degree 
of dispersion is required, nothing else has 
replaced them.

36. The homogenizer may be described 
as a positive high-pressure pump in which 
the pressure is released radially past a disk or valve which is tightly pressed 
against the end of the discharge pipe by means of a spring. Homogenizing
is often done at pressures of 1000 lb. per sq. in. 
and above. On some products, a finer break-up 
is obtained by passing the material through a 
second valve in series with the first valve. The 
valves are commonly constructed of agate, but 
today there is evidenced a preference for the use of 
very hard non-corrosive metals such as Hastelloy 
and the chrome-nickel steels. The homogenizer is 
used for breaking up the butterfat in ice-cream 
mixes, evaporated milk, and other food products, 
and for the manufacture of emulsions. It cannot 
be used with materials having any abrasive action. 
Its disadvantages are about the same as those of 
type 35 but here again it is doing some types of 
work which no other machine has been able to do.

37. Rake Mixer. The distinctive feature of 
this type is that it consists of rake or plow 
blades depending from rather long arms which are 
attached to a central shaft. It is used to give a

Fig. 37.—Bake mixer (Her- 
reshoff furnace).

slow turnover of solids and always designed to give good vertical transportation 
of material rather than horizontal. The particular mixer illustrated in Fig. 37

Fig. 38.—The Feld gas scrubber.

is the Herreshoff furnace, used for roasting ores, the object being to bring fresh 
material constantly to the surface and, incidentally, to break up lumps.
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Many rake mixers are built with one set of rakes only, rather than the 

eveι al superimposed sets shown in the figure. A rake mixer with very much 
onger and narrower vertical blades is used for turning over grain in malting 

operations.
of rɛ ʃdɪɪθ scrubber 0r spray type operates by throwing a thin screen 

ιquια across the path of an oncoming gas for the purpose of removing cer­
tain materials from the gas, either to purify the gas or to dissolve it in the 
ιquιd. It is built up of several superimposed elements. Each of these 

e h1∙n‰n^s, as s^own ɪɪɪ Fig· 38» consists essentially of a tray of liquid, around 
ɪ ich the gas passes, and a rotating conical frustum. Liquid travels from 
uιe tray up the cone by 
centrifugal force and is dis­
charged as a spray through 
which the Upflowing gas 
must pass. Gases passing 
“rough this spray are thus 
rought into excellent con­

tact with the liquid.
≡9∙ Mixing Rolls.

-lnɪs type consists of two 
rθɪɪs> usually turning at 
Uifferent speeds, between

,ɪeɪɪ the materials to be 
Mixed are passed. Λ 
Kneading, tearing, stretch­
ing, folding, and shearing τ-, orι ,τ. . n
action is produced. They Γ 39' Mmng rolls∙
",6 ,use.d ɪɪɪ certain cases where an exceptionally intimate mixture of a 
θ id with a liquid is desired, e.ff., in printing-ink manufacture. They are 

a so used for the heaviest types of work in which mixing is possible, e.g.f 
mixing fillers into rubber and blending rubber 
stocks. rphe rolls are often corrugated to 
afford a better grip on the material.

40. Pan mixer, sometimes known as putty 
chaser, edge runner, or muller mixer; this type 
ɪs widely used for the manufacture of putty, 
l∙θ∙, whiting mixed with linseed oil, for clay 
mixtures, and for other similar operations on 
Plastic and on semidry materials, such as 
θundry sand. It is also used for the intimate 

mixing of dry materials, where the breakdown 
of aggregates or the coating of one solid 
Particle with other solid particles is desired. - 
ŋuilt on an ancient grinding principle, having 
one or more large wheels (or mullers) rolling 
a,round in a pan, together with scraper blades 
or plows, it combines a kneading, grinding, 
mid mixing action, giving thereby very intimate mixtures, 
rotation is usually slow, the power required is not excessive. _____________
usually steel, though sometimes stone; they are more often heavy than light, 
oince the mullers have a wide face, there is constant twisting or shear on the 
line of contact between the muller face and the material next to the bottom 
of the pan. The scrapers, or knives, rotating with the rollers around the 

Fig. 40.—Pan mixer.

As the speed of 
The rollers are
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Watts (for CurvesI andH)
Fig. Q.—Power consumed vs. r.p.m. for 4 ft. 6 in. 

paddle in a 5- by 5-ft. tank. Low viscosity liquid. 
(See Badger, Wood, and Whittemore, Chem. & Met. 
Eng., 27, 1176.)

central axis, deflect the material into the path of the rollers and also scrape 
the sides and bottom of the pan.

In 5 ft. diameter pans the mullers may be 30 in. diameter, and may weigh 
from 100 to 400 lb. each. There are some putty mixers with 10-ft. pans and 
6 ft. diameter mullers.

FITTING THE MIXER TO THE OPERATION
In Tables 1 to 5, mixing problems have been classified according to the 

materials to be mixed. Every combination of gaseous, liquid, and solid 
material is considered and the types of mixers best suited to handle the com­
bination are indicated by num­
bers. The numbers refer to 
types of mixers and descrip­
tions of the mixers are in that 
section under these numbers.

When several alternate 
types are given, that type con­
sidered least satisfactory will 
be given first. Many types of 
mixers now in use for certain 
operations have been inten­
tionally omitted because it is 
believed that the types listed 
are usually preferable.

Limits of size of batch, par­
ticle size, degree of dispersion, consistency, etc., are also given, although it 
must be realized that these limits are in no way fixed, and there are no 
rigid rules covering any of this work. The limits are empirical but appear to 
be entirely reasonable in the 
light of experience.

The general type only can be 
indicated. For questions in in­
dividual cases regarding power, 
exact size, price, etc., of mixer, 
the manufacturers should be 
consulted.

Though it would be desirable, 
it is impossible to give any satis­
factory figures or tabulations of 
comparative power require­
ments, as this is determined, not 
by general cases, but by each 
individual case. Figures N (p. 
1553), 0 and P (p. 1554), Q 
(above), R, S, and T offer some general information along these lines.

In using Fig. θ to determine the proper size motor for a propeller installa­
tion the indicated horse power can usually be multiplied by the factor 0.6 to 
get the actual power required. This represents the pumping efficiency of 
the propeller and will be smaller with the two-blade and larger with the four- 
blade type.

Iime of Complete Stirring, Seconds
Fig. R.—Effect of r.p.m. on mixing speed. 

Conditions as in Fig. Q. (Badger, Wood and 
Whittemore, Chem. Met. Eng., 27, 1176.)

1. Mixing Gases with Gases
Mixers of jet (1), injector (2), baffle-column (3), propeller (18), or turbine 

(26) types are universally used for gas mixing.
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The mixing of gases is not ordinarily considered a difficult operation, 
e ases aie readily moved and can be made to flow together without elaborate 
anŋr Neaι⅛r aɪɪ mixing of gases is done as a continuous process by

especially by types 1 and 2,
- --- V ∙~∙*  'iiiΛi∣ιg1 v√j. gαot<0 10 uuɪ

ɪɪv oɪ the above-mentioned types, but more 
Wliicn are the simplest forms.

Theoretical Hρ. at Sp.G.=l 
required by propellers 
at IOOcTo slip 
Actual Hprriay be 
on Iy 60-/0 7o of these 
IOOvo slip figures

i,ιo. δ,.—Nomograph for checking propeller horse-power requirements at specific grav­
ity 1 and viscosity of water.

Where batch mixing is desired, especially in cases where great differences 
ɪɪɪ specific gravity exist, a mechanical type such as a propeller (fan) within 
the container is advisable (type 18).

2. Mixing Liquids with Liquids (See Tables 1 and 2)
1. As the viscosity increases, the size of the so-called “small” batch 

becomes smaller, so that at 200,000 centipoises we should not expect to handle 
over 5000 gal. per batch. For intermediate points, construct a centipoise­
gallons graph using 100 centipoises, 20,000 gal., and 200,000 centipoises, 
5000 gal. Connect these two points by a straight line and interpolate.

2. The same considerations apply to all other limits of quantity and degree 
here given. There are no hard and fast rules to be applied. They will 
vary for different cases. The limits are given here as reasonable suggestions.

3. Batch emulsification or dispersion is not so much a question of the speed 
with which the operation is completed as it is of ultimate result.
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4. Continuous dispersions must always be done rapidly.

Comparison of Mixers for Liquids with Liquids.
Compressed air, a makeshift method, is sometimes satisfactory for 

thin and medium liquids where slow blending or coarse break-up is desired.

-20,000

-15,000

7 ∣,ooo

γ20
-15

rlθ
r 8
76
75
r4

71200

? 1100

r 1000

⅛-900

•v 
CKr0.6

-0.5
-0.4

c.
P

7 800

≡-700

7 600

7 800
7 700
-600
-500
⅛00

Fig. T.—Nomograph for computing the theoretical horse power required to bring a 
flow of water up to a given velocity. Applications include action of propellers, centrif­
ugal impellers, centrifugal pumps, swirling tanks, etc.

Even then, obvious disadvantages are the danger of oxidation, loss of vapors, 
and extremely high power cost.

Outside circulation offers a method of mixing liquids in tanks without 
putting a mechanism in the tank. Heavy liquids can be pumped from the 
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bottom and distributed over the top. Power costs are higher than for internal 
he'x'ng' lυ'j ^ilθ pumP3 are usually already present for other purposes and 

pŋθddlθ available without extra cost. This kind of mixing is always slow, 
a r ?S w`ɪɪ .g*ve `sɪɑw mixing and comparatively coarse break-up in all 

-eses °! ∙ ba^cb liquid-and-liquid mixing. Paddles do not give good mixing 
rpendιcular to the blades, and, therefore, they are unusually slow mixers 

igh viscosities as they permi t stratification either vertically or horizontally 
aa consequently neglect some portion of the container. Of course, paddles 
ɪʃθ usually adequate for mixing non-viscous, miscible liquids. Wood, 
ŋadger, and Whittemore [Chem. & Met. Eng., 27, 1176-1179 (1922)], employ­
ing salt solutions, showed complete mixing in a 600-gal. tank in less than 1 
mm. at low power input.

Note. For continuous processes the above types should be avoided.

Propellers are excellent for all thin and medium viscous liquids where 
Uot too fine a break-up is desired. They are particularly useful for Iarge-

Table 1. Mixing Liquids with Liquids* 
Preferable Types of Mixers for Miscible Liquids

Consistency
Basis of operation Speed of operation Thin, to 100 c.p.Example: blending gasoline

Medium, to 2500 c.p. Example: blending lube fuel, or Diesel oils
High viscosity, to 200,000 c.p. Example: blending pyroxylin bases

Small batch i⅛h viscosity, to 5000 gal.1Qin and medium, to 20,000 gal.

Slow Thin and medium, 15 min.High viscosity, 1 hr.
AirOutside circulation (4)Paddles (9) Propellers (20, 21) Turbines (28)

As for thin Paddles (9, 10, 12) Turbines (28)

FastThin and medium, 30 sec.High viscosity, 10 min.
As above Propellers (20, 21) Turbines (27, 28) Turbines (28)

ζjaι,ge batch ɪɪɪgh viscosity, to 20,000 gal.Thin and medium to 200,000 gal.
SlowThin and medium, 15 min. to 3 hr.High viscosity

As above As for thin
FastThin and medium, 2 to 30 min. Propellers (21) Turbines (27, 28) xAs for thin

ContinuousAny desired gallon­age through-put
SlowUp to 6 hr. as in sewage treatment Air (special design) Paddles (7, 9) Turbines (28) •

Fast1 to 60 sec. Injectors (2)Orifice column (3) Pumps (5) Propellers (22)Turbines (30)
Pumps (5)Tiwbines (30) Turbines (30)

The least desirable mixer is listed first.
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quantity blending of light liquids. Their mixing action is rapid. They arc, 
therefore, useful in both batch and continuous work. The first cost is moder­
ate. They are not very useful for high viscosities or for very fine break-up.

Turbines will mix all the classes listed in Tables 1 änd 2 and probably 
excel all types for mixing viscous liquids, and, with the exception of the 
colloid mill and homogenizer, they probably excel all types for producing fine 
dispersions. This is particularly true of the turbo-disperser (30). Further­
more they are the fastest of all types, and their power consumption is moder­
ate. Because of the ability of a properly designed turbine-type mixer to 
approximate instantaneous mixing it is the most satisfactory type for con­
tinuous work. As a partial offset to these advantages their structure is more 
complicated than the other types referred to, and their first cost is usually 
somewhat higher.

Jets, Orifices, and Pumps. On certain continuous operations these 
types are used with about equal success. Jets and orifice columns will provide 
a fairly coarse break-up with economy, but the finer break-up comes with 
high pressure drop and consequently high power. These types operate best

Table 2. Mixing Liquids with Liquids*  
Preferable Types of Mixers for Immiscible Liquids

Consistency
Thin, to 100 c.p. Viscous, to 200,000 c.p.

Basis of operation
Degree of dispersion Degree of dispersion...

Coarse (visi­ble droplets)Example: caustic wash of gasoline
Fine (invisible droplets)Example: acid treat­ment of gasoline

Finest (Brow­nian move­ment)Example: ice-cream mix Commercial emulsions

Coarse (visi­ble droplets)Unusual case
Fine (invisible droplets)Example:HaSOd, treat­ment ofheavy lube oil

Finest (Brow­nian move­ment)Example: malt extract with cod­liver oil
SmallUpto 1000 gal.

Paddles (9,10)Outside circu­lation (4)AirPropellers (19,20)Turbines (28)

Wbippers (15)Propellers (20,21,22) Turbines (28)
Whippere (15)Propellers (20,21, 22) Turbines (28)

Paddies (13,14)Turbines (28) Turbines (28)Paddles (13,14) Turbo-dis­perser (29)

LargeUp to 20,000 gal.
Outside circu­lation (4)AirPropellers (19, 2D . ,Turbines (28)

Propellers (20,21)Turbines (28) Propellers (20, 20Turbines (28) Turbines (28)Paddles (13,14)
Continu­ous,Any desired gallonage through­put

Nozzle (2)Orifice (3) Propellers(22)Turbines (30)
Orifice (3)N ozzle (2) Pumps (5)Propellers (22) Turbines (30)

Colloid mill(35)Homogeiuzer(36)
Pumps (5)Turbines (30) Turbines (30)Turbo-dis­perser (29)Colloid mill (35)

* The least desirable mixer is listed first.
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at one capacity and the results obtained are variable when this is changed. 
Ihe centrifugal pump offers fine break-up but is difficult to control.

Colloid mills and homogenizers will produce the maximum degree of 
dispersion and, although not strictly mixers, are included here because they 
ɪepresent the apparatus which will produce the smallest particle size on most 
Iuaterials. They are not very satisfactory on high viscosities. They use a 
large amount of power, ranging from 20 to 50 h.p. per 100 gal. per hr.

3. Mixing Liquids and Gases (Table 3) 
Notes on Table 3.

1. Reactions between gases and liquids always require mixing.
2. The liquids are assumed of low viscosity (say, under 100 centipoises). 

Cases where viscosities are higher are too rare and need not be treated 
here.

3. Batch reactions under pressure may require time for completion. All 
other cases assume a very rapid reaction, taking place before the gas escapes 
from the system.

4. In continuous systems the best results are generally obtained by counter­
current flow, though sometimes parallel flow is used.

5- In many cases where high efficiency is desired, two or more towers, 
turbo-absorbers, etc., are used in series.

6. Equipment can be obtained to handle any desired quantities of gas and 
liquid, except in the case of very high pressure work. Here the size is limited 
by the mechanical strength of the containers.

Table 3. Mixing of Liquids and Gases* 
Preferable Types of Mixers for Intimate Mixing

One or more liquid phases and one gas, with or with- out solids present

Batch (both liquid and gas) High pressure, up to 2000 lb. per sq. in.Example: hydrogenation Turbo-absorber (31)Rolling bomb
Low pressure or open, up to 50 lb. per sq. in.Example: chlorination Bubbling gas through tank Recirculation through towers (6) Recirculation through nozzles (2) Turbo-absorber (31)Continuous (both liquid and gas) High pressure (as above)Example: washing sulfur out of natural gas Injector (2)Towers (6)Bubble columnsContinuous turbo-mixer (30)Low pressure or open (as above) Example: sulfite liquor prepara­tion CascadesInjector (2)Continuous turbo-mixer (30)Towers (6)

One or more liquid phases and two or more gases,
Liquid-batch (gas continuous) Pressure or openExample: removing CO2 from air Bubbling gas through tankTurbo-absorber (31)Recirculation through towers (6) Recirculation through nozzles (2) Recirculation over cascades Scrubbers (38)with or without solids present Both continuous Pressure or openExample: washing illuminating gas with water CascadesInjector (2)Towers (6) Bubble columnsScrubbers (38)

Tbe least desirable mixer is listed first.
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Comparison of Types. 1. For autoclave work, or for time reactions 
such as hydrogenation, amidation, and other cases where pressure is required, 
it has been repeatedly demonstrated that the turbo-absorber is excellent 
because it sucks large volumes of the gas down through its impellers and 
distributes this gas to all parts of the container in a finely divided state. 
Compared to other types its repair and maintenance costs are low, since its 
comparatively slowly rotating vertical shaft gives little packing trouble at 
the stuffing box.

2. The continuous turbo-mixer and absorber has also a very high 
absorption rate on continuous work, because of the fine dispersion and long 
path of travel of the gases. However, it has the disadvantage that this path 
of travel is not so long as it is, say in a 4O-ft. tower, though the tower is more 
expensive to construct. To overcome this, when necessary, mixers may be 
used in series.

3. Bubbling is good only where a very rapid absorption takes place as 
in the preparation of sodium hypochlorite from chlorine bubbled through 
caustic soda solution.

4. Where large volumes of gas are passed through small volumes of liquid, 
as in all scrubbing operations (see liquid, batch gas, continuous) the turbo­
absorber and bubbling gas through a tank are not very useful methods. High 
efficiency is obtained in the Feld scrubber and in towers, especially in bubble 
towers.

5. Where solids are present, or are formed during the reaction, towers and 
nozzles should be avoided. This is especially true in cases where the solid 
accumulates on nozzles or on tower parts by crystallization or precipitation.

4. Mixing Liquids and Solids (Tables 4 and 5)
Special Cases. The tables are based on conditions involving one liquid 

and one solid.
In cases where one liquid phase and two or more solids are to be mixed, 

the tables will also serve if we bear in mind that we must choose the mixer 
that will best mix the solid of highest gravity. An example of this is found 
in the manufacture of abrasives.

Tn cases where two or more liquid phases and one or more solids are to be 
mixed, the degree of dispersion desired in the liquid phases is usually the 
governing factor, e.g., metal polishing preparations. But this is not always 
true, especially if a very heavy solid is present. For example, in the prepara­
tion of aniline from nitrobenzene, iron borings, and HCl solution, we have 
two liquid phases and a very dense solid phase. Here the turbine type is 
clearly indicated for most efficient action.

Notes on Tables 4 and 5. The mixing of liquids and solids is by far the 
greatest and most complex category commonly encountered. The number of 
combinations that may result is infinite. Therefore in this class, least of 
all, can anyone impose definite limits on size of batch, consistency of mixture, 
degree of break-up, time of reaction, etc. Certain points can be indicated, 
however, and certain examples can be given that may help others to get a 
better picture of their own particular situation.

1. Small scale in this division is as follows: 25,000 gal. at thin consistency, 
and less than 10 per cent of that amount at very high consistency (as 100,000 
centipoises apparent viscosity) ; with large scale, anything over the above. 
For intermediate points, construct a centipoise-gallon graph, connecting 
the points 1 centipoise 25,000 gal. and 100,000 centipoises 2500 gal., and 
interpolate.
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ɪɪɪθ sPθpific gravity of solids plays an important part in determining 

tbθ θʃ mixer∙ ɪɪɪθ 8pec^c gravity of the liquid also must be considered, 
f ifl∕ ɪ ɪ8 ɪ10^ SO imPortant bθeause it usually varies much less than that

0 ɑθ s°ii<l∙ For instance, common liquid extremes are gasoline, etc., at 0.7 
≡P∙ gr. and sulfuric acid at 1.84, whereas solids often vary from 0.9 to 7.0. 
-Wote that the limits given in the table refer to the sp. gr. difference between 
liquid and solid.

Comparison of Types.
Paddles, when correctly designed, are satisfactory for liquids of thin and 

medium consistency and for low-gravity solids, except for very rapid or 
intimate mixing such as in rapid solution or in the preparation of fine disper­
sions. Where applicable, paddles are economical because (α) of their low first 
cost and, (i>) when run at low speeds, their power requirements are moderate.

hey will produce intimate mixtures of thick materials of all gravity differ­
ences, if sufficient time is allowed. For this, the power consumption is very 
high. They are also satisfactory for slow dissolving of fibrous, crystalline, 
and amorphous solids and for maintaining fibrous materials in fairly uniform 
suspension. They are not at all useful for maintaining high-gravity solids 
in suspension in liquids of thin and medium consistency as they have not 
enough sustained lifting power, and they are also impractical with fibrous 
material of high consistency, as the torque becomes too great.
r ɪɪ1 susPencbng granular solids in a liquid, White and Sumerford found 
L hem. & Met. Eng., 43, 370-371 (1936)] that at a given paddle speed the 
est suspension is obtained with a paddle length slightly less than half the 
a∩k diameter, without baffles. The clearance of the paddle from the bottom 

should equal the paddle width. For a given power input, the optimum size of 
PaddIe would be slightly smaller than this. The superiority of this size of 
Paddle over others was found to be independent of tank size, paddle speed, 
and size and amount of sand.

Propellers are very useful over a wide range of liquid and solid mixtures. 
Ihey are satisfactory for suspension and for intimate, though not the most 
intimate, mixing of materials of thin and medium consistency of all kinds in 
batches of all sizes. They are not satisfactory on large batches of heavy 
materials because of size limitation, nor are they good for intimate mixtures 
θf high consistency except those of fibrous solids. They are faster than 
Paddles for most dissolving operations. The first cost of the various types 
°f propellers is comparatively low, but their power requirement is moderate.

Turbine mixers surpass all other types in speed of mixing and dis­
solving and in intimacy of mixing. Their power consumption is not exces­
sive, being as a rule considerably lower than that for propellers. They 
are entirely satisfactory on materials of all consistencies or apparent viscosities 
here considered and on batches of all sizes. Because of their speed and thor­
oughness they are the best type for continuous mixing or dissolving operations. 
As a partial offset to these advantages, their first cost is somewhat higher than 
that of paddles or propellers, although this is not true in all cases. Being 
based on a centrifugal principle, and hence a true disperser, or scatterer, 
the turbine type (especially in the turbo-disperser style) is very efficient for 
intimate dispersions of all sizes in batch or continuous operations. This 
is also true of dissolving processes.

Traveling mixers are useful for huge batches, where nothing else could 
be used (for example in tanks 100 ft. long by 40 ft. wide by 30 ft. high), for 
they accomplish sufficient turnover of the contents with rather low power
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consumption. They are particularly useful on cement slurries, paper pulp, 
and other similar materials.

Outside circulation has a limited usefulness and has been discussed 
before under Liquids and Liquids.

Air agitation should be used only as an expedient where nothing else 
is possible, as it gives very unsatisfactory mixing on liquid and solid mixtures-

The air-lift agitator (Dorr) is good for large batches of material, espe­
cially high-gravity slurries, where it accomplishes a slow, thorough turnover 
of this material.

The ball mill, or tumbling mixer with balls, is mentioned because of its 
ability to produce very intimate dispersions, especially in the paint industry. 
This is not necessarily a grinding action but simply a separation of the flocs 
of pigment particles by impact. Hence it performs an intimate mixing 
operation. The ball mill is also occasionally useful for slow solution of 
nitrocellulose and gums in solvents.

Continuous Mixing of Liquids and Solids
The foregoing tables indicate the mixers to be used for large- and small­

batch mixing. What mixers should be used for continuous work?
For the case of the continuous mixing of simple suspensions where approxi­

mately uniform distribution, etc., is satisfactory, use the same equipment 
as for batch, for both large and small scale.

For all the other cases, fast action—as nearly instantaneous as is possible— 
is implied, and usually the smallest possible container with the greatest 
possible through-put is the most desirable. Turbines are usually the most 
satisfactory for all cases of continuous mixing where intimate mixing or 
dispersion, fast dissolving, or precipitation is required, because they produce 
the longest path of travel and the greatest amount of recirculation within 
a container of given size and within a given holding time. Type 30 should 
be used -where the flow and required holding time allow, but the usual practice 
for high flow rates is the use of two or more separate tanks in series. Coun­
tercurrent flow offers many advantages in some applications and can often 
be accomplished in turbine installations without the use of intermediate 
pumps. Many continuous-flow operations require the use of almost exact 
quantities of the ingredients, making it necessary to find some means of 
accurate proportioning.

Proportioning. For dry feed both constant volume and constant weight 
feeders are available while for liquids reliance is often placed on meters and 
pumps. Specialized equipment from which exact proportioning may be 
obtained has been developed. In all cases it is essential that no entrained 
air or gas reach the proportioning device, for it cannot discriminate between 
gas and liquid in its measurement of uniform volumes.

5. Mixing of Pastes, Plastics, and Doughy Masses
Strictly speaking, all materials or mixtures which possess the properties of 

plasticity (pβeudoplasticity, inverted plasticity) as discussed on pp. 1533- 
1539, fall into this class. However, from a practical viewpoint, some of these 
materials are so thin that they must be considered in the liquid-liquid, or the 
solid-liquid class, and have already been discussed under 3 and 4. Therefore, 
it may be said that pastes, plastics, and doughy masses are those materials 
or mixtures, whose consistency, oɪ` apparent viscosity, ranges from 200,000 
centipoises to several million centipoises. They include Nos. 4 to 8 in the list 
given on p. 1540, and also such mixtures as greases, bentonite solu-
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tιoιιs, dough, putty, and countless others. In evaluating their consistency, a 
τarαner Mobilometer may be used.

tl√ .μeJn°st dɪdɪpɪɪɪf ⅛ask iɪɪ the whole field of mixing is presented by these 
ic ,∙ doughy, sticky materials. Their yield points are usually high, and this 
cans that substantial force must always be applied before any shear, or 

r∖θ∙fθj, ι'akθs pɪaɑθ- For the same reason, the flow of these materials is 
united, and the mixing is achieved through a stretching, a folding, a kneading, 

or a tearing action, or the most desirable combination of these actions. The 
th"iec^ θɪ ^ese acti°ns is stated exactly in Rules 1 and 2 on p. 1530. Since 

cio is little flow, the particles of one constituent must ↑∞ forced between the 
particles of other constituents until the whole mass is in a thoroughly mixed 
condition and all surfaces of solid particles are thoroughly wetted. Further- 
ɪnore, every particle within the container must be brought to the place where 
it may best be subjected to this force.

As the consistency (apparent viscosity) of these pastes and plastics becomes 
gi eater, ranging from 200,000 centipoises to several million ceptipoises, 
increasingly heavier mechanisms must be used. In general, however, except 
or types 39 and 40, they will all be found to be multibladed paddle, or arm, 
ypes. The following types are arranged in the order of the consistencies 

they are capable of handling 7, 9, 25, 12α, 13, 14, 126, 40, 23, 17α, 17c, 39.
In comparison with mixers for more fluid mixtures, the sizes of these 

ιeavy-duty machines are usually small, i.e., seldom over 1000 gal. and usually 
smaller. Nevertheless, a large amount of time and power is consumed for 
the operation. For example, a machine of type 17α, designed to mix 300 
βal. of a plastic, modeling clay, requires 75 h.p. and an hour to do the 
ʌvork. The dispersion type (17c) often requires 200 h.p. per 100 gal., for 
example, on rubber compounding. The main thing is that this machine is 
thoroughly successful at its task. Types 125 and 40 would also satisfactorily 
mix a batch of modeling clay.

Analysis of Mechanical Actions Involved. In order to analyze the 
mechanical actions involved in mixing materials of this class, consider the 
Preparation of bread dough in a mixer of type 17α. The raw materials are 
a limited amount of water or milk, other minor ingredients, and flour which is 
full of air. The water must displace the air and wet the entire surface of each 
particle of flour. When completely mixed, both materials must be uniformly 
distributed with respect to each other in that form which is known as dough. 
The mixing elements and the container itself must be able to perform various 
functions. First, the elements must transport material from one end of the 
container to the other, and back again. The design makes this possible, 
because the mixer arms, or blades, usually of the sigma form, are not parallel 
to the axis upon which they rotate, but are pitched so that material is pushed 
back and forth. Second, the elements must knead the material by pressing 
it against the walls of the container and against contiguous material. This 
pressure tends to force water between the flour particles, an action which 
displaces the air which has been present. It also causes shear, which brings 
a new relationship to different portions of the partially mixed material. 
Third, as the mixer arms rotate, they tear loose portions of the mass, carrying 
these portions to other parts of the container, thus redistributing the contents. 
Fourth, as the mass becomes coherent, stretching takes place. That is, the 
mixer arm grips a portion of the material, stretching it as a rubber band is 
stretched. The tension to which this portion of material is subjected, with 
the concomitant compression, which occurs at right angles to the other force 
and is analogous to a kneading action, is one of the chief factors in working 
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the water into the flour. Fifth, the stretched material is then folded over on 
itself or on fresh material, and thus a realignment of material is brought about. 
These actions occur repeatedly until the whole is mixed.

Each of these actions depends for its effectiveness on the amount of shear or 
transportation it produces. A combination of all these actions is the usual 
thing in mixing pastes, plastics, and doughy masses, and all the types listed 
here are capable of a similar performance on suitable consistencies.

6. Mixing of Solids with Solids (also Solids with Gases)
The problems encountered depend on relative size, shape, and gravity oí 

particles. When two kinds of solid particles to be mixed are the same size 
but of different gravity, naturally the heavier seek the bottom. When 
of the same gravity but of different size, the smaller particles seek the bottom- 
So also do round, smooth particles, while the jagged or polyhedral ones seek 
the top of the mass. In mixing solids, these natural separating tendencies 
must be overcome, and this is invariably done by some means which lifts 
material from the bottom to the top of the mass, the resulting voids being 
filled from above by gravity. Simultaneously the means must also produce 
horizontal transportation in at least two opposite directions.

Types 4, circulating system; 126, rotating pans with offset blades; 25, 
the helical ribbon mixer; 32, the tumbling barrel; 33, the double-cone mixer; 
34, the mushroom mixer; 37, the rake mixer; and 40, the putty chaser, or 
pan mixer, are used. The rake mixer and the tumbling barrel are also used 
for mixing solids with gases.

For mixing of batches larger than 1000 cu. ft. (as in the large-scale prep­
aration of molding powders), circulating systems or large tumbling barrels 
are preferable, though no ideal method has yet been discovered. Circulating 
systems represent a mechanical quartering method and therefore are slow. 
In such sizes tumbling barrels, because they do not produce good end-to-end 
flow of material, even when provided with internal baffles, give incomplete 
mixing unless excessive time is consumed.

For batches of ordinary size, or up to 1000 cu. ft., the double-cone mixer 
is the most successful type yet devised. Large or small batches are mixed in 
15 min. or less. Power is low, wear is negligible, and discharge is rapid and 
leaves a smooth inside surface which is easily brushed clean. Thus it is 
useful where extreme cleanliness is required or where the mixture is colored, 
as in the mixing of dry colors. The ribbon mixer is the most common type 
because it is older and somewhat lower in first cost but is slower than the 
cone mixer for the same power consumption and is not quite as thorough 
nor is it as easily cleaned. The tumbling barrel is less effective than either 
of the two just mentioned.

Whenever necessary to obtain extremely intimate mixing, involving the 
breaking down of aggregates or the coating of one solid material with another, 
as in the standardizing of dyestuffs with salt or the coating of resin granules 
with color, a mixer producing a smearing or shearing action must be used. 
The types with mullers, as 126 and 40, are good. A tumbling barrel containing 
a few balls or pebbles is often satisfactory. The mushroom mixer with balls 
is a modified type of tumbling barrel finding special use in the dye and 
pharmaceutical industries. The usual blending requires 1.0 to 1.5 h.p. per 
1000 lb. of solids.

THE TRANSMISSION OF POWER TO MIXERS*
Prime Movers. In recent years the tendency has been for individual 

drives, wherever possible, to replace the line-shaft method of power trarɪs-
* See section on the Mechanical Transmission of Power, pp. 2494-2524. 
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inissioii. Neat installations, flexible in operation and easily maintained at 
ovv cost, may be made. Individual drives, therefore, are heartily recom- 

ɪɪieɪi ed wherever working conditions permit. The use of totally enclosed 
an explosion-proof motors makes this possible today in places where formerly 
1 was not to be considered because of dirt, water, or flammable materials.

ɪɪ nιany mixing operations the exact degree of break-up or dispersion, 
as well as other desired results, is controlled largely by the speed of the mixer.

0 obtain the proper adjustment, a variable-speed motor is often used, 
earn turbines have also been employed with excellent effect for this purpose, 
u motors and hydraulic motors have been introduced for variable-speed 

oPeration.
Power Transmission to Mixer. It is then necessary to transmit the 

Power to the mixer shaft so that it will run at the required speed. (Individual 
ɪɪp?8 θɪɪɪʒr wɪɪɪ bθ considered.)
Ihe following methods are usually used (numbers refer to illustrations in 

section, Types of Mixers):
1. Direct connected (20). This gives full motor speed. 

. Gear-reduction units with built-in or separate motors (7, 17α, 21, 22).
ð- Connected through multi-V-belt (30).
4. Connected through chain (12α).

- ∙ Connected through flat belt with pulley (10, 15).
Of all these methods the gear reduction unit has gained the widest popu- 

TR1 ∙ an^ so∙ With reliable prime movers, it has no disadvantage,
he first cost is moderate; it is compact and easy to maintain and to operate, 
o wever, in cases where the horse power is above 60 or where severe starting 

s lock may be experienced, a V-belt or chain drive is preferable.
In the transmission of power to a mixer, variable speed is often obtained 

y the interposition of a Reeves drive, a Link-belt PIV drive, or other similar 
t βvice between motor and mixer.

I he above considerations apply to cases where the mixing elements are 
mounted on either horizontal or vertical shafts. However, where vertical 
shafts are used, the vertical motor-reducer unit is preferred to the right­
angle drive unit in present practice where head room permits.

FROM LABORATORY TO PLANT*
Research work on a new process or product usually starts in the laboratory, 

Using glass rods for mixing. As a second step, the glass rods are bent and 
attached to the laboratory mixer. Then, having shown promise of being 
chemically sound, the process has justified the construction of a pilot plant 
m which it will be given the opportunity of proving its value under condi- 

1°ns approaching commercial practice.
If properly laid out, the pilot plant should be capable of producing the 

1Utormation necessary for translating to full commercial operation. This 
1nformation will involve such points asα. ò.c.

d.
e.
f.

I he allowable materials of construction.
I he unit operations involved, 
ʌhe limitations on batch size; or 
The possibility of continuous flow operation.
The requirements to be met by the commercial mixing equipment.
1 he necessity for and the extent of heating or cooling.

At the very start of pilot plant design it is necessary to take into account 
the objectives of the mixing operations, such as

* Taken > part frora an article published in Ind. Eng. Chenι., 30, 489 (1938) through 
Ourtesy of the publishers and coauthor E. J. Lyons of the Turbomixer Corp.
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ɪ. Chemical reaction.
2. Blending.
3. Dissolution or washing.
4. Physical change.
5. Dispersion.
6. Adsorption.
7. Heat transfer.
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Catalytic processes. Hydrogénation and 
other gas-liquid reactions.Neutraliza- 
tion, Precipitation7EsterificationzSuIfona- 
tipn, Nitration, etc.

I Chemical 
reactions I 2 3 5 4 33

Aútoclave feeds. Blending successive 
batches for uniformity of product. 
Uniform heating during Continuousflow. 
Flash mixing,Large tank blending, 
Di Iutions,ere.

2 Blending I 2 4 3 24

Of Salts-NitrocoftonjCelIuIose acetate, 
Pigment pastes,Sugar,etc.,Washinq of 
acιds,Alkalies, Salts or organic materials 
out of solids, Leachinq

3 Dissolution, 
washing 1 4 2 3 23

RoccuIationzBreaking up of sinter, Break­
ing down or development of plasticity, 
Changepf Viscosity-Cellulose acetate pre- 
cipitation.Crystallization, Repulping

4 Physical 
change 2 I 4 3 7

Emulsificaiion-Tneating of oils, 
Tinting of lacquers ana paints, 
Asphalt filling, Air fluffing of 
mayonnaise, Soap, etc.

5 Dispersion I 2 3 4 5 6

Flotation, Decolorizing carbon or 
clay treatments, Removal of cdloids 
with immiscible liquids or gases 6 Adsorption 1 1 4 3 2 5

With coils,jacketed kettles, 
or by means of vacuum etc. 7 Heat 

transfer I 3 2 2

Yield or Ihoroughness. Usually the main aim of the oper-l__j ' 
afion; Consequently the No∙∣ point, Secondary to none J 
Physical properties. Usually refers to product So is highly im- 1 
portant. It covers size of crystals,Type of precipitate,Viscosity,deʃ 
Speed or completion. Small unit, Quick cycle VsJarge unit, long cycle?) 
Continuous flow with small tank and snort holding time VsJarge H 
tank and long holding time
Cost of·operation. Efficient Vs. inefficient mixers,Coverinq hp.-hours, *)  
Amortization et^ Mc”n+enance' f,ooγ sPa<⅜ Auxiliary equipment Γ

⅛Γn9^r'a∣∙Secondary to thoroughness and physical properties, 1 
but of first importance when sales prices are low and competition keen ʃ
Fig. U.—Evaluation chart. Starting with a series of typical industrial flow sheets, 

the mixing operations are placed in seven classes of unit operations, 
are then arbitrarily evaluated with respect to each unit operation.

Five mixing factors 
(See Table I.)



1-6
1, 2, 5, 6
1, 2, 3, 6, 7 (coils)
1, 3, 5, 6

IIEAT TRANSFER IN MIXERS 1577
The physical characteristics of the materials such as viscosity, and specific 

nla v÷ ʌn u ^ɪɪθɪɪ variations should be available. The mixers in the pilot 
∣a.n, silθuld have sufficient flexibility for the determination of the factors 

fl l 2∙V∙ι∙ ɪ ^he ultimate choice of the type of mixing equipment. This

1. To control the speed and extent of a chemical reaction, such as in the sulfonation of 
au oil, nitration, catalytic reaction, etc.

2. To accomplish a physical change, such as evaporation, pasting, crystallization, 
dissolution or melting, to change consistency or to promote blending.

cxι illty will allow the determination of the importance of

r' recircu^ion ɪate of entire tank contents per minute
. At least one point of high shear..................................................
• General high level of velocity throughout tank....................

~ζ∙ Violent scrubbing effect.................................................................
+> * {n≡tantanθous blending or dispersion of added material
trough large volume of tank contents.................................................

*' High velocity over tank walls......................................................

G. 
u.
i.
j. 
κ. 
L.

Μ.

1, 2, 3, 5, 6
2, 3 (viscous), 5 

(viscous), 7 (jack­
eted)

1-4, 6, 7
1-5
1, 2, 4-7
1-6
1, 3
1-6
1-6

High velocity over entire tank bottom........
High-volume low-velocity...................................
Uniform overflow (continuous operation).. . 
Uow short-circuiting (continuous operation) 
Selective overflow (continuous operation)... 
Horse power per unit of volume......................
Freedom from swirl...............................................

ɪhe figures after each of the above factors refer to the operations that 
irιay be affected.

To get such flexibility requires the availability of variable speed on the 
ɪɪiiɪer shaft; ease of disassembly for changing mixer units; excess tank volume 
so that points At C, Dt and H can be settled; provision for baffling; and means 
or making power readings. This latter provision in conjunction with the 

va∏able-speed feature allows the determination of the lowest power per unit 
ɑɪ vθɪume which satisfactory results can be secured, often a great help 
when the commercial plant is being designed and an estimate of operating 
costs is being made. Power should be read in terms of peripheral mixer 
8Peed for turbines and paddles and in projected stream Velocityfor propellers.

ʌll mixing units should be accurately weighed before use so that such factors 
as abrasion and corrosion can be evaluated in terms of replacement cost of 
equipment and contamination of product.

ɪt costs but little more to set up the pilot plant with these provisions, 
and this extra cost may declare dividends when the commercial plant is 
finally installed. The operations will be thoroughly understood and whether 
you elect to build your own equipment or whether you call in the engineer 
irθm the mixer manufacturer for recommendations, the final results will 
more than justify the extra expense.

HEAT TRANSFER IN MIXERS
Efficient heat transfer in kettles and tanks is very closely related to the 

amount of mixing provided for these same containers. Where plant opera­
tions are being scientifically handled, it is axiomatic that good agitation is 
ɪɪot only desirable, but absolutely necessary, to increase heat transfer and 
to prevent local overheating or cooling.

Heating or cooling of tanks or kettles is employed
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3. To aid in dispersing one material in another.
4. To restore the desired temperature to product.

For heating, the means most generally encountered in the chemical industry 
today are: (1) direct or indirect firing; (2) water or steam; (3) hot oil; (4) 
Dowtherm (diphenyl or diphenyl oxide or a mixture of these), liquid, or vapor; 
(5) mercury vapor; (6) electric heaters, contact, immersion, or radiant.

For cooling, the means employed are: (1) air; (2) an evaporant, such as 
liquid ammonia; (3) water or brine; (4) oil; (5) Dowtherm; (6) vacuum; (7) 
direct ice addition.

In every case the largest problem is not the transfer of heat through the 
metal itself, even in the case of a relatively poor conductor like lead. It is 
rather the transfer of heat through the residual film on both the outside and 
inside wall of the metal separating the medium from the product. For 
good heat transfer, these films must be thin. The conductivity of most 
of the media mentioned above, as well as of most of the materials being 
mixed, is only a very small fraction of the conductivity of the metals of the 
container; therefore a much greater difference of potential (in terms of heat) 
is required to force the heat through Iq00 or ⅜0 in. of film than to force 
it through ⅛ in. of metal (see Sec. 7 on Heat Transfer for detailed discussion). 
It cannot be too strongly stressed that in designing a good unit, every feasible 
means for removing both films should be considered, so that the highest 
desired over-all rate of heat transfer, herein called K, can be obtained. 
K = over-all B.t.u./(sq. ft.)/(oF.)∕(hr.).

A higher coefficient, K, results, in practice, in

1. An improved product because of prevention of local Overheating-
2. Longer life of equipment for same reason.
3. A faster process (see Figs. V and W).
4. Less square feet of heat transfer surface.
5. Saving of fuel due to reduction of heat losses.
6. Less medium to circulate, with consequent saving of power.

Satisfactory rates are obtained by maintaining a substantial velocity of 
liquid or vapor along both heat-transfer surfaces. For liquids these speeds 
may economically range from 200 to 400 ft. per min., and for vapor, much 
higher. In coils these velocities are fairly easily attained—-a reason why 
coils are at times preferred to jackets. Where the heat-transfer medium 
is a liquid, jackets with baffles and preferably with spiral baffles, should be 
employed if a high rate is important. For further improvement the space 
between container shell and jacket shell should be narrow, i.e., 1 to 3 in. ; other­
wise the rate of heat transfer may be surprisingly poor. For example, 
in a case where a viscous milk product was being cooled in a jacketed tank, 
a plain, unbaffled jacket gave a K of 35, whereas the same unit, with jacket 
spirally baffled to maintain a cold-water velocity of 200 ft. per min. gave a 
K of 55, using the same amount of cooling water at the same inlet tempera­
ture. Figure 13 shows a kettle with baffled jacket. In fired kettles, best 
results are obtained by arranging the setting so that hot gases sweep around 
the bottom and sides of a kettle in a gradually ascending spiral, for this 
causes the cooler gas film against the kettle to be greatly attenuated.

The finish on the metal also influences the K, so, where practical, both the 
inside and the outside of the metal should be smooth and free from pits and 
ridges.

Inside the vessel the surface film must be removed by some sort of agita­
tion or by scrapers. The choice of method depends upon the consistency 
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of the mixture. Where the boiling of thin liquids is being carried on, ebulli­
tion will often provide satisfactory agitation. However, in every other 
instance, whether heating or cooling, good agitation is definitely advantageous, 

means an insulating layer of viscous liquid orSluggish action at the wall 
film of solid through which 
the heat will diffuse but 
slowly. Once a solid film 
begins to form, it grows 
rapidly in thickness, and 
heat transfer becomes pro­
gressively worse.

When the vessel contents 
are of reasonably thin con­
sistency, a type of mixing 
element having large pump­
as capacity is desirable. 
Propellers or preferably tur­
bines are best. They should 
be located so that their 
stream spreads over the en­
tire heated or cooled area as 
Imiformlyaspossible. Thus ɪɔɪɑ-
the highest velocities are obtained where they will be most effective. 
Pdlers as shown in Fig. 21 are satisfactory. However, turbine types are 
greatly preferable, especially when the viscosity is appreciable. Their 
discharge is directed radially and uniformly at the walls, sweeping these at all
Points with high velocity currents of liquid, 
ɪn heating materials which are not thinned 
by heat or in cooling materials which con­
geal, even turbines become less effective as 
film removers at thicker consistency. Al­
though the mixing may seem excellent there 
ɪs nevertheless a stagnant layer at the wall, 
its thickness bearing a very definite relation­
ship to the viscosity of the material (see 
definition of viscosity p. 1533). For higher 
consistencies, therefore, greater heat trans­
fer is obtained when the film is removed by 
scraping the walls which can be done by 
means of hinged or spring scraper blades 
affixed to agitator arms (see Fig. 13). In 
cases involving very sluggish materials, a 
double-motion mixing element, as in Fig. 21, 
or a combination of paddles with turbines, is 
desirable to transport material from the 
center of the vessel to the walls.

Figures V and W show the effect of good 
agitation on film removal with consequent improvement of heat transfer. Foi- 
instance, Fig. V shows the time of heating on ester gum in a 1000-gal. kettle 
from 250oF. to the top temperature of 550oF. In this case the temperature 
on the outside of the kettle was around 700o to 750oF. Without agitation a 
coefficient of heat transfer of approximately 24 is obtained. Satisfactory 
agitation raises the K to 106, approximately a fourfold improvement. Figure 
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W IilustrateB the cooling of a chocolate mixture in 1000-gal. batches from 150o 
to 90oF. with non-scraper and with scraper type of stirrer. With a jacket 
cooling water of 70o to 7SoF., triple efficiency is noted when scrapers are used.

Heating Means
Water or Steam. Almost invariably, water or steam in jackets or coils 

is used for heating in any operation where the desired temperature may be so 
attained. The advantages are evident.

Only in higher temperature work does the question of proper selection of 
heating method arise. No method is universally applicable. The location of 
the plant often becomes the deciding factor.

Method Advantages Disadvantages
Direct fired, above 300oF. Lowest first cost Easy to install CompactLow operating cost

Fire hazardLocal overheat of productCannot cool quicklyShort lifeHigh maintenanceLag on heating and coolingConstant supervisionIndirect fired, above 300αF. Some control of outside kettle-shell temperatureFirst cost less than Dowtherm, hot oil, and mercury, but more than electricityLowest operating cost
Fire hazardCannot cool quickly Elaborate setting construction Lag on heating and cooling Constant supervision

Hot oil, from 300o to 600oF. Good temperature control Fairly quick cooling High first costMuch auxiliary equipmentDecomposition of oil and inflam­mabilityNo higher heat efficiency than direct or indirect, ± 50 %Constant supervisionLiquid system onlyDowtherm (see Fig. X), from 300o to 700oF. Excellent temperature control Fairly quick cooling Moderate operating cost Reasonable maintenance Combustible but non-flammable Liquid or vapor system
Higher first costMuch auxiliary equipmentSteady loads—60 to 65 %? inter­mittent loads— ± 50%Periodical inspection only with good controlsMercury vapor, from 600o to 1200°F. Reasonable temperature control Moderate operating cost Highest first costMuch auxiliary equipment Expense of mercury Constant supervisionHigh maintenanceElectricity (see Fig. Y), above 300oF. Most accurate temperature control Quick coolingFirst cost lower than hot oil, Dow- therm, or indirect firedClean, compact, instantaneousHighest over-all heat efficiencyLowest fire hazardNo danger from leaks or collapsing of jacket or coilsEasiest and cheapest to install and easily movableLeast attention while runningLowest maintenance cost

First cost higher than direct Operating cost usually high
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Circulating Systems. Figure X illustrates a typical circulating system 

Cniploying Dowtherm vapor for heating the kettle and Dowtherm liquid for 
the subsequent cooling. In this case, condensate returns to the boiler by 
gravity. Where this is not feasible, a return pump is employed. Cooling 
Dowtherm is handled from the receiver by a separate pump to the kettle 
and thence back through the water-cooled heat exchanger.

Electrically Heated Kettle. Figure Y shows a typical electric kettle. 
Iieat ɪs supplied by means of flexible, spirally formed, metal ribbons, cen­
trally located inside of hoods (or pipes) solidly welded to the kettle shell, 
the ribbons being prevented from touching the pipes by means of porcelain 
^n∩o6rs' Tîle elements themselves may be heated to any temperature from 
θvθ to 1300oF., producing temperatures approximately 50o to 100° lower

Tempera­
ture 

controller

Vaporline 
Vent Hne
∖Vent
condenser

Steam
. ejector

Heated 
Dowtherm 
Ioreceiver 
-L-,Kettle

Dowtherm boiler
FiH connection^.
A+rn°^er'c~X---------- rʌ Leveiomerer conn·.

Storage tank' 'Steam heating coil

ŋ ''~.w Dowtherm fill fine toboHer
⅛∖ 'Levelometer connection

H

I
Cooled 
Dowtherm 
to user

⅜ Coolei
'l

• Condensate g 
return line c∣ 

Condensate Hne 
to boiler.

-Dowt 
return

Fig. X.—Dowtherm system for heating kettles.

Within the kettle itself. Radiation is prevented by means of a double steel 
Jacket carrying 6 in. of insulation. Between the insulating jacket and the 
tank is a substantial air space with water sprays located at intervals for 
*nstant cooling. A blower for air cooling is often used. Electric elements are 
Usually arranged in two or three banks for zone heating, and these may be 
rUn separately or together.

Cooling Means
A surprising amount of cooling is still done in some chemical industries 

by the direct addition of crushed ice, but in many others this method is 
outlawed by the attendant dilution. A satisfactory substitute may be seen 
!n the chilling of lubricating oil through the addition of liquid propane and 
ɪts subsequent evaporation. This agent boils off at room temperature, but 
low temperatures may be attained by the application of vacuum, thus lower­
ing the boiling point. By the application of suitable vacuum, water itself 
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becomes the evaporant, and increasing use is being made of steam jet ejectors 
for this purpose. Most of the large distilleries in this country are using this 
method for cooling corn mashes part way to the fermenting temperature. 
Much water also is being cooled by this method for industrial purposes and 
for air conditioning. Mixing is vital in such units, for the liquid to be 
cooled must be brought to the surface where the static head is zero, in order

Fig. F.—Electrically heated kettle showing heating elements and insulating jacket, 

to attain the temperature justified by the reduced pressure. Much greater 
use will be made of this means of temperature reduction in industry, especially 
where the water supply is too warm in summer to be effective for cooling 
purposes.

The other cooling means do not need especial mention since their use is 
well established.
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CLASSIFICATION

BY ANTHONY ANABLE

separation

—Drag conveyor.

DRAINING
Definition. Draining may be defined as the dewatering action taking 
ace when moist particles of a granular substance are placed on, or advanced 

yθr, a flat or inclined surface. Dewatering by centrifugal machines and by 
ers accomplishes the same purpose but is discussed separately under 

centrifugation and Filtration.
jɔ urPθse. It is the purpose of draining to separate, in so far as is possible 

‘ gravitational force alone, the two constituents of the mixture—the solid 
toɪ^ 1°tand ^ɪɪθ ɪɪ^ɪɪɪd pθrtɪθn-—so that each may subsequently be subjected 

such further more complete and generally more expensive 
treatment as may be re­
quired, such as, in the case of 
fi.1θ ^oɪɪds, centrifugation,
Itration, or drying and, in 

the case of the liquid, clari- 
ncation or filtration.

Draining, by itself, is sel- 
oɪn a complete treatment, 

aa it does not result in the 
Production of a crystal-clear 
sθɪviɪ011 and a bone-dry

ια. Due, however, to its relative cheapness, it is an approved preliminary 
unit operation, preparing the two constituents of the mixture so as to meet 

θ requirements of the additional unit operations which follow.
Equipment Used. a. The Drag Conveyor. The simplest type of 
θphanical apparatus for draining is the drag conveyor shown in Fig. 1. 
his device consists of a shallow, inclined, rectangular box, equipped with an 

θnɑless belt or chain to which scrapers are attached. The belt or chain is 
carried on two sets of pulleys or sprockets, located respectively at the upper 
a-nd lower ends of the inclined box. The shafts upon which the pulleys or 
®Prockets are mounted lie with their axes at right angles to the long axis of 

e box and at such an elevation above the inclined bottom that the scrapers 
just clear the bottom as they are drawn along from the lower to the upper 
end.
rp√Γhθ rnixture of solids and liquids enters through a trough at the lower end. 

hθ heavy granular solids settle to the bottom, are picked up by the scrapers, 
and are dragged up the incline, out of the solution, over the draining deck and 

ɪseharged from the upper end of the box. Solution entrained with the solids 
partially drains in the process and flows back into the lower portion of the box.

Ihe solution from which the heavy solid particles have settled overflows 
across a weir at the lower end of the box or through a pipe. Finely divided 
≡olιds, contained in the feed mixture and settling more slowly than the gran­
ular portion, remain suspended in the solution and pass off with it as an over­
now product. Being a “home-made” device no data on size, capacity, or 
Power are available.
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Fig. 2.—Salt grainer. (Courtesy of Badger and Baker, 
“ Inorganic Chemical Technology,” McGraw-Hill.)

Drag classifiers are generally about 3 ft. to 5 ft. 6 in. wide, set at slopes 
ranging from 2 to 6 in. per ft., the steeper slope corresponding to the coarser 
separations. The belts are equipped with wood or steel blades on 12- to 
18-∙in. centers and are driven at 12 to 40 ft. per min.

Capacity is roughly proportional to width and belt speed and roughly 
inversely proportional to the blade spacing. Data from commercial installa­
tions indicate that when 
making coarse separations 
at from 28 to 48 mesh, a 
capacity of 5 to 7 tons per 
24 hr. may be secured per 
foot of tank width per 1 ft. 
per min. belt speed. When 
making finer separations 
around 100 to 200 mesh, 
the capacity may be as low 
as 1.5 to 2.5 tons per 24 
hr. per ft. of tank width 
per 1 ft. per min. belt 
speed.

b. The Grainer. (See 
p. 1786.) The salt grainer,
a special type of surface crystallizer widely used in the manufacture of coarse 
salt crystals from brine, is shown in Fig. 2. This machine collects the cry stale 
formed in a steam-heated bath of saturated solution and drains them before 
discharging them to stock piles or to rotary dryers.

The grainer described is essentially a surface crystallizer and the draining 
obtained is merely incidental to mechanical discharge. Rake speed is 
adjusted to suit crystal formation independent of drainage conditions, and 
subsequent drainage in stock piles or by filters or centrifuges is used.

The grainer tank, constructed generally of concrete, is 100 to 150 ft. long, 
about 12 to 18 ft. wide, and about 2 ft. deep. It is filled with brine and 
equipped with steam coils which warm the contents slightly below the boil­
ing point to the point of surface crystallization.

A reciprocating mechanism actuated by a steam or water piston travels 
slowly back and forth over the bottom of the tank and over the drainage 
deck at the discharge end. Raking blades are hinged to the mechanism at 
regular intervals, being arranged in such a manner as to swing on the hinges 
with a feathering motion. The blades lie parallel to the tank bottom and to 
the drainage deck on the return stroke and then immediately take a position 
at right angles to the bottom on the forward or crystal-advancing stroke.

The salt crystals are pushed along the tank bottom at regular intervals, 
eventually emerging from their bath of mother liquor and being subjected to 
a period of draining on the inclined deck. At intervals of a few weeks the 
grainer is shut down and cleaned, as scale forms rapidly on the coils and 
impurities collect in the liquor to a degree endangering the purity of the 
finished salt.

The capacity of a grainer 150 ft. long by 18 ft. wide by 22 in. deep is 11.6 
to 14.5 tons per day (Badger and Baker, “Inorganic Chemical Technology,” 
p. 15, McGraw-Hill, New York, 1928).

c. The Dorr Classifier. The Dorr classifier is shown in Fig. 3. It con­
sists of a settling box of wood, concrete, or steel, in the form of an inclined 
trough, with or without lining of rubber, lead, or special metals, with the 
upper end open, in which are placed mechanically operated rakes or scrapers
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w ich carry the quick-settling granular material to the point of discharge at 

® oPθn θnd. Each rake is carried by two hangers, one at the discharge end 
and the other at the overflow end. Special covering or special metals may be 
used with corrosive solutions.

Right hand feed entry
∙, ,Feed troughI I III '^'-'-∙

I1>
/ κake blades

^Hme overflow

-Lifting device Inspection door

Maingear 
,ConnectingPLAN

f∣0wP'Pe ∖

ELEVATION

Rakehanger^ 
↑Slime overflow 
i LiguidJevef

Motor—J i
Yoke Reachrod:

'Adjustable
Quickdump gqte Heeloftank

Fig. 3.—The Dorr classifier.
æhe rakes are lifted and lowered vertically by the hangers by the action 

°f the head motion, transmitted through eccentrics and cranks. The hori­
zontal motion is obtained directly from the head-motion crank. The rakes 
can be raised several inches at the lower end by a lifting device and operated

Table 1. Dorr CIassiflers

Type of mechanism Width Max. length Min. length Aver, conn, h.p.*ɪfae Dorr FR—light duty 1'6" 18'4" 12'0" 1½■for small open-circuit operation where the sand is small 2'0" 23'4" 15'0" 2compared to the overflow 3'0" 23'4" 15'0" 24'0" 23'4" 15'0" 31⅛ ^0rr —intermediate duty 4'0" 30'0" 18'4" 3for small closed-circuit operations with relatively light circulating loads 5'0" 30'0" 18'4" 5
ɪhe Dorr F—normal duty 6'0" 30'0" 18'4" 7¼For the average or normal closed-circuit operation—the 8'0" 30'0" 18'4" 7¼general run-of-mill classification job 12'0" 30'0" 18'4" 1016'0" 30'0" 18'4" 15ɪ`he Dorr FX—heavy duty 5'0" 31'6" 24'0" 10For the heavy and really tough closed-circuit operation, 6'0" 31'6" 24'0" 10where the circulating load is high, the sands are heavy, 7'0" 31'6" 24'0" 15and the service is exacting 8'0" 31'6" 24'0" 1512'0" 31'6" 24'0" 2014'0" 31'6" 24'0" 2516'0" 3Γ6" 24'0" 25* Average connected horse power is the power rating of the motor supplied for direct· drive and is 25 U 50 per cent in excess of the actual power required to drive the classifier on a job of average severity.



1592 MECHANICAL SEPARATIONS

in that, or any intermediate, position. This allows the classifier to be 
started readily when nearly filled with solids after an unexpected shutdown.

The feed enters continuously from a distributing trough near the overflow 
end. The heavy, quick-settling particles sink to the bottom of the tank 
and are advanced up the inclined deck by the reciprocating rakes. At the 
upper end, this crystalline or granular product emerges from the liquid, the 
excess solution drains off, and the product is discharged with a low moisture 
content.

The agitation near the bottom of the tank, caused by the reciprocating 
motion of the rakes, throws the fine material into suspension and this is 
carried off with the overflow product at the lower end of the tank.

Adjustments. All other things being the same, the mesh of separation 
between discharge and overflow solids is determined by rake speed, overflow 
dilution, and slope of tank bottom. The greater the rake speed, the lower 
the dilution; and the steeper the slope, the coarser is the separation.

Example 1. With quartz of 2.7 sp. gr., suspended in water, a 100-mesh separation 
corresponds to 16 to 20 raking strokes per minute, 4 or 6 to 1 overflow dilution, and a 
tank slope of 2¼ to 2¾ in. per ft. A 20-mesh separation with the same materials 
corresponds to 27 to 32 strokes per minute, 1.5 to 1 dilution, and slope of 3¼ to 4 in. 
per ft. Specific gravity and nature of solids, specific gravity and viscosity of solution 
and working temperature affect adjustments to such an extent that the above figures 
must only be considered as average, subject to change as great as 100 per cent in 
certain cases, particularly in the handling of chemicals.

Capacity. All other things being the same, such as speed, dilution, slope, 
separation, and materials handled, both overflow and raking capacity are 
proportional to classifier width. The finer the material to be raked, the slower 
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^USt be the raking speed and the less the tank slope, both of which have the 
θɪɪeet of reducing the capacity.

βnSεαmpze 2' .when draining quartz of 2.7 sp. gr. from a solution of 1.0 sp. gr., making 
can ύ 8θParation that the finest particle in the discharge is 20 mesh, the draining 
for Ϊθβ r÷ls 7∙jθ t°n8 per 24 hr' for a 3^ft∙ wi<* e simPlex heavy Dorr Classifier, 1500 tons 
ɪnaol ** wɑθ DupleX heavy machinθ. and 2000 tons for an 8-ft. wide Duplex heavy 
fine flnβ ∙ j ɪɪeɪ1 draining the same materials, but making such a separation that the 
dro∙8 ∙ partlc*e iπ iliιe discharge is 100 mesh, slope and speed must be reduced, giving 
ο f+,lnir!⅞ caPacities of 400, 800, and 1050 tons per 24 hr. for, respectively, 3-, 6-, and 
°-ιt. wide classifiers.

¡Drive shaftDrive shafts

Wx3%'t&L.
pulley

.Yhrmshaft

V Tosuclion box y∑Zz
End Elevation

Fig. 5.—Suction box on Dorr classifier.

Chip-removing Device. In cases where the material to be drained is 
contaminated by chips of wood or other substances floating on the surface 
pɪ the solution, a chip-removing device is supplied with the classifier, as shown 
Jn Fig. 4. Adjacent to the solution-overflow weir of the classifier, two troughs 
are placed. The one nearer to the weir is fitted with a screen to retain the 
chips carried over in the overflow. The one farther away serves as a recep­
tacle for the chips which are brushed across the screen by a scraper.

s>tction Box. The suction box, shown in Fig. S, may be supplied with 
the classifier in order to reduce the moisture of the material below that point 
which is possible with ordinary gravitational draining.

It consists of a metal box attached to the under side of the drainage deck 
and equipped with a suitable screen or canvas to replace the portion of tank 
bottom directly above it. One port of a three-way valve is attached to a 
Pipe leading from the bottom of the box, another port of the valve is con-
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nected to a source of vacuum, and the third is connected to a source of low- 
pressure air.

This valve is operated mechanically from the classifier mechanism by a 
pawl-and-ratchet device. Adjustments are provided so that the periods 
between vacuum and blowback may be varied at will. Filtrate is collected 
in a receiver on the vacuum line between the suction box and the vacuum 
pump. Where the filtrate consists of a saturated solution, salts precipitated 
on the canvas or screen may have to be removed by water or steam washes 
instead of with low-pressure air. The suction box generally reduces moisture 
in drained material 50 to 75 per cent.

Materials of Construction.
1. Iron and steel for non-corrosive duty.
2. Wood tank and wood mechanism (below solution) for mild-acid duty and where 

discoloration from metals must be avoided.
3. Rubber-lined tank, rubber-covered mechanism, and hard-lead blades for heavy­

acid duty.
4. Special metals and alloys, where required.
d. The Dorr Bowl Classifier. The Dorr bowl classifier is used when 

a cleaner rake product is desired, 
where the overflow product is to 
be of extremely fine size, and 
where the solution overflow 
capacity is large in comparison 
with the raking capacity.

It consists essentially of a 
straight Dorr classifier, as de­
scribed previously, upon the 
tank of which there is super­
imposed a shallow circular bowl 
with a revolving raking mecha­
nism, Fig. 6. The feed enters 
through a loading well at the 
center of the bowl. The solu­
tion and extremely fine solids 
overflow the periphery of the 
bowl into a circumferential 
collecting launder. The coarse 
solids settle to the bottom of the 
bowl, are raked to the opening 
in the center of the bowl, and 
gravitate through this opening 
into the reciprocating-rake com­
partment below.

The coarse solids are ad­
vanced up the sloping bottom of 
the classifier and on to the drain­
ing deck from which they are 
presently discharged by the 
reciprocating rakes. Wash 
water, introduced near the cen­
ter of the reciprocating-rake compartment, flows Countercurrently with respect 
to the coarse solids and, after passing through the opening in the bowl bottom, 
leaves the classifier as a portion of the overflow product.

¡Overflow launder 
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Fig. 6.—The Dorr bowl classifier.
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Sizes. Bowls may be used with all types and sizes of Dorr classifiers, as 

listed previously. Bowls range in diameter from 3 ft. for use with a 15-in. 
^ride classifier to 28 ft. for use with the larger units.

Power consumptions for the bowl alone, which must be added to that 
of the classifier with which it is used, range from less than ⅝ h∙P∙ fθɪ*  tɪɪθ small 
units to 2 to 3 h.p. for the largest.

Costs. Owing to the various types and sizes of Dorr classifiers furnished, 
as well as the variety of materials of construction which may be used for acid- 
resistant duty, sales prices per unit of sand-raking capacity vary widely, 
ʃor rough and very preliminary estimating purposes only, the net sales price 
°f a light-duty Dorr classifier of iron and steel construction and including a 
steel tank, all f.o.b. factory, may be taken at $350 to $500 per ft. of width.

For the heavy-duty machine on the same basis, $450 to $950 per ft. of width 
may be used. Acid-resistant construction, such as wood, lead, rubber- 
covered steel, hard-lead or special alloys, materially increases the price.

The sales prices of Dorr bowl classifiers vary even more than those of the 
regular, single-stage Dorr classifiers, since a wide range of bowl sizes may be 
used with each size and type of classifier. Accordingly, for rough and pre­
liminary estimating purposes, it may be considered that a Dorr bowl classifier 
may cost from 50 to 200 per cent in excess of the price of the regular classifier 
to which the bowl is attached, the higher figure corresponding to the use of 
ɪarge bowls with narrow classifiers, and the lower figure covering cases where 
the bowl diameter is only slightly greater than the classifier width.

θ. The Akins Classifier. The Akins classifier (Fig. 7) consists of an 
inclined trough or tank enclosing one or more revolving helixes, commonly 
called “spirals.” The trough is equipped at its lower end with an overflow 
weir, and a hopper for collecting the overflow product which consists of the 
fine solids and water. The sand product is discharged at the upper end of 
this trough by the revolving spiral.
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The sand-raking mechanism is made up of double spirals mounted on 
heavy hollow shafts, spirals being continuous from the overflow weir to a 
point above the feed entrance. At a point where the inner edges of the 
spiral blades emerge from the pool, a number of interruptions or depressions 
on the inner edge of the spiral blades are provided for a short distance to 
facilitate drainage of slimes and liquid back into the pool. Near the upper 
or sand-discharge end of the spiral similar interruptions or depressions are 
provided in the outer edge of the spiral flights. In any single-spiral machine, 
the sand load is conveyed up one side of the tank, leaving a drainage channel 
between the spiral and the tank on the opposite side.

The feed enters through a feed box at one, or, in some cases, both sides of 
the trough. The heavier, coarser solids settle to the bottom, and in the case' 
of single-spiral machines are advanced by the action of the spiral along the 
bottom and one side of the trough out of the settling pool to the point of 
discharge. In the case of the duplex machines, the spirals are operated 
toward each other so that the sands are conveyed up the center of the tank 
between the spirals, causing the sands to be carried considerably higher on the 
spirals.
‘ Akins classifiers are now furnished in three general types, i.e., the ɪow-weir 
type> ɪn which the overflow weir extends across the end of the tank only and 
the top of the weir is below the spiral shaft; the high-weir type, in which 
the overflow weir extends across the end of the tank, the top of the weir being 
considerably above the spiral shaft and submerging from two-thirds to three- 
quarters of the lower end of the spiral; and the submerged-spiral-type 
machine, in which the lower end of the spiral is entirely submerged, the top

Table 2. Sizes of Akins Classifiers
High- and Low-weir Types

Spiral, diam. Low weir High weir
Width Length Width Length

12" 14" 5'6" 14" 6'6"16" 18" y y, 18" 8'6"24" 2, 3" 9'6" 2' 3" HO"30" 2'9" 11' 0" 2' 9" 13' 0"36" 3'3" 13'0" 3'4" 15'0"45" 4' 0" 14'0" 4' 0" 17' 3"54" 4' 9" 18' 0" 4' 9" 20,6"6G" y y, 19' 6" 5'5" 22' 0"72" 6' 8" 21' 0" 6' 8" 24' 0"78" 7'2" 22' 0" 7' 2" 24' 0"
Submerged-spiral Types

Spiral, dɪam. Single Duplex
Width Length Width Length

12" 14" 10' 0" 26⅜" 10'0"36" 3' 4" 22' 8" 6' 5½" 22' 8"48" 4' 5" 26' 0" 8' 6½" 26' 0"
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jUe overĄow weir being from 12 to 24 in. above the lower end of the spiral 
≡∙n extending across the end of the tank and along both sides of the tank 
θɪʌvɑɪs^ance. θɪ fr°m 2 to 5 ft., depending upon operating conditions.

Ql/ ∙ nS classifieι∙≡ are generally set at an inclination of the tank of from 3 to 
,. in. per ft., although in some instances they are operating at inclina- 
ions up to 4 in. per ft. The speed at which the classifier spiral is generally 
liven is from 2 to 5 r.p.m., although it can be operated as low as ⅜ r.p.m. 
nα up to 10 or 12 r.p.m. The power required will depend largely upon 
e size of the classifier and the sand-raking load, varying from less than 
n∙p. on the small sizes, up to 5 or 6 h.p. on the large machines with large sand­

raking loads.
The tanks can be steam- or water-jacketed for temperature control, and 

J', ere the fluids used are of a volatile nature, such as ammonia or gasoline, 
e tank or trough in which the spiral operates can be fitted with a gas-tight 

cover.
. ɪhe sales prices of Akins classifiers vary materially according to type, 

sιzθ, and length. For rough and very preliminary estimating purposes, it 
maV be considered that heavy-duty Akins classifiers of the submerged type, 
tnɪɪɪɪθ^θ w*th  steel tanks and lifting devices, f.o.b. factory, cost from ¿500 

φ750 per ft. spiral diameter.

Fig. 8.—Principle of operation of the Hardinge countercurrent classifier.

classifier 
located r

age Countercurrent Classifier. The Hardinge cOuntercurrent 
(Fig. 8) is a slowly rotating drum, on the inner surface of which is 

- spiral attached to the drum and revolving with it. The material 
to be classified is fed in at one end above the pulp level, and, as the classifier 
r°tates, the coarser particles that settle out are moved forward by the spiral 
a∩<l are repeatedly turned over in a forward motion, releasing any fines 
r∏iχed with them. The fines, with any wash water added, overflow through 
an opening at the opposite end of the classifier. The sand or oversize is 
ɑθwatered and elevated by buckets to a higher elevation, so that the classifier 
1Oay be operated in closed circuit with any suitable type of grinding mill 
a∏d without the use of auxiliary conveyors or other equipment. The coarser 
settled solids are continually being turned over and washed by the counter­
current action of wash water.

Two steel tires near the end of the drum support the rotating drum on 
fθur rollers mounted on two parallel shafts, which in turn are driven by 
sprockets and chain from a variable speed motor.

Some of the uses of this classifier are for the. closed-circuit grinding of 
various materials, dewatering sand, and the washing and scrubbing of 
various granular materials.
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In addition to being supplied in standard iron 
is also supplied in the chemical industry in stain­
less steel construction and with rubber lining for 
the handling of corrosive mixtures.

An interesting operating feature is that the 
classifier will start up under full load after several 
hours shutdown. The classifier is supplied in 
sizes varying from 18 in. to 10 ft. in diameter, and 
from 4 to 30 ft. in length.

The exact classification desired is obtained by 
varying the slope of the classifier, by varying the 
speed, or by varying the size of the overflow 
opening.

WASHING (GRANULAR MATERIAL)*
Definition. Washing of granular substances 

may be defined as the displacement of dissolved 
substances, adhering in solution form to a solid 
substance, by one or more applications of water or 
other suitable displacing agent, each application 
being followed by a dewatering step to remove the 
bulk of the dissolved substances thus displaced.

Purpose. The purpose of washing is to recover 
the greatest possible amount of either the dissolved 
substance or the solid substance, or both. Its 
object is also to recover each substance, contami­
nated to the least possible extent by the other 
substance and in as pure a form as possible. For 
example, in electrolytic caustic manufacture, it is 
the purpose of salt washing not only to recover 
the salt in as nearly a caustic-free condition as 
possible so that it may be marketed as such or 
reused to make up cell liquor, but also to recover 
the caustic soda solution diluted by wash solution 
to the least extent in order to promote good evap­
orator economy.

Equipment Used. The Dorr multideck classi­
fier is the only standard, self-contained unit uti­
lizing the alternate administrations of a displacing 
solution and of a draining process for the washing 
of soluble substances from insoluble granular sub­
stances. Centrifugation is applicable to the wash­
ing of such substances, but, since it is not classed 
under draining operations, it is discussed elsewhere 
(p. 1808).

The Dorr multideck classifier consists of a series 
of two or more Dorr classifier mechanisms con­
nected together and driven from a common driving 
mechanism. A single tank is used, divided into 
from two to six individual washing compartments

* See article on Countercurrent Decantation (p. 1643) 
and on Filtration (p. 1653) for washing of finely divided 
materials. 

and steel construction, ɪt
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and dramage decks. As shown in Fig. 9, the various compartments are con­
nected by backflow launders, located on the outside of the tank, so that wash 
ɛo ution may flow continuously through the series from the discharge to the 
oed end of the tank. The solid substance is advanced mechanically by the 

reOiprocating rakes from the feed to the discharge end of the tank.
As shown in Fig. 10, two or more Akins classifiers may be arranged in tan- 

oeni for countercurrent washing. The direction of flow of wash solution 
and solids is the same as in the Dorr washing classifier. As each washing 
operation is carried out in a separate classifier instead of (as in the case of the

°ιr) in individual compartments of a single machine, external pipes or 
θiɪghs are used for transferring the product between the different units, 
operation. The mixture of a solid substance and a solution is introduced 

a ɪɪɪe overflow end of the tank, the washed solids are drained and discharged 
the other end, and wash water or solution is introduced in the last com- 

^ar⅛rrιθnt. The wash solution flows in a direction countercurrent to the 
°hds and thus becomes progressively enriched in soluble salts until it finally 

overflows from the first compartment in relatively concentrated form.
ɪɪɪ a similar manner the solids, being advanced toward the last compart- 

ɪɪɪθɪ1^ come ɪɪɪ contact with wash solutions progressively less concentrated.
he mild agitation caused by the reciprocating rakes in each compartment

Fig. 10.—Akins classifiers arranged for multiple-stage washing.

assures efficient displacement of the soluble constituents in the solids which 
have just been discharged from the preceding compartment, and the draining 
0X1 the inclined deck assures the removal of the bulk of the solution before the 
8θlids are remixed with the next weaker solution in the following compartment.

Adjustments are as given for single-stage classifiers except that the slope 
is not variable. Rake speed determines the time the solids are retained in 
each washing compartment, and hence the capacity is generally determined 
by the chemical requirements of time for displacement of dissolved material 
rather than by the mesh at which the separation is to be made.

The greater the volume of the wash solution, the more complete is the 
displacement of dissolved material and the less concentrated is the solution 
overflowing the first compartment. When both high purity of washed solids 
and high concentration of solution are required, a larger number of compart­
ments are required in order to increase the number of washes which may be 
given, by the permissible volume of wash solution, which is necessarily limited 
oy the desired strength of the solution.

Capacity. Same as given for single-stage classifier of same type and 
width. Capacity may vary up to 100 per cent from figures given, which are 
quartz (2.7 sp. gr.) in water, due to variations in specific gravity, viscosity, 
temperature, and time required for displacement of dissolved substances. 
High speeds (greater than 12 r.p.m.) are seldom used on account of the time 
element in the displacement washing.

Accessories. Chip-removing devices and suction boxes may be supplied, 
these being identical with those discussed above. Steam coils may be placed
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in the compartments or in the solution launders between compartments to 
maintain proper temperature.

Materials of Construction. These are the same as for the single-stage 
Dorr classifier discussed on p. 1594.

Washing Calculations and Practical Examples. The method of 
washing crystalline or granular substances utilized in a multideck classifier is 
known as continu-
ous countercur­
rent decantation 
(abbr. C.C.D.). 
The over-all wash- 
ing efficiency, 
concentration of so­
lutions in all com­
partments, and 
purity of final prod-

Feed
75 tons sait
10 tons NaOH 
Wtons water

25T
Wash 
wafer

Sfronc/ 
solution
JOOT

Fig. 11.—Washing classifier flow sheet.

uet may be determined mathematically, if data are available on feed charac­
teristics, moisture content to which the solids will drain, wash water per­
missible, etc. The method of calculation is best illustrated by an actual 
example on a typical set of conditions.

Example 3. In the electrolysis of brine, the conversion of NaCl to NaOH is generally 
incomplete. In the subsequent evaporation of the solution, the sodium chloride crystal­
lizes out, is recovered in salt catchers operated in conjunction with the evaporator stages, 
and is discharged suspended in a solution of caustic soda. The problem is to separate 
thθ salt from the caustic and to wash it as completely as possible in a four-compartment 
classifier with the amount of saturated brine available.

Given. 75 tons NaCl crystals per day. 100 tons 10 per cent NaOH solution per day. 
Zo tons of water (containing 8 tons dissolved NaCl) available for washing. One four- 
compartment washing classifier. One suction box mounted on last deck. Salt drains 
to 25 per cent moisture without vacuum. Salt drains to 15 per cent moisture with 
vacuum.

τ°≡n⅛ concentrations of solution in all compartments, washing efficiency, 
and percentage NaOH in washed salt.

Procedure. Draw diagrammatic flow sheet (Fig. 11 above) letting W, X, Y, and Z 
represent pounds of NaOH per ton water in each compartment and letting T represent 
tons of water in circulation at each point.

Equating pounds of dissolved NaOH out of and into each compartment, set up the 
IOltowing simultaneous equations:

IOOW + 25W
35X + 25X
35F + 25F
35Z + 15Z

Solving: By substitution:

= 35A' + 10 X 2000 
= 25W + 35F.
= 25.Y + 35Z
= 2.5 F + 25 × 0

(1)
(2)
(3)
(4)

Summarizing.

W — 194.51 lb. NaOH per ton water 
X — 123.39 lb. NaOH per ton water 
Y = 72.58 lb. NaOH per ton water 
Z = 36.29 lb. NaOH per ton water

Compartment
1
2
3
4

Pveeovery of NaOH = 100 × 194.51
10 X 2000

Solution Strength, % NaOH*
8.86
5.81
3.50
1.78

× 100 = 97.26 per cent

15 × 36.29NaOH in washed salt =

* Salt in saturated brine-wash solution neglected.
(75 × 2000) + (15 × 36.29) × 100 = 0.36 per cent
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of ιym ^ɪɪθ Prθcθding example, it should be obvious that the same method 

Caculation may be applied for finding other unknowns, w⅛..∙
α∙ ɪ o fɪɪɪd ^ɪiθ minimum amount of wash solution which will give a washed 

r° uct containing not more than a specified percentage of soluble impurities, 
en given the number of washing compartments to be used and the moisture 

θŋ θjɪt to which product will drain with and without suction box.
to ɪ ° iɪɪɪd iɪɪθ ɪɪɪɪɪɪɪɪɪɪ11111 number of washing compartments required 

, gιve .a specified percentage of soluble impurities in the washed product, 
en given the maximum permissible amount of wash solution and the 

ɪnoɪsture content to which the product will drain with and without suction

ther Chemical Applications, a. The washing of sodium phosphate 
Ciystals free from mother liquor.

∙ The removal of finely divided clay or bond from artificially prepared 
a rasives such as carborundum, aloxite, etc.

c' The washing of phosphate rock to remove clay and fine sands.

LEACHING
Definition. Leaching may be defined as a process of removing, by the 

PPhcation of a solvent, that constituent of the substance being treated which 
1≡ readily soluble in the solvent applied. In this article, the leaching of coarse, 
g«· anular substances is alone considered.

Purpose. It is the purpose of leaching to recover the greatest possible 
amount of the soluble constituent in as concentrated a solution as can readily 

ɑ handled by the succeeding extraction process, such as precipitation of 
'ɪɪθ soluble materials or evaporation and crystallization.

■Equipment Used. As is true in the case of washing, the Dorr multideck 
classifier is the only standard self-contained unit applying the principle 
ɪ continuous-countercurrent flow of the substance to be leached and the 

solvent, to the leaching of granular substances. Discontinuous methods 
ɪnelude the use of percolation vats, filter-bottom tanks, etc., but as these are 
pot classed as draining operations in this article, they are not discussed here, 
ɪ he leaching of finely divided substances is discussed in the article on Counter­
current Decantation (p. 1643 and on p. 1215).
.The Dorr multideck classifier used for leaching is described completely in 
the preceding section on Washing.

Operation. The substance to be leached is introduced into the first 
compartment at the overflow end of the tank, the residue remaining after 
ɪθaehing is discharged from the last compartment, solvent is introduced into 
the last compartment, and concentrated solution containing the soluble 
constituent passes off across a weir in the first compartment. The solvent 
flows in a direction countercurrent to the solids and thus becomes progressively 
θnrɪehed in the soluble constituent of the treated substance until it finally 
overflows from the first compartment in a relatively concentrated form.

ɪn a similar manner, the substance to be leached being advanced toward 
the last compartment comes in contact with weaker and. weaker solutions and 
is thus progressively impoverished in soluble constituents. The mild agita­
tion set up in each compartment assures efficient penetration of solvent and 
good leaching of the substance discharged from the preceding compartment. 
The draining on the inclined deck assures the removal of the bulk of the 
θnriched solvent before the substance is retreated with the next weaker 
solvent in the ensuing compartment.

Leaching Calculations and Practical Examples. The method of 
calculating the extraction, washing efficiency, concentration of solutions, etc., 
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in a Ieaching or dissolving operation is similar to that used in washing calcu­
lations. The unknowns may be calculated from data available on feed 
characteristics, moisture content to which the residue will drain, the amount 
of lixiviant or solvent that may be used, etc.

Example 4. A calcine containing soluble copper is to be leached. The rate at which 
the copper dissolves having been determined experimentally and a multideck classifier 
having been selected to give the required time of contact in each compartment, it is 
desired to know the probable extraction of copper, the concentration of the solutions in 
the various compartments, and the percentage of copper remaining, in the residue after 
treatment. The amount of wash water that may be used is limited by the capacity of 
the subsequent evaporator installation.

Given. One hundred tons of calcine containing 5 per cent (10,000 ɪb.) of soluble 
copper mixed with 100 tons of water; one six-compartment multideck classifier equipped 
with suction box; 50 tons of available wash water; and a residue that drains to 25 per cent 
moisture or to 15 per cent moisture with the aid of a suction box.

The following rates of dissolution of copper have been determined experimentally:
Pounds dissolved before reaching classifier................................................. 2000
Pounds dissolved in first compartment........................................................ 4000
Pounds dissolved in second compartment................................................... 3000
Pounds dissolved in third compartment... ................................................. 1000
Pounds dissolved in fourth, fifth, and sixth compartments................. 0

Problem. To find the concentration of the solutions in all six compartments, the over­
all extraction efficiency, and copper content of the final residue.

Procedure. Calculate the amount of solids raked in each compartment, allowing for 
the dissolution of soluble copper that takes place in each. Calculate the amount of 
water advanced with the raked solids in each case, allowing for 25 per cent moisture in 
the first five compartments and 15 per cent in the last one.

Compartment A
ɑ 1., „ (2000 + 4000)
Solids raked ≈ 100------------------------  =*  97 tons

Water in raked solids = 32.33 tons
Compartment B

3000
Solids raked ≈ 97 — — 95.5 tons

Water in raked solids = 31.83 tons
Compartments C, D, and E

cλ 1000
Solids raked == 95.5 — ≈ 95 tons

Water in raked solids = 31.66 tons
Compartment F

Solids raked = 95 tons
Water in raked solids ≈ 16.76 tone

Draw the diagrammatic flow sheet shown in Fig. 12 and assign to each flow line figures
to show the amount of 
water (not solids) in circu­
lation at that point. 
Water enters at two points: 
100 to∏3 with the calcine in 
the first compartment, and 
50 tons as wash water in 
the last compartment. 
The balance of the water 
in circulationis either over-

Λ.

51 soluble ∞pper
95 T. insoluble calcine 
!00T. water

water

Overflow

in
6507Γ 64.90T' 64.90T

Fig. 12.—Flow sheet of copper leaching 
classifier.

multideck

flow from compartments or moisture contained in the raked residues.
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Let A, B, C, D, E, and# represent the pounds of dissolved copper per ton of water in 

the respective compartments of the classifier. Then set up the following six simultane­
ous equations by equating the pounds of copper entering and leaving each compartment.

Lquate pounds of dissolved copper entering and leaving each compartment as follows:

Compartment A
Compartment B
Compartment C
Compartment D
Compartment E
Compartment F

Simplifying,

133.24A ÷ 32.33A = 
65.57B + 31.83# = 
65.07C + 31.66C = 
64.90# + 3Í.66# = 
64.90# + 31.66# = 
64.90# ÷ 16.76# =

65.57B + 6000
32.33A + 65.07# ÷ 3000
31.83# + 64.90# + 1000
31.66# + 64.90#
31.66# + 64.90#
31.66#

165.57A = 65.57# + 6000
97.40# = 32.33A + 65.07# + 3000 
96.73# = 31.83# + 64.90# + 1000 
96.56# = 31.66# ÷ 64.90#
96.56# = 31.66# + 64.90# 
81.66# = 31.66#

Solving by substitution,
A = 74.25 lb. copper per ton water
# = 96.10 lb. copper per ton water 
C = 61.05 lb. copper per ton water
# ≡ 28.60 lb. copper per ton water
# =» 12.70 lb. copper per ton water
# = 4.92 lb. copper per ton water

Checking calculations,

Total copper in classifier overflow = 133.24 × 74.25 
Total copper in classifier discard = 16.76 × 4.92

Error due to neglected decimals in slide-rule computations 
Total copper in feed to classifier

τι 16.76 × 4.92
Recovery of copper = 100 - J5JJ4 χ 74 25 + 16 7β' χ 4.92

≈ 9890 ɪb.
≡ 82.5

9972.5 ɪb.
= 27.5
≈ 10,0∞ ɪb.

X 100

100 -
82.5

9972.5 100 = 99.173%X

Copper content of leached residue
16.76 × 4.92

“ 95 × 2000 + 16.76 × 4.92
× 100 = 0.043%

The same method of calculation may be used to find the minimum amour»*·  
°f water required for leaching to give a specified extraction or to find the 
minimum number of compartments to give a specified extraction with a 
specified amount of leaching solution.

CLOSED-CIRCUIT GRINDING (See p. 1932)
Closed-circuit wet grinding or classified grinding, introduced and perfected 

in the metallurgical industry, has been successfully applied to such chemical 
engineering operations as the grinding of lithopone, the grinding of phosphate 
rock with weak acid in phosphoric acid manufacture, the preparation of water - 
floated whiting, the wet grinding of cement slurry, abrasives, etc. A brief 
résumé of this subject may therefore properly be included in a discussion of 
classification and mechanical classifiers.

Definitions. [Dorr and Marriott, Importance of Classification in line 
Grinding, Trans. Am. Inst. Mining Met. Engrs., Milling, pp. 109-154, 1930.] 
Open-circuit grinding is a method of comminution aiming to secure the
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Rake product is the comparatively coarser>

Fig. 13.—Relation between rate of feed and work 
done in a rotary mill.

desired reduction in particle size by a single passage of the material through 
the mill. Closed-circuit grinding is a method of comminution in which a 
partially finished mill discharge is separated by a classifier into a finished over­
flow product and an unfinished rake product which is returned to the mill for 
further grinding. Overflow is the comparatively finer, more slowly settling 
portion of the mill discharge which is carried over the tail board, or lip, of the 
classifier by the flow of water. " ,----- ’ ■ ∙ ■ - -
more rapidly settling portion of 
the mill discharge which is dis­
charged from the classifier by 
the mechanical action of the 
rakes. In closed-circuit grind­
ing, the rake product is fre­
quently referred to as the 
circulating load in that it 
travels in the mill-classifier 
circuit until reduced to over­
flow fineness. Millis the 
generic term used to describe 
grinding mills, whether ball, 
pebble, or rod mills.

Purpose. It is the purpose 
of closed-circuit grinding to 
center the sizing of the ground 
product at one point, the 
classifier, so that the mill, now 
responsible only for grinding, 
may be fed at such a rate and 
loaded in such a manner that 
it may operate at maximum 
efficiency. As will be shown 
later, a judicious loading of 
the mill, unlimited by size specifications for the mill discharge, permits large 
savings in power, less wear on liners,, and, less wear on grinding mediums, 
which three items determine largely the unit cost of grinding.

Theory. Theory and practice concur in the hypothesis that the work 
done in a rotary mill increases with rate of feed. Work done is measured 
by the actual reduction in particle size from feed to discharge and may be 
measured by the tons of material of a specific size actually produced in a 
given time or by the more refined methods of Kick and of Rittinger, described 
later (see p. 1605).

Table 3. Relation between Rate of Feed to Ball Mill, Work Done, and 
Unit Power Consumption*Feed rate, lb. per hr. of ⅜-in. lime­stone

Finished prod­uct in discharge, lb. per hr. of 65-mesh limestone
% Finished material in mill discharge

Rittinger’s work units (S.U.) Kick’s work units (E.Ü.) Kw.-ħr. per ton of 65-mesh limestone1,000 600 60 40 000.000 900 000 13.32,000 970 48.5 60 000,000 1,500,000 8.253,000 1,200 40 90 000 000 2,100,000 6.674,000 1,400 35 100,000,000 2,250,000 5.705.000 1,650 33 1 ¡0,000.000 2,350.000 4.85* Courtesy University of Minnesota.
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ɪɪɪɪs relationship is brought out in Table 3 and the accompanying graph 

f1¾ ɪɜ) ba≡ed upon studies conducted at the Mines Experimental Station 
θ∙t the University of Minnesota, under the direction of E. W. Davis. It will 

e seen that the work done in the experimental mill increases as the feed is 
increased progressively to five times its original value, regardless of which of 
hese methods is used to compute work, and in practice it has been found 
hat the work curve is still increasing even when the rate of feed is increased 
o more than ten times the open-circuit capacity of the mill.

*»ork Units. Authorities appear divided as proponents of the Kick and 
he Rittinger methods of computing the work done in cylindrical mills. Rit-

Fig. 14.—Relation between circulating
load and work done in cylindrical mill.

, . --- ɪ'ɪvvɪɪvuiɔ ∖Jl W UljJUVlllg I
inger’s method is based upon the 
Vpothesis that the work done in 

ciUshing is proportional to the in­
creased surface produced, a function 
o the square of the diameter of the 
Particle, and the Rittinger unit of 
Uieasurement is called a “surface 
unit” (S.U.). Kick, on the other 
land, claims that the work done is 

inversely proportional to the change 
ɪn volume of the particle, a function 
ŋf the cube of the diameter, and the 
ʌɪek unit of measurement is known 
as an “energy unit” (E.U.). Practi- 
cal plant operators prefer to measure 
wθrk by the amount of material of a specific size actually produced, as this 
may readily be determined from screen analyses of feed and of discharge and 
the rate of new feed to the mill.

θpen- vs. Closed-circuit Grinding. The fact that capacity increases 
wιthout a corresponding increase in power may be attributed to the more 
rapid elimination of fines, the reduction of uneconomical overgrinding, and 
the increased amount of material which may be exposed to the cascading 
aption of the balls at one time. Theory indicates that uneconomical, open­
circuit grinding is a result of hampering the work of the mill by the imposition 
of a specification for the fineness of discharge, which results in overgrinding 
°f the bulk of the product in order that all may pass a given sieve size and in 
a tendency for the accumulated 
unes to act as a cushion, damping 
the effective impact of the balls 
Upon the unfinished material.

ɪn closed-circuit grinding, the 
classifier builds up the feed to the 
mill to the optimum value by re­
turning unfinished oversize to the 
mill for further comminution. Γ--------------- , _. ŋ------- ----------------------- ŋ. ...
that only material of finished size may escape from the circuit as an overflow 
product. As shown in Fig. 14, the work done in a cylindrical mill increases 
with the amount of the circulating load or rake product.

Closed-circuit Grinding Equipment. Figure 15 is a diagram represen t- 
iug a two-stage open-circuit grinding installation, and Fig. 16 represents a 
two-stage closed-circuit grinding installation. In the case of the latter, 
it is to be noted that the amount of the circulating load in both ball-’and tube­
mil] circuits is several times the amount of the new feed and finished product.

Ba// mH/ discharge
/o /ube mill feed 

z<ξ□⅛≡
Ball mH! Tube mi/!

15.—Two-stage open-circuit grinding.

Raw 
feed

Fig.

Furthermore, it grades the mill discharge so
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The closed-circuit grinding equipment consists of a cylindrical wet-grinding 
mill, a mechanical classifier, and two launders or troughs, the one conveying 
the mill discharge to the feed end of the classifier and the other conveying 
the oversize from the classifier to the feed box of the mill. The mill ɪ8 
equipped with a 
spiral scoop feeder, 
which picks up the 
new feed and the 
classifier discharge 
from its feed box 
and introduces them 
into the mill through 
the hollow feed 
trunnion. Water is 
added in the feed 
box to give the opti­
mum consistency for
grinding while additional water is added at the classifier to give the dilution 
corresponding to the desired separation and for washing the rake product 
free from adhering fines.

Two stages of grinding are becoming increasingly common while in certain 
instances three and four stages have been adopted profitably. In general, 
coarse grinding to, say, 35 to 48 mesh is carried out in ball mills (relatively 

Primary circuí! overflow 
fo secondary circuí!

Circu- Classifier ∣ 
!a!inq 
ioacR

Raw 
feed `. / υ ιrA ∖ ' Ę >-
Ball mill' Discharge 'Circulaling 'Tube mill

i Bowf
/ CiassiFer

Finished

Discharge

load
Fig. 16.—Two-stage closed-circuit grinding.

Fig. 17.—CIosed-Circuited ball mill.

large in diameter and short in length) loaded with balls ranging in size ɪroɪn 
δ to 2 in. in diameter. Single-stage classifiers are generally used with ball 
mills.

Kne grinding to 100 to 325 mesh is generally accomplished in tube mills 
(relatively small in diameter and great in length) loaded with balls ranging 
in size from 2 to ¾ in. BowI classifiers are generally used with tube mills.

The general arrangement of closed-circuit grinding equipment is shown 
in Fig. 17, representing a primary closed-circuited ball mill for relatively 
coarse grinding, 35 to 48 mesh, and Fig. 18, representing a secondary closed- 
circuit tube mill for relatively fine separations, 100 to 325 mesh.
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CIRCULATING LOAD LIMITS
K has already been pointed out that the circulating load may profitably 

e built up to several times the new feed to the mill. That being the case, 
e question is frequently asked, “What circulating load ratio should be 

earned?” This is really an ambiguous question and one that will lead to 
great difficulty if not properly considered. What is actually required for 

1 gɪ^ɪɪdɪɪɪg is a proper loading of the mill. To bring this about, there 
? oulcl always be added to the new feed the correct amount of circulating load 
r°1¼ι ɑɪθ .^ass^er to give the optimum tonnage through the mill. When the 

problem is considered in this manner, it takes on a new aspect, as the follow­
ing will show:
f ɪjɪ eYery grinding unit there is available an effective volume through which 
θeq will pass, which, if properly utilized, will lead to maximum capacity.
owever, if the tonnage of total feed becomes excessive for the total volume, 

nɛn the mill will “choke.” Changing the dilution of the pulp in the mill 
ill not remedy the congestion, for the available mill volume has been 

aζcθo beV°nd capacity, and the stoppage is due to overloading.
thus, as data from actual practice have proved, the total tonnage of 

eθd through the mill and not the circulating load ratio is the important 
co∏sιderation in obtaining best efficiency from closed-circuit grinding. Con­
cerning actual mill loadings, a review of several important grinding applica- 
∙!θns which used the heavy-duty Dorr classifier in the circuit has shown that 
ɪɪe total tons of feed to the grinding unit has fallen in the range of 14 to 20 

t°ns per day per cu. ft. of mill volume.
bιze Control. Increasing recognition is being given to the fact that in 

Hiany cases the utility of a finely ground product is dependent upon, not one, 
ut two things. These are (1) its degree of subdivision and (2) the size 
Istribution of its particles. In other words, it is not enough to specify 

sιniply that a product be ground to, say, 90 per cent minus 200 mesh. Several 
sainPles of the same product may all pass 90 per cent through a 200-mesh 
≡creen; yet, if not ground under exactly the same conditions, these samples 
JUay have entirely different distributions of particle sizes. Hence there may 
oe widely varying characteristics in the aggregate.

As a ruje a prθperiy adjusted closed-circuit system comes nearer to pro­
ducing the mesh distribution desired than any other method. This is true 
o°cauSe the closed-circuit system allows one to “bunch” the grind. For 
cxanιple, if we wish to grind a ⅞-in. feed to 97 per cent minus 200, open-cir- 
c∏ιt grinding will produce a much greater quantity of this as minus 325-mesh 
sUperfines than will closed-circuit grinding. At the same time there will 
certainly be considerably more plus 150-mesh material in the open-circuit 
Product.

Fineness of Grinding. The operating data tabulated below are from 
the Portland cement industry and give a comparison of size distributions 
und fineness of grinding obtained by grinding in open and closed circuit. At 
the plant where these results were obtained, a year’s operation with open­
circuit grinding gave an average fineness of 89 per cent minus 200 mesh and 
ð Pθr cent plus 100 mesh. Under closed-circuit conditions the average 
fineness has been increased to 97.5 per cent minus 200 mesh and nothing on 
100 mesh, while at times, when handling only 50 tons per hour per mill, the 
fineness has been held at 99.9 per cent minus 200 mesh and 95 per cent minus 
325 mesh.
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The table below shows the distribution of sizes as determined by screen 
analyses, elutriation tests, and microscopic examinations of particle sizes.

Table i. Comparison of Size Distribution

Mesh Open circuit, % + % cum. Closed circuit, % + % cum.
Sieve No.:I 20 1.0 1.02 28 0.25 1.253 35 0.50 1.754 48 0.50 2.255 65 0.75 3.006 100 2.00 5.007 200 6.00 11.00 2.6 2.68 325 (Not recorded) 8.4 11.0Elutriation jar: 340* 10.7 21.7 16.6 27.62 540* 7.8 29.5 5.9 33.53 820* 3.4 32.9 6.7 40.24 1400* 8.4 41.3 8.0 48.2Overflow......................................... 58.7 .... 51.8

* Average particle size determined by microscopic examination.
A study of these particle-size determinations indicates (1) an elimination of 

stray oversize, coarser than critical size, (2) a substantial reduction in plus 
200-mesh material, and (3) less superfine as indicated by final elutriator 
overflow.

Another size analysis that shows how the substitution of closed circuit for 
open circuit results in a reduction in plus 150-mesh material and also in the 
superfines, is shown in Table 5. This size analysis was made by means of an 
Oden sedimentation balance, a device for making very accurate size deter­
minations in the micron range. The open-circuit analysis is of a month’s 
composite sample of cement slurry ground by the open-circuit method at a 
well-known cement mill. The closed-circuit sample was taken from closed- 
circuit grinding operations at the same mill.

Table 5. Oden Size Analysis of Cement

Diameter, microns Equivalent sieve mesh , Open circuit, % cum. Closed circuit, % cum-
295 48 0.32208 65 0.68147 WO 2.18 0.08104 150 4.10 0.3874 200 7.85 3.7553 325 dry 13.8 15.642 325 wet 15.9 19.1540 19.3 23.330 23.5 31.025 27.6 34.720 33.1 39.415 39.9 44.910 48.5 51.77 5 53.4 57.06.0 57.6 60.5
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th^v∏n^s* ^ile cemen^ pɪaɪɪt from which the above data were obtained 

o lowing savings in grinding power and grinding media consumption 
were recorded:

Table 6. Savings in Power and Grinding Media

Consumption per bbl. Open circuit Closed circuit Saving, %
Power, kw.-hrbinary media, lb.... ..........................................................................................................*secondary media, Ib ...................................................................................................... 5.50.0860.321 3.010.0570.112 45.333.765.1
tr ʌɪɪ^θɪnatie Control. A point worth noting is that in closed-circuit 
ɪɪɪɪɑing the classifier gives a control that automatically takes care of such

. GZ, DorrbowL 
classifier 

'~^Pu∕∕ey o* Pulley for 
bowl druni-

Ploin

∖C.L.MiU

Loose ρuUey- 
Tighipulley -

Feed bin> 
cwr⅛

"C L Bowf

Oufsiae o

CLMiL

Classifier 
overflow

FeedEndEfevortion Side Elevoition Dischoirqe End Elevation 
OfMiU of Mill

Fig. 18.—Closed-Circuited tube mill.

s*∏all  fluctuations in character and rate of feed as would otherwise cause 
variations in the finished product. Harder feed, for example, simply increases 
tle circulating load.

Metallurgical Operating Data
The operating data given below, taken from metallurgical practice, are 

arranged to emphasize certain important facts relating to closed-circuit 
grinding.

Examples of Closed-circuit Grinding in Mining Industries*
Closed Circuiting Increases Mill Capacity. When grinding a sub­

stance so that all of it shall pass a screen of a given size, the capacity of the 
1∏ιll may be increased by closed circuiting it with a classifier.

Example 1. Mill = 6 by 20 ft.
Feed = —6 mesh.
Product = 8 per cent + 100 mesh.
Capacity, open circuit = 144 tons, 24 hr. 
Capacity, closed circuit «= 240 tons, 24 hr.
Capacity increase = 96 tons, 24 hr.

* Anable, Closed Circuit Fine Grinding and What It Should Accomplish in the 
Gement Industry, Rock Products, Jan. 5, 1929.
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Example 2.

Percentage increase in capacity = 66.
—Taggart, “Handbook of Ore Dressing,” p. 455, Wiley, New York. 

1927.

Example 3.

Wright-Hargreaves Gold Mines, Kirkland Lake, Ont.: 
Product = — 200 mesh.
Capacity, open circuit = 190 tons, 24 hr. 
Capacity, closed circuit = 275 tons, 24 hr. 
Capacity increase = 85 tons, 24 hr.
Percentage increase in capacity = 44.7.

Phelps-Dodge Corporation, Morenci, N. Μ.: 
Product = —65 mesh.
Capacity, open circuit = 89 tons, 24 hr.
Capacity, closed circuit = 174 tons, 24 hr. 
Capacity increase = 85 tons, 24 hr.
Percentage increase in capacity = 95.5.

Classifier Determines Capacity, Not Mill. The capacity of the closed 
circuit is frequently, if not always, determined by the classifier, not the mill ; 
i.e., additional classifiers increase the capacity of the circuit without any 
increase in size of the mill.

Example 1. Tough-Oakes Gold Minés, Ltd, Kirkland Lake, Ont.: By using two 
classifiers in closed circuit with a given mill, the capacity of the circuit was 28 per cent 
greater than the capacity of the mill in closed circuit with a single classifier.

Example 2. Consolidated Mining and Smelting Co. of Canada, Kimberly, B. C. * 
Same as Example 1, only the capacity was increased 35 per cent.

Example 3. Nevada Consolidated Copper Co., Hurley, N. Μ.:
Product = —65 mesh.
One mill in closed circuit with one classifier:

Capacity = 150 tons, 24 hr.
One mill in closed circuit with six classifiers:

Capacity = 800 tons, 24 hr.
Capacity increase = 650 tons, 24 hr. 
Percentage increase in capacity = 433. .

Closed Circuiting Reduces Unit Power Cost. The power’required to 
drive a given mill remains practically constant regardless of tonnage fed; 
and, accordingly, increased capacity, due to closed circuiting, results in 
diminished power costs per ton finished product.

Example 1.
Example 2.

Example 3.

Lake Shore Mines, Kirkland Lake, Ont.:
Percentage closed-circuiting increased capacity = 44.70.
Power consumption was reduced 10 per cent (due, no doubt, to better 

balance with heavy feed).
Percentage reduction in power per ton of finished product = 37. 

Lucky Tiger Mine:
Mill = 5 by 14-ft. tube.
Feed = 11 to 20 per cent + 20 mesh.
Finished product = —100 mesh.
Power was 47 h.p. throughout tests.
Capacity, open circuit = 22 tons, 24 hr.
Capacity, closed circuit = 37 tons, 24 hr.
Tons of —100 mesh, per h.p.-hr., open circuit = 0.016.
Tons of —100 mesh, per h.p.-hr., closed circuit = 0.055.
Percentage unit power cost reduced = 71.

—Taggart, “Handbook of Ore Dressing,” p. 456, Wiley, New York, 
1927.

Mill = 6 by 20-ft. tube.
Feed = —6 mesh.
Finished product = 100 per cent ÷ 100 mesh.
Capacity, open circuit = 144 tons, 24 hr.
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Power consumption, open circuit ≈ 75 kw.
Tons of 10 per cent + 100 mesh per h.p.-hr. = 0.0565.
Capacity, closed circuit = 240 tons, 24 hr.
Power consumption, closed circuit = 65 kw.
Tons of 10 per cent + 100 mesh per h.p.-hr. = 0.1087.
Percentage unit power cost reduced = 48.

—Taggart, “Handbook of Ore Dressing,” p. 455, Wiley, New York, 
1927.

bɛttɪθ^θɑ θɪɪ'ɑɪɪɪ^ɪɪɪg Reduces Wear on Liners and Balls. Through a 
er loading of the mill with coarse classifier oversize, the abrasion of metal 

ers and the consumption of grinding mediums are greatly reduced.
æɑmple 1. Lake Shore Mines, Kirkland Lake, Ont.: 

Consumption of steel per ton finished product: 
Open circuit = 6.5 lb. per ton. 
Closed circuit = 3.2 lb. per ton.

P Percentage reduction in steel loss = 51.
jχample 2. Chino Copper Company, Hurley, N. Μ.:

One mill and one classifier in closed circuit: 
New feed = 150 tons, 24 hr.
Ball and liner wear = 3.2 lb. per ton finished product. 

One mill and six classifiers in closed circuit:
New feed = 240 tons, 24 hr.
Ball and liner wear = 1.5 lb. per ton of finished product. 

Percentage reduction in steel loss = 53.
The Higher the Circulating Load the Lower the Unit Grinding Cost, 

ɪiereasing the circulating load of a closed-circuit mill has the same effect 
θɪɪ the efficiency of grinding as increasing the new feed to an open-circuit 
.ɪ*  Capacity increases and all unit costs decrease throughout the entire 
ɪange of circulating loads from 0 to 1100 per cent of the new feed, and the 
uPper limit of this relationship has never been reached.

1. Quoting from Oughtred’s paper (2Vαns. Can. Inst. Mining Met., 1928, 
P∙ 310) on the Sullivan concentrator of the Consolidated Mining and Smelting Company, 
Kimberly, B. C.: “An abnormally high circulating load is maintained, consistent with 
he mechanical limitation of the machines. Normal circulating load at the present time 

r8nges from 1000 to 1100 per cent, or an equivalent of 3000 tons of sand per standard 
classifier, ”

Example 2. Quoting from the report of high-circulating-load tests at the Nevada 
Consolidated Copper Company, Hurley, N. Μ.: “Only the structural limitations of 
Section 7 prevented us from obtaining the ultimate capacity of a ball mill in these tests, 
but we learned enough to discover that we could reduce the cost of producing — 65-mesh 
flotation feed from around 20 cts. to about 5 cts. per ton by using all the classifiers on 
a single mill. We definitely learned that 3500 tons per day is not too great a feed for 
the above conditions.”

(Note: The ball mill referred to was 7 ft. in diameter by 10 ft. long.)

Summing up, it may be stated that in the field of metallurgy, both theory 
a∏d practice agree on the desirability of closed-circuiting wet-grinding mills 
with classifiers, since closed-circuit operation increases capacity, reduces 
unit power cost of grinding, cuts down the wear on liners and grinding 
mediums and in general permits the mill to be loaded to its maximum output 
θf material of a specified size. The above advantages have the cumulative 
effect of reducing the unit cost of grinding, controlling accurately the size 
of the maximum particle in the finished product, and limiting the tendency 
to overgrind a large portion to Semicolloidal size.

Operating Costs. The unit power consumption for fine closed-circuit 
grinding at metallurgical plants varies somewhat, depending upon the degree
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to which the ore is crushed before grinding and the fineness of the overflow 
from the classifiers.

Studies made at eight plants have yielded the data presented in the table 
below. All these mills crushed their ore to ⅞ to ⅜ in. before grinding· 
Expressing the power consumption in terms of tons of 100-mesh and tons of 
200-mesh material actually produced eliminates any error which otherwise 
might be introduced by different classifier settings. Most of these plants are 
making separations at from 48 to 65 mesh.
Table 7. Unit Power Consumption for Fine Grinding in Western 

Copper Plants*

Plant Kw.-hr. per ton, 100 mesh Kw.-hr. per ton, 200 mesh
A 7.90 10.80
B 8.53 9.73
C 8.95 11.66
D 9.20 11.69
E 10.10 13.10
F 10.61 14.56
G 10.74 14.80
H 11.93 11.69Average..................... 9.74 12.25

* Anable, Cement Industry Investigates Metallurgical Grinding Methods, Eng. Mining J., vol. 129, No. 4, p. 188, Feb. 24, 1930.
The gradual wearing out of mill liners and steel balls represents an appre­

ciable item of the operating cost. Table 8 below gives some practical operat­
ing data on this point.
Table 8. Consumption of Liners and Grinding Media at Closed- 

circuit-grinding Installations in Metallurgy

Primary circuit Secondary circuit Total
hake Shore Mines, Kirkland Lake, Ont.............................. .................Chino Copper Company, Hurley, N. M...............................................Cananea Consolidated Copper Co., Sonora, Mex........................Phelps-Dodge Corporation, Bisbee, Ariz............................................. 0.459 1.283 3.2 lb. per ton3.2-1.51.7423.72

The cost of replacing media and liners amounts to 80 to 90 per cent of the 
maintenance cost of cylindrical mills. Grinding media, such as balls, 
rock, or flint pebbles, wear much more rapidly than the steel-mill liners, 
probably in the ratio of about 3.5 to 4.5:1. Forged-steel balls cost from 
2.5 to 3.25 cts. per lb., the higher price being for the smaller sizes. High- 
carbon steel rods sell at 0.25 ct. per lb. over the base price for merchant 
bars which usually range from 2.5 to 2.75 cts. per lb. Manganese-steel 
liners cost from 8.5 to 11.5 cts. per lb., depending upon the size and weight of 
the individual castings, the higher price being for the small, light castings.

Cement-slurry Grinding
In this industry, open-circuit two-stage grinding has been standard practice 

for many years. Combination or compartment mills are generally used. The



CLASSIFICATION 1613
ɪnɪll is divided into two 
Partment being loaded 
1-in. balls. Recent­
ly> however, many 
Xet-Process cement 
nulls have adopted 
two-stage closed-cir­
cuit grinding, either- 
using the existing 
cOmbinations or eom- 
Partmont mills or 
Preferably separate 
nail mills. Γ,,,.,,,,,,,o 
°f this type are in 
operation and several 
ɪnore under consider­
ation. The following 
ɑθseription relates to 
t.hθ ɪniɪɪ of Universal 
Atlas Cement Com­
pany at Leeds, Ala., 
a≡ reported by Coun-

Four mills

portions by a vertical, slotted grid, the primary com- 
with 2- to 5-in. balls and the secondary with ¾- to

STONE CRUSHER

STONEHAMMER
shale-sand-ore m,ll

BELT SCALE,
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WATER
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τ~∩0RR BOWL CLASSIFIER
^SUMP
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'× SUMP / 

DORR THICKENERS'

Fig. 19.—Two-stage closed circuit cement grinding
sθɪman in Tech. Pub. 1096, Am. Inst. Mining Met. Engrs., 1939.

CLOSED-CIRCUIT GRINDING CEMENT RAW MATERIALS 
AT LEEDS 

itgA^er severaI years study, the Universal Atlas Cement Co. decided in 1937 to rebuild 
plant at Leeds, Alabama. The entire old plant, which was to operate during the new 

Ustruction, was then to be scrapped with the exception of two kilns. The quarry 
as to be mechanized, new and larger kilns installed, with the most modern type of 

Quipment all through the plant.
to 2Œ?"Stage’ ^osβ^^c^rcu^ grinding (Fig. 19) was decided upon to reduce 1-in. material

60 mesh. In selecting the ball mills, it was felt desirable to have the primary and 
-ʌ condary mills of exactly the same size, so that all parts would be interchangeable. 
∣∙ θr study of the grindability tests, mills were specified to be 9 ft. diameter inside the 
ɪners by 8 ft. long from the head liner to the grid plate. Throat and discharge trunnions 

are 22 in. and 24 in. clear diameter. The feed scoops are 4 ft. 0 in. radius. The dis­
arge grates of the primary mills have slots ⅞ in. wide inside, tapering to 1 in. outside, 

and the plates are 1½ in. thick. On the secondary mills the tapered slots are % in. wide 
ɪnside by ¾ in. wide outside, same plate thickness. These slots extend inward for 13 in. 
ɪom the inside of the liners toward the axis of the mill, the central portion being blanked 

o ∙ All of the material passing through the mill must therefore pass through these slots 
Uear the periphery, so that these are low-level mills. Internal radial lifters inside the 

ischarge head raise the mill product to the discharge trunnion, and are so arranged that
T]θ ɪ8 n? spɪɪɪbaek through the slots. The mills have water-cooled, babbitted bearings, 
ɪhe primary mills rotate at 19 r.p.m. and are fed heat-treated steel balls 4 in. in 

ɑɪameter, of about 500 Brinell. The secondary mills run at 17 r.p.m. and 2-in. balls are 
cd as make-up. Mixed charges were put in the mills at the start. Motors are 350 h.p., 
-80 r.p.m. synchronous, 2200 volt, capable of 100 per cent overload at 40oC. temperature 

rise.
The discharges from the primary mills flow by gravity at a slope of 1‰ in. per foot 

o 8 ft. by 25 ft. 6 in. classifiers with 20 h.p. motors. Actual power consumption is 
about 12 h.p. Sands are conveyed to the primary ball-mill scoop boxes by vibrating 
launders having 7½ h.p. motors.

The overflows of the primary classifiers go by gravity, in a launder having a slope of 
-.ln∙ Pθr foot, to the bowl classifiers, which are 16 ft. wide by 39 ft. long by 24 ft. in 
diameter, and any finished material overflows without getting into the secondary ball
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mills. The rakes of these machines are driven by 20-h.p., constant-speed motors, 
actually taking 13 h.p. with normal load. The bowl is driven by a 10-h.p. motor with a 
variable-speed reducer to provide adjustment for helping control the fineness. Actual 
power consumption is about 6,¼ h.p.

The rake products of these classifiers are elevated by 12 ft. diameter sand wheels, 
rotating at 9½ r.p.m., driven by 10-h.p. motors, and flow down a slope of 4½ in. per foot 
to the scoop boxes of the secondary ball mills described above. The ball-mill discharges 
flow to the bowl classifiers, the launder slopes being 1 ⅝ in. per foot.

The overflows of the two bowl classifiers flow by gravity*to  a sump, and from there 
are pumped by one of two rubber-lined pumps, with 75-h.p. motors at 2500 gal. per min., 
Llirough a 12-in. line to the distribution box between the two thickeners, the underflows

Table 9. Typical Results—Closed-circuit Cement Grinding
Unit No. 1.*  ⅜-in. Wide Slots in Primary Mill Grates

Opening New- feed
Pri­mary mill dis­charge

Pri­mary classi­fier sands
Pri­mary classi­fier over­flow

Sec­ond­ary mill dis­charge
Bowl classi­fier sands

Bowl classi­fierover­flow
Pri­mary circu­lating load

Sec­ond­ary circu­latingload

202
210

351340342
351

Specific surface.Tons per hour..H2O, per cent.. Bestavg.
203

Unit No. 2. ⅜-in. Wide Slots in Primary Mill Grates

Specific surface....Tons per hour............H2O, per cent.............
Approximately 6000 lb. less ball load than No. 2 unit.
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follnwɑɪʌ a,rβ Puπ^Pθd to feed tanks ahead of the kilns. Five tables of operating data 

w, giving typical closed circuit grinding results as of Nov. 19, 1938.
Table io. Sedimentation Analyses of Bowl-classifier Overflows by 

Wagner Turbidimeter Method*

Particle sizeMesh- - ^+200... +325....:::Microns:-60 +55.. +50.. +45.. +40.. +35.. +30.. +25.. +20.. +55.. +10... ________ + 7.5.

Unit No. 1 Unit No. 2
13.0 10. Í22.4 19.223.4 20.125.5 22.628.8 25.631.2 28.333.2 31.237.3 33.240.9 37.444.8 40.749.6 45.756.6 52.461.5 58.0ácl ɪ*  ⅛ +sumed' f°r specific surface calculations, that the average diameter of the minus 7.5μ par-heles is 2.6μ.

Table 11. Tonnages and Power Consumptions

Belt-scale settings:Bimestone..............bhale...........................Sandstone...............

Power readings, kw.Test data, tons per hr.
91.015.02.2

Primary ball mills....................Secondary ball mills...............Primary classifiers....................Bowl-classifier rakes...............Bowl-classifier bowls..............Thickener, rotation.................Kw-hr. per barrel..................... 1.5 for both units3.58 I

UnitNoJ~^2903059103.8
Unit No. 2

4.0
Table 12. Power Consumptions per Barrel*  of Cement

Jrimarymill.... Secondary mill.. Primary classifier Bowl classifier:Rakes..Bowl...Thickener.Total power.

Kw. Kw.-hr. per bbl.290 )305 C9 f 3.44
10 >3.811.5 ) 0.14

3.58

Equipment

* 625 lb. of raw materials—limestone, shale, and sandstone—are required to make a barrel of finished cement.
POWER REQUIREMENTS

In addition to more uniform grinding, one of the principal advantages of closed-circuit 
grinding is saving in power. At most plants having open-circuit wet grinding in a two- 
compartment mill, the power required for the mills alone for raw-grinding enough 
material to make a barrel of cement (the relative grindability of the mix being almost 
the same as at Leeds) amounts to about 7.5 kw.-hr. At Leeds, when grinding in one 
unit 54 tons per hour, equivalent to 173 bbls., the power readings were 3.58 kw.-hr.—a 
saving of 3.92 kw.-hr. per barrel, or, on a 4000 bbl. a day basis, a saving of 15,700 kw.-hr. 
per day.
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The power consumption of 3.58 kw.-hr. per barrel, for reduction from 1 in. to 200 mesħ' 
is equivalent to 11.45 kw.-hr. per ton. This can be broken down to a consumption of 
5.55 kw.-hr. per ton, for reduction from 1 in. to 14 mesh, and 5.90 kw.-hr. per ton for 
reduction from 14 to 200 mesh. This compares very favorably with metallurgical 
practice.

Whiting, Lithopone, and Abrasive Grinding
Whiting (French, Cuban, English, or domestic chalk), lithopone (chem­

ically precipitated BaSO4.ZnS) and abrasives (Aloxite, Carborundum, etc.) 
used to be ground and sized by relatively crude intermittent methods. The 
substance was first wet ground to a fineness approaching that desired for the 

Iimmum slope or scoop '.<∙¾i-—as≠,
bm3ιm.perft. Torraste-∖ 7. ... f .

Fig. 20.—Wet closed-circuit grinding of whiting.

final product. The charge was withdrawn from the mill in the form of a thin 
paste or slurry, and the suspended solids were then sized by diluting the paste 
or slurry with water and allowing it to flow through a series of tanks of various 
sizes, the first in the series being the smallest and the last, the largest. In 
certain cases, especially in the abrasive industry, as many as a dozen or more 
tanks are frequently used. The material overflows from each tank into the 
next succeeding one and, owing to different settling periods provided, the 
coarsest and most quickly settling material settles in the first and smallest 
tank, the finest and most slowly settling material in the last and largest tank, 
and the intermediate sizes are collected in the tanks between the two extremes.

In certain cases, the materials are dry ground and sized pneumatically. 
Dry treatment, however, is outside the scope of this section.

Whiting Classification. The tendency toward the production of but a 
single grade or fineness of product in preference to variously, sized products 
led to the development of the arrangement shown in Fig. 20 for the prepara­
tion of —300-mesh, water-floated whiting. Crushed chalk is ground in a 
tube mill in closed circuit with a bowl classifier. Classifier overflow is thick­
ened in a continuous thickener, thickener discharge is dewatered on a con­
tinuous vacuum filter, and filter cake is dried in a dryer of the rotary-kiln 
type. In certain plants, mullers, i.e., round or square tanks with revolving 
stones running on their edges upon the bottom, supplement or entirely replace 
the cylindrical mills.

Tables 13 and 14 give certain operating data from two installations of 
this general type.
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Table 13. Plant A. 31 Tons Whiting per Day

Dilution of water to solid
Screen analysis—Cumuhtive 2S

+65 +100 +150 +200 +325 -325

0.9 1.7 3.5 5.0 7.8 92.2
0.5 2.5 97.5

Ü.7 22.4 41.6 58.4 73.3 26.8
0 5 2.5 97.5
0.5 2.5 97.5

6.1:110.1:11:11.07:10.33:1
Table 14. Plant B. 40 Tons Whiting per Day

Bowl-Classifier feed. Bow -cIassifier overflow.. B°w-<⅛fer rake product, ɪɪɪɪekener discharge Vacuum-filter discharge' ' '

Dilution water to solid
Screen analysis—cumulative per cent

+65 +100 +150 +200 +325 -325

-classifier feed 12.6:1 1 4 1.8 2.3
0.6

70.9
0.6

4.8
4.1

86.4
4.1

89.7
95.9
13.6
95.9

g0w -classifier overflow............................................................. 16.7:1
11 24.2 50.3thickener discharge .......................... 1.1:1

Lithopone Classification. Finished lithopone, after calcination and 
Quenching, is generally reduced to the desired fineness by wet grinding in a 
ube mill in closed circuit with a classifier and a hydroseparator. The prin- 

ciPle of operation is the same as that used in the closed-circuit grinding of 
Metallurgical ores, cement slurry, and whiting, but the product is ground to 
a ɪnueh finer degree.
. Since discoloration of the pigment must be avoided at all cost, the classify- 
ɪɪɪg eQuipment must be constructed of wood or such special, non-tarnishing 
Mloys as aluminum-zinc. Instead of using a bowl classifier, it is the practice 
ɪo use a standard classifier of wood construction in direct-closed circuit with 
ɛhe tube mill and a hydroseparator (an undersized thickener) also constructed 
oí wood for reclassifying the classifier overflow. This arrangement is equiva­
lent, in so far as results are concerned, to a tube-mill bowl-classifier layout 
and may more easily be provided in acid-resisting construction.

ɪhe tube mill, lined with silex blocks and loaded with flint pebbles, receives 
the quenched lithopone and discharges to the classifier. The classifier over­
flow is pumped to the hydroseparator for reclassification, and the classifier 
lake product is returned to the mill for further grinding in the conventional 
manner.

The hydroseparator, a shallow thickener insufficiently large to Bettle all 
ŋt the lithopone, overflows the finest material, and discharges a pulp contain­
ing intermediate-sized lithopone which is pumped back to the tube mill for 
rθgrinding with the classifier returns. The fine, hydroseparator overflow is 
dewatered in a thickener, filtered on vacuum filters or presses, dried, and 
packed for shipment. The pulp and solutions are generally maintained at a 
temperature of about 140o to 150oF. in order to facilitate the making of the fine 
separations required.

The following data were obtained at one of the plants grinding lithopone 
in this manner:



1618 MECHANICAL SEPARATIONS

Table 15. Making 350-meslι Lithopone

Dilution water to solids % + 350 M
Feed to tube mill...................................... 1.5:1 7.0Tube-mill discharge................................ 3.5:1 4.5Classifier overflow.................................... 10 :1 2.6Hydroseparator overflow................... 20 :1 0.25

Abrasives Classification. In the preparation of finely divided abrasives, 
such as Carborundum, Aloxite, Alundum, etc., wet grinding and classification 
are generally employed. Experience has shown that hydraulic classification 
into a variety of different sizes is greatly simplified if the feed to the series 
of hydraulic cones has first been classified so as to remove, first, the very coarse 
grains and, second, the very fine—almost colloidal—grains. Apparently 
the presence of these end sizes interferes with the proper regulation of the 
hydraulic cones.

To meet this condition, a unique closed-circuit grinding layout has been 
adopted by four of the large abrasive companies. The crushed abrasive is 
ground in a ball mill, operating in closed circuit with a bowl classifier. All 
oversize material is eliminated at this point and returned to the ball mill for 
further grinding. The overflow from this first bowl is pumped to a second 
bowl classifier which overflows to waste those superfine grains which are 
injurious to the operation of the hydraulic cones. The rake product of this 
second classifier is the finished product and contains a range of sizes of grain 
which may later be easily separated into the desired commercial grades.

These abrasive installations are unique in that the second bowl classifier 
makes a separation around the equivalent of 600 to 700 mesh. So delicate 
is the adjustment, that sometimes a dispersing agent, sodium silicate for 
example, is used, especially if the plant’s water supply contains a trace of 
acid or other flocculating agent.

The following operating data are typical of results secured at a fine abrasive 
plant producing as finished product grains ranging in size from 0.10 to 0.005 
mm.:
Table 16. Moisture Determination and Microscopic Analyses of 

Products in Classification Circuit

Product sampled % solids Drjr Ib per hr.
Approximate distribution of grain sizes in mm. *

0.06 and coarse 0.06-0.05 0.05-0.025 0.025-0.005 Finer than 0.005
No. 1 bowl classifier: % % % % %Feed................................................................ 41.5 870 25 35 20 10 10Overflow..................................................... 6.9 317 3 47 30 15 5Rake product.......................................... 70.0 553 80 20No. 2 bowl classifier:Overflow..................................................... 1.16 144Rakeproductt...................................... 70.0 173 15 50 20 10

* Made by microscopic examination, t Finished product.



SEDIMENTATION
BY ANTHONY ANABLE 

CONTINUOUS THICKENING 
imŋr^ɪɪɪ^* 0^1, .ʃɪ'θ term “sedimentation” or “thickening” generally 
It *3 'es Frav^ational settling of solid particles that are suspended in a liquid, 
andɑ^' ^ɪvɪded into two general classes, sedimentation of sandy material 

■ .?ec“men-tati°n of slimes. Usually the term sedimentation or thickening
P 1 ɪes the removal of the bulk of the liquor or water from the slime by 

settling.
^θɑhanɪes of Clarification (Deane, Settling Problems, Trans. Am. 

0refZ°c"e,ii- 8°c'' P∙ θʒə< 1920). In all clarification problems, dilution ratio, 
he weight ratio of liquids to solids, has a most important bearing. If, 

inf example' a thin puɪp, say a greatly diluted metallurgical slime, is poured 
Fi 0fa ^ass 0Vlinder and is allowed to settle, the following is observed: 
ɪɪ?’ we see ⅛at a classification takes place, in which the coarsest particles 

setfΓ t° t*λe bottom at a comparatif Iy rapid rate, while the finest particles, 
tlɪng at a slower rate, remain on top, with gradations in size ranging 

etween these limits. All the particles have free movement and, excepting 
oe.e of colloidal size, settle at a constant velocity, which is expressed mathe­

matically by the formula of Stokes.
Stokes’s formula for spherical grains is

_ gDa(Ps - p)
U 18η

Tbere u = terminal velocity; D ≈= diameter of the sphere; g = acceleration 
ne ho gravity or 981 cm. per sec.; ρi = density of sphere; p = density of 

, θ fluid; η = coefficient of viscosity of the fluid; the quantities all being 
exPressed in c.g.s. units.

vor water at 200C.
ɪ, p = 1, and ŋ = 0.010

xPressing u in millimeters per second and D in millimeters, the Stokes 
formula becomes:

u ≈ 981 (p, - i)/z>y
10 18 0.010 ∖10∕

Simplifying,
U = 545(p, - 1)ZU

Later we see that a gradual clarification takes place, relatively slow in the 
*aβt stages if very fine particles are present, and that there is an absence of 
ιaoy line of demarcation between the settling solids and the supernatant 
liquid.

Now let us gradually increase the density of the pulp by adding amounts 
of solids and note what happens after each addition after the resulting pulp 
has been well mixed and allowed to settle. We observe, first, that a dilution 
is reached in which the fastest settling particles form into a zone and settle 
from then on collectively and at a retarded rate; second, that this zone com­
mences to form at progressively earlier periods until eventually a point is 

1619
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reached where the initial subsidence of solids is in mass, no independent 
particle movement being discernible, and proceeds with a sharp line of sépa­
ration between it and the supernatant liquid; third, from this point, where th® 
subsidence takes place more or less at a constant rate, a point in concentratio11 
is reached where there is a marked decrease of the rate of settling. This ɪ3 
called the point of compression and marks the dividing line between th® 
zone of clarification and the zone of thickening. Accordingly, pulp3 
may be classified as follows:

Table 1. Character of Subsidence of Different Types of Pulps

Type of pulp Character of subsidence Description Examples
Clarification free settling zone Dilute Independent par­ticle subsidence Particles or flocs settle inde­pendently. No definite line of subsidence. Settling un­hindered and dependent upon size of particle or floc

Turbid water, seW' age, and trad® wastes
Intermediate Phase subsidence XTpper zone of independent par- ò'Ofcle subsidence.. Lower zone of collective subsidence. Line of demarcation not sharp

Chemical and met­allurgical pulps
Point of compres­sion Concentrated Collective subsid­ence Definite line of subsidence. Settling rate decreases with increasing concentrations of Bolids. Settling rate retarded by particle or floc interference

Chemical and met­allurgical pulps
Thickening com­pression zone Compact Compact subsid­ence Flocs and particles in intimate contact. Subsidence due to compression All pulps by sedi­mentation pass into this zone

The following is an abstract from Coe and Clevenger’s paper, Methods for 
Determining the Capacities of Slime-thickening Tanks (Trans. Am. Inst· 
Mining Met. Engrs., pp. 356-384, 1916):

If a thin pulp, of a dilution of, say 10 to 1, is placed in a 1000-cc. cylinder, after thor­

Fig. 1.—Six phases of sedimentation illustrating 
intermittent thickening.

ough mixture, at least momen­
tarily, it forms a homogeneous 
mass as shown in Fig. IE. After 
a short time, however, it assumes 
a flocculent structure which, after 
settling a brief period of time, 
forms four distinct zones, A, B, C, 
and D as in Fig. IF.

The first particles that reach the 
bottom of the cylinder are the 
coarser granular sands which may 
be present in the pulp. Immedi­
ately following this and somewhat 
contemporaneously with the set­
tling of the sand, the slime flocs nearest the bottom settle, filling the interstitial 
spaces between the sand particles and build up, one upon another, in a zone of increas­
ing depth. This we term zone D, which may be defined as that portion of the pulp 
wherein the flocs, considered as integral bodies, have settled to a point where they rest 
directly one upon another. After the pulp enters zone D, further separation of liquid 
must come through liquid pressed out of the flocs and out of the interstitial spaces 
between the flocs.
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Percentapo ,e y above zone D is a transition zone C. The pulp in zone C decreases in 
consistent 8θftι rrorft the bottom, where the flocs enter zone D, to the top, where the 
of Aocculat d 1 nocc^iated puiP is the same as that of the original pulp. In speaking 
of ⅛he en . ∙ plnp, ɪt ɪs intended to eliminate from consideration the coarser portion 

AboveL .lned sand which falls directly through the overlying zones into zone D.
Sistencv ^' ri.20«6 °f constant consistency of flocculated pulp and of the same con- 
water or&S 1 r noccnIated pulp in the feed pulp. Zone A, overlying zone B, is clear 
stages m Lh ɪθɪɪ' ∙ ɪɪɪ tbe °ase a very raPidly settling slime, zone A in the earlier 
vθry fin ay + turbid' due to Anely divided matter remaining in suspension. Later this 
ciallv ∖ h rnaJeriai settles and the liquid becomes clear, although there are cases, espe- 
Iong tiineθɪɪ ɪɪæ bquid contains very little electrolyte, where it remains turbid for a 

waterŋt*  ° sil0ws a cylinder freshly filled with pulp of a consistency of about 10 parts 
H of F,° ιpait °re, ɪɪɪ t!lis ɪɪɪnstʃation zone B occupies the total depth. F, G, and 
deeper ɪ 8pθ.w progressive stages of settling in wrhich zones A and D are growing 
ParticulZOnei ɪ8 decreasing in depth, and zone C remains constant, a feature of this 
/) and ar pulp" . -ɛɪsnrθ ɪʃ shows the condition when all of the pulp has entered zone 
settΓ coJnpression oi the slime flocs is going on. Figure U shows the final stage of

■With’ . eyond which the pulp will not thicken further.
nrmΛu∙ ɪɪɪtθrmittent operation, any one of the stages described may represent the 
ŋɑɪɪɑlt*0n ɪɪɪ the thickener depending
k_ ,tne ien≡th of time that the pulp L⅛
onL allowed to settle. In the zrx
f_ , a fɪ° L °f- ɛɑɪɪtiniɪous thickeners, the 
far>i *l β tilin puip at the center of the 
rLrî √hβ θverflow °f clear liquid at the 
of +k Î!? ɑɪ tile tank, and the discharge 
eon e h lckenθd pulp at the bottom are 
thi fJa y continuous. In a continuous 
dp ° .1ner, the four zones previously 
r JfTbed in discussing intermittent 
in F,lng are generaIly Present as shown

« lg' 2∙ At the top there is a zone of 
L ar wθter, A. Beneath this is a zone

» consisting of flocculated pulp of uni- 
0rιn consistency. Directly beneath this 

a transition zone C, and at the bottom 
zone D of pulp which is undergoing 
ɪnpression. ɪɪɪ ma⅛jng tests, tɪɪe set- 

lng rates of thin pulps are determined 
y readings taken at the juncture of 
ones A and B, i.e. where the pulp 

θnrface joins the liquid.
Clarification Capacity. The relationship, between the settling rates of 

Particles at their various dilutions, in terms of thickener area required, may 
be expressed by the following formula.

Clear solution 
^î gyer flow*

'⅞m' lgmc∣er. ^screen∖

ÃJI LZZD-= rlrS-=r-_F=i ' ' ' Jjf * '7' l'^, ’
Thick slime discharge 
to pump

Fig. 2.—Four zones of settling pulp illustrat­
ing continuous thickening.

1.333 (F - B) 
R × sp. gr.

where A = square feet per ton of dry solids per 24 hr.; R = settling rate in 
θet per hour of a feed with F dilution; sp. gr. = specific gravity of liquid;

* = weight ratio of liquid to solids for the rate R; D = weight ratio of liquid 
to solids in discharge.

By applying this formula to pulps of different densities, ranging in dilution 
Jrom feed to discharge density, the zone requiring the greatest unit area is 
found, and it is this zone which determines the area that must be provided 
for the pulp being tested.
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Thickening Capacity. The volume provided in a tank in the thickening 
zone depends directly upon the period of detention required for the sludg0 
to reach the desired density and may be determined by the following formula·

47τ(ff - sp. gr.)
3G(S — sp. gr.)

where V = volume in cubic feet required for thickening per ton of solids 
per 24 hr. ; S = average specific gravity of thickened pulp during compression 
period; sp.gr. = specific gravity of clear solution; G = specific gravity of 
solids in pulp; T = period of detention in hours.

Mechanics of
Thickening. 
There is a re­
markable differ- 
ence in the 
thickening prop­
erties of various 
pulps. Some 
consolidate with­
in a few hours to 
a dense sludge 
that will barely 
flow through a 
pipe, whereas the 
moisture content 
of others after 
settling for days 
will not be re­
duced below 95 
per cent. These 
effects are largely 
due to differences 
in the specific 
gravity of the 
solids and the 
physical differ­
ences in the 
character and 
structure of the 
flocs. Fιo. 3.—Settling behavior of different types of pulps.

Figure 3 illus­
trates the phases of the mechanics of clarification and thickening of different 
types of pulp.

Destabilization of Colloids. In all clarification-thickening problems, 
the aim is to obtain the lowest operating area (in terms of square feet per 
ton of solids treated) permissible with satisfactory operation, including a 
safe allowance for variations in feed conditions, such as dilution, temperature, 
degree of flocculation, particle size, etc. From the formula for area it is 
seen that the rate of settlement or clarification is one of the controlling factors. 
The area of a thickener varies inversely with the settling or clarification 
rate, other conditions remaining constant.
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a TOrX agenc.y which will effect an increase in settling rare will bring about 
⅛ the sjj,°. ɪng reduction in tank area required. As the rate of subsidence 
rates ofXkc latβ °' ^he s'owest settling particles, the control of the settling 
finer th thθ fmest Particles is extremely important. As the particles become 
by th fβ eflect of gravity is gradually reduced and is eventually overbalanced 
⅛ reaθhɑdɑ68^ surla0e enerSY and Brownian movement, and a colloidal state 
thβ Iio ,d where the dispersed particles remain in permanent suspension in 
cθlloicM ’ ■ om a state of coarse suspension, through finer suspensions and
°f Pa .a ∣ o . ɪons to true solutions, there exists a perfect continuity in change 

lnɪ ɪɑ' s'i∣f' ant' lhe cllan≡e from one state to another is not sharply defined. 
coarse6+!,™ metalInrgical practice sands are considered to be particles 
⅛eshθr Λ an 2θ° mesh, θ∙θ"4 mm.; and slimes any material finer than 200 

’ Acc°rding to Zsigmondy’s classification of solid particles, the follow- 
ug ranges of sizes are given :

CtpPθ jSlon3‘ Particles coarser than 0.0001 mm. in mean diameter. 
diameter”81 3olution5∙ Particles under 0.0001 mm. and over 0.000001 mm. in mean

Ue solutions. Particles under 0.000001 mm. in mean diameter.
fine<6 melallurfξicjl and chemical pulps encountered in practice vary from 
Proh°blθaruer susPenslons> with relatively small amounts of colloidal material, 
and ■ y the lilrKpSt content of colloidal material is found in certain clays 

n ɪn sewage and trade wastes.
colloid .m,osl widely accepted theory in explanation of the stability of the 
a su f 18 ,s°fl on tlle assumption of an electric charge carried by the particles, 
nesat∙ ce Phenomenon derived by preferential adsorption of either positive or 
sigιm 1V u 1°ns. Xθm dissociation of compounds. Particles, charged with like 
Pers d +i 1,0slllve or. a11 n≡Sative, will be mutually repelled and remain dis- 

eα through the liquid medium in permanent suspension.
Mece °rder t° destroy this condition of stability and induce clarification, it is 
of anSSary neutraIize the charge on the particle by introducing a charge 
Acc ■ PpPoslte s⅛n> by the addition of either an electrolyte or another colloid. 
Dosι+r 1 g⅛ neSatively charged colloids are precipitated by positive ions, and 
th tively oharged colloids by negative ions, and 

e neUtralized particles agglomerate into flocs, 
ɪ Oducing the condition known as flocculation.

e use of lime in cyaniding is a good illustra- 
0n °f such an effect of flocculation.

...tWipment Used. Intermittent Set- 
11Mf Tanks. This is the simplest and oldest 
evιce for thickening.

v .he 1Ptermittent settling tank is of any con­
fient shape or size, rectangular tanks, how- 
ver being more common than cylindrical. A 
Ischarge valve or gate is placed in the bottom 
or the removal of the thickened material. The 

o a∏hed solUtion is withdrawn either by a swing siphon as shown in Fig. 4 
.p, through draw-off connections, located at suitable intervals along the side, 

tn≡ ɪs a home-made device on which few or no operating data are available. 
Uperation.. The tank is filled with the pulp to be thickened, which is 

nen allowed to stand undisturbed for the period of time which experience 
as shown necessary for settlement of the solids and their compacting as a 
eavY> dense sludge in the lower part of the tank (Fig. 4).
Thθ supernatant layer of clarified solution is thereupon removed, by either 

gradually lowering the swing siphon or opening the draw-off connections

Decanfed 
Hquor

∕inp^~~-^^Vcdeζlevelfu/! >/ !
Waterlevel
empty

Settled,' 
solids

Sludge discharge
Batch SettIingTank

Fig. 4.—Intermittent settling
tank.
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one by one, starting with the uppermost one and working downward. When 
the decanted liquid begins to show appreciable amounts of sludge, or the 
sludge level is exposed, the decantation is stopped as the sludge line has 
been reached and further separation by settlement cannot be obtained.

The sludge-discharge valve or gate is now opened and the compacted mass 
flows out, aided possibly by a stream of water from a hose or by manual 
shoveling or sweeping. The valves are then closed, the tank refilled, and, 
after a suitable settling period, the cycle of operations repeated. Inter­
mittent settling tanks are usually operated in groups of a half dozen or 
so, one or more being filled, or emptied while settlement is taking place 
in others.

Non-mechanical Continuous Thickeners. The settling cone is a 
non-mechanical settler. Continuous operation can be secured, since it i9 
equipped with facilities for the continuous overflow of clarified solution and 
the continuous discharge of thickened sludge.

The cone, as its name implies, consists of a conical tank, the angle at th® 
apex of which is 45 to 60 deg. The conical tank is mounted with its apθχ 
pointing directly downward, being provided 
with a manually or automatically controlled 
sludge-discharge valve at the bottom and a 
centrally located loading well and peripheral 
overflow trough at the top.

EquipmentUsed. a. The Allen Cone. 
This type is shown in Fig. 5. The feed 
enters through the central loading well. A, 
the clarified solution, overflows into the 
externally located peripheral trough C, and 
the solids settle in the base of the cone K. 
The baffle B in the loading well prevents 
undue agitation.

The solids settling in the cone K increase 
the density of its contents until the buoyant 
power of the sludge causes the actuator F to 
rise. This motion of the actuator is trans­
mitted by means of the connecting parts 
G, H, and I to the ball valve J, which is 
thereupon unseated from the orifice in the apex of the cone thus allowing the 
thickened material to be discharged.

The weight carried by the actuator F is controlled by the position of the 
weights D. Changing the weight or its position changes in turn the density 
of the sludge at which the actuator F becomes buoyant.

Table 2. Allen Cone SizesDepth, Inlet
Diameter to Spigot

3'6" 5'2"
4'6" 6'2"
6'0" 7'8"
8'0" 9'11"

b. The Callow Cone. The apex angle of the Callow cone is 60 deg. A9 
shown in Fig. 6, the feed enters through a semisubmerged well at the top 
center of the tank. The peripheral trough for the collection of clarified solu­
tion is formed by a metal strip, attached to the inside of the tank near th®
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Table 3. Callow-cone Sizes

Outside diam. (diam. tank top) Inside diam. Depth (tank top to Overflow capacities(diam, overflow weir) bottom spigot) g.p.m.
2'9" 2'0" 3' 4"y y, T 6" y 9"y 9" 3'0" 4' 2"4' 9" y 0" and 4' 0" y o½"6' 0" 6-85' 9" 4' 7" and 5' 0" 10-126' 9" 5' 5" and 6'0" 

T 5" and 8' 0" 6' 10⅛"8, 7,, 14-188' 9// 25-30------- —_—
Rubberbelt Float

’ '`- bose

Connectto 
high-ρress., 
Wrtbermain

Ccillow Slime Cone.
Plan

Fig. 6.—The Callow settling cone, 

duty. An overflow-collection trough.

m corner
«̂

p/pe
"Cementgrouhng

Callow Setflina Cone

top, and fitted with an adjustable strip of belting to insure uniform overflow 
across the entire periphery. m - i .

The thickened material is dis- >am aun er
P arged from the bottom of the tank 

V a, bushing, a plug valve, or by an 
a Justable gooseneck siphon. The 
Purpose of the gooseneck siphon is 
θ control the discharge density.
ne greater the elevation of the 

8JPhon discharge above the apex of 
θ cone, the greater is the density 

° ivrɪθ dischaι'gθ a∏d vice versa.
Meehanieal Continuous 

Hickeners. The Dorr thickener, 
θ which there are several different 
ypes, consists essentially of a 

8 allow, cylindrical settling tank, 
ecIuipped with a central feed well, 
Peripheral overflow-collection 
rough, pump-regulated sludge-dis- 

c∏arge outlet at the bottom and a 
8 .owly revolving, centrally located 
8 aft, equipped with radial arms 
and plow blades for moving the 
settled sludge gently to the central 
ɛɪudgθ outlet. Distinctive features 
are the use of shallow cylindrical 
auks, mechanical methods for the 

collection of the settled solids, and 
ʌ Olumetric regulation of discharge 
uθ∏sιty by means of a diaphragm 
Pump with variable displacement.

The Single-compartment 
ŋorr Thickener. This type is 
8hown in Fig. 7. The tank is cylin­
drical and flat bottomed, construct­
ed of steel, concrete, or wood, and 
ɪf steel, may be rubber lined, or, if 
^v°od, lead lined for acid-resisting 
a∏nular in plan view and rectangular in section, is provided around the inside
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top of the tank and is equipped with a leveling strip to ensure uniform overflow 
of clarified solution across its entire length. A discharge casting, constructed 
of cast iron or hard lead (for acid-resisting duty), is secured in the center of
the tank bottom. A dis­
charge line extends from 
this cone to the suction 
side of a Dorrco dia­
phragm pump.

Astructural-Steel 
superstructure spans the 
top of the tank, support­
ed by the tank sides in 
relatively small units and 
by steel or concrete col­
umns in the case of the 
larger machines. In ad­
dition to supporting the 
thickener mechanism, 
provision may be made 
for supporting the Dorrco 
pump, motor drive unit, 
and drive details such as 
pulleys, shafting, and 
speed reducer.

The thickener mecha­
nism consists of a central 
vertical shaft carried by 
bearings and a supporting 
bracket on the super­
structure. The worm 
gear, splined to the verti­
cal shaft, is driven by a 
worm on a tangential 
shaft mounted on the 
supporting bracket. 
The worm shaft is pro­
vided with a pulley, 
sprocket, or gear for 
driving by belt, chain, or 
directly connected motor. 
At the lower end of the 
vertical shaft, a spider is 
secured from which there 
extend four radial arms, 
two long and two short. 
These arms are inclined

,Worm gear
¡ Wormgearhousing 
I ! Feed launder, 

I ! Overflow !aunder∖

Lifting device^ 
Gearmotor ∖,ɪMechanism support j

,'Tie rod spider
/Brace

Wood tank Feedwell. 
Vertical shaft

-Blades
~~Center scraper ,1 

'Discharge cone ∣
Steel tank1

I
Adjustable pipe spreader

Dorrco valves ,'
SECTIONAL ELEVATION
Fig. 7.—The Dorr thickener.

to the horizontal plane, with the result that a slightly conical bottom of 
settled solids is built up under the plow blades which are attached to the under 
sides of these arms. Where the settled solids are too valuable to be used io 
forming the conical bottom, a cement or dirt fill may be used. These plow 
blades are mounted at an angle to a radial line and are so arranged that the 
entire area of the bottom is swept by them each revolution and solids deposited 
thereon moved gently toward the central discharge outlet. A manually 
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operated lifting device, mounted on top of the superstructure and engaging 
a cap, turned on the upper end of the thickener shaft, makes it possible to 
lift the mechanism vertically a foot or so to relieve the load when starting 
up after a shutdown or operating interruption. The thrust of the worm shaft 
is borne by a spring-loaded thrust bearing, the displacement of which actuates 
a visible, overload-indicating pointer which calls to the attention of the opera- 
ɛθɪ' the presence and degree of overload. Should the overload increase to 
the danger point threatening a mechanical breakage, an electrical contact 
ɪs made which shuts down the drive motor and rings a warning bell.

The Dorr Torq Thickener. This type of thickener, shown in Fig. 8, 
also a single-compartment thickener but differs from the unit described in 

the foregoing by reason of its special, antistalling arm construction. The tank 
is cylindrical and flat-bottomed, constructed of steel or concrete and infre­
quently of wood. Feed enters centrally, overflow is collected peripherally, 
and sludge is removed from a central annular depression by a diaphragm 
pump.

The unique new feature from which this machine derives its name is a 
torque-actuated, automatic lifting construction that causes the rake arms 
to raise when an overload is encountered and to lower them again to the 
Uoiinal operating position after the overload has been passed.

7,r7  Position of arms
n during an overload
Fig. 8.—The Dorr Torq thickener.

At the center of the tank there is placed a stationary column or pier, con­
structed of steel or concrete. A compact drive unit is mounted directly on 
top of the center column a foot or so above the water level. This drives a 
ball-bearing mounted turntable from which there is hung a central revolving 
ca∙gc, concentric with the column.

Two, or in some cases four, radial arms, angular shape in section, are 
secured to the cage in such a manner that they are free to tilt upward and 
rearward, pivoting diagonally at their point of union with the cage. Nor­
mally they slope gradually upward at a slope of only 1 or 1⅜ in. per ft. 
But, during overloads, they may take a position many times as steeply 
inclined as this.

ɪf a heavy overload is encountered, the rakes first dig in until the increased 
torque thus imposed on the rakes reaches a safe, predetermined point, well 
Witliin the structural limits of the machine. Then, as the torque increases 
above this predetermined point, this increased torque is utilised to cause the 
rake arms to swing gradually upward, pivoting near the tank center. The 
greater the torsional load, the higher swing the arms until the rakes completely 
clear the obstruction or reduce it to a lower torsional equivalent.

As the overload is reduced by the continuous raking action, the torque 
decreases and the rake arms drop lower and lower. Finally, when the torque 
has decreased to a value less than that predetermined in the design of the 
machine, the rakes resume their normal operating position.
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The Dorr Tray Thickener. As shown in Kg. 9, the tank of the Don- 
tray thickener is subdivided into a multiplicity of shallow, superimposed 
settling compartments by a number of slightly conical steel trays which are 
self-supporting and attached to the sides of the tank by rim angles at their

Fig. 9.—Tlie Dorr tray thickener.

peripheries. Each compartment has an individual connection for feed pulp 
and for clarified overflow solution. The solids settled in each compartment 
are discharged by gravity into the lower portion of the compartment directly 
below through a centrally located, down-cast seal ring which is concentric 
with an upcast ring attached to the mechanism of the compartment below.
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sohitioθ^ θʃ effθctively prevents the intermingling of sludge and

A feed box, located slightly above the top of the tank, is provided with 
th. Tany A-notch meters as there are settling compartments, thus assuring 

a each compartment receives its portion of the total feed. The overflow 
Pipes rom all compartments terminate in an overflow-collection box near the 
op of the tank. Adjustable rings on the ends of these pipes permit close 

ɪ θgulatɪon of the volume of solution clarified in each compartment and assist 
iɑ the maintenance of the correct depth of sludge bed in each. All sludge 
eventually reaches the lowermost compartment from which it is continuously 
1 emoved at the proper rate by a Dorrco diaphragm pump.

Ine tray-type thickener, similar in principle and in major structural details 
o the single-compartment thickener, provides the maximum capacity per 

unit of floor space. Since capacity is proportional to settling area and since 
nch compartment operates substantially as an individual thickener, each 

COinpartment added increases the capacity of the original single-compartment 
∏nk approximately 100 per cent. Several other types of Dorr tray thickeners

CL. Machine—J 
(Solution level j

? conduits* C. L. Launder trusspier^

Center 
column-

^^^izχCenter scraper ' ’ t
l*⅜⅜ ∣≡**÷~ ..'"l'..... ■>■■■■·'■' , S Overflow pipes
⅜Wr,pπm ■ ■■·■ ■ ɛ r

Fig. 10.—The Dorr traction thickener.

are furnished which differ from the above only in the construction of the 
tray and the feed, discharge, and overflow features, which latter are affected 
to a certain degree by the character of the pulp handled.

The Dorr Traction Thickener. As shown in Fig. 10, this is essentially 
a single-compartment thickener, the distinctive feature of which is the applica­
tion of the driving power to the end of a radial truss by means of a motor- 
driven carriage, running on the top of the tank sides. Feed enters through a 
loading well at the center, overflow is collected in a circumferential trough 
at the periphery, and sludge is continuously removed from the center by a 
lɔorreo diaphragm pump.

The driving truss extends from a stationary vertical column at the center 
of the tank, on which its central bearing is mounted, to the periphery of the 
tank where its driving unit is attached. It also extends in the opposite direc­
tion from the center of the tank to a distance approximately one-third of the 
tank radius. Plow blades, secured to the lower chord of the truss, sweep 
settled solids into an annular depression, concentric with the central column, 
from which the sludge-discharge line extends.

Connected to a source of electrical power, the central column supports slip 
rings which are in contact with brushes on the revolving truss, electrically 
connected to the driving motor. A stationary, bridge-type truss, extending 
from the tank periphery to the center, supports the feed trough and electrical 
conduits and serves as a walkway for operators.
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loads.

Effluent

It may be furnished

Blades

Sludge

Blades'

''Eff uent we/r

.Radial blaa∣e

''∙" Internal gear

-Influent well

Infuent'Effluent
channel Arm hmge

walkway with 
floor plate x

An under-speed alarm rings a bell when an overload occurs, and, if the 
operator fails to correct this condition at once, an automatic device shuts off 
the feed of the unit by opening a by-pass in the feed trough.

The traction thickener is very rugged structurally and especially adapted to 
large tonnages and handling of severe raking 
with corrosion-resisting 
construction.

The Dorr Clarifier.
The Dorr clarifier is 
especially adapted to 
the handling of light, 
finely divided solids 
such as trade wastes, 
water purification 
sludges, and domestic 
sewage. It is a modi­
fication of single-com­
partment thickeners, 
described previously. 
It is furnished in two 
types—c i r c u 1 a r and 
square.

The two main types 
of Dorr clarifiers have 
certain common and 
essential features—a 
shallow, symmetrical 
concrete tank; provi­
sion for introducing the 
feed, overflowing the 
clarified liquor and dis­
charging the thickened 
sludge; and a motor- 
driven revolving mech­
anism for sweeping the 
settled solids to a cen­
tral discharge hopper in 
the bottom of the tank. 
Positive removal of 
sludge is effected by a 
diaphragm or plunger 
pump. Skimming devices 
removing scum and other light material that tends to float on the surface.

The Dorr Sifeed clarifier is installed in circular tanks. Its name, 
“Sifeed,” is a contraction for the words “siphon feed,” which is one of its 
distinguishing features.

Feed enters centrally below the water level through suitable connections, 
terminating in a slotted, cylindrical diffuser. The central column, supporting 
the revolving mechanism, and the central drum form a conduit for the 
influent.

The feed leaves the central drum in a radial direction through slots. The 
head of water above the slots and the circular baffle have the effect of tapering 
the velocity of flow and giving quiescent feed conditions.

Influent Orive /Turntable base
HancJraiK well., unit> ∣/nternal gear Water

Armhmge u Rake arm ∖

Sludge pipe'
I ∖ Iilli

Sludge pocket Centerpler
SECTIONAL ELEVATION

Fig. 11.—Dorr Sifeed clarifier.

''Bfacfes
'"Influent pipe

Center drum-
Center column

may be furnished, if desired, for continuously
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>. D'slr‰1tion continues throughout the tank on the same radial diverging 

es, J he rate of diffusion is gradually decelerated as the circle of prop- 
ga ion increases, so that the velocity reaches the absolute minimum, as the 

now approaches the side 
of the tank,

A continuous annular 
trough with a continuous 
weir on its inboard side 
extends around the com­
plete periphery of the 
tank. This gives maxi­
mum trough and weir 
length for any tank of 
equivalent capacity and 
assures minimum veloci­
ty of flow at the point of 
ake-off. A circular 

scum baffle may be pro- 
vιded just inside the weir.

Γhe clarifier mecha- 
*H8m consists of two ra­
dial trussed arms, driven 
by a motor on the station­
ary central column, and 
θQnipped with plow 
blades that just clear the 
ɔottom and sweep settled 
solids to the central dis­
charge hopper in the 
bottom. The rake arms 
θ-ɪe attached to a central 
drum, concentric with the 
central column.

Sludge is removed con­
tinuously by a diaphragm 
Pump. Where scum and 
Uoating solids tend to ac­
cumulate on the surface 
°f the tank, positive 
rn^^anjcai means are provided for its removal. 
It f nθ D°rr Squarex clarifier is installed in square sedimentation tanks, 
ti °√uWS ɛɪθsʤ ^h® arrangement of the Dorr Sifeed clarifier with the excep- 

on that the tank is square, not round, and one of the rigid arms of the clari- 
θɪ mechanism is equipped with a special corner blade that reaches out into 
ie lour corners of the tank and moves the settled sludge in to the point where 

bl ɪɔθ pɪŋkθɑ up by the regular mechanism. The action of the corner 
-aɑe ɪs positive and controlled automatically. Every square foot of the 
a∏k bottom is swept at each revolution of the mechanism.

eed enters centrally through suitable connections, is distributed radially 
y a submerged diffuser, and is collected peripherally across a continuous weir 
X ending around the four sides of the tank. Two radial arms with plow 
a es attached are secured to a central revolving drum and are driven 

y a gear motor mounted on top of the center pier. These revolving

■Turntable base
)~TΓTΓ: !......1... ʃ Ί... ... 'K xj/Internalgear ¿ /J,np

jl Ej Jiiflucni vud/-jj 
Ί Guide p Iatel Center drum *

W

JenñrHobJJJJ

Jl

Sfuctge pipt

Sludge pocket,'
SECTIONAL ELEVATION

Fig. 12.—Dorr Sauarex clarifier.
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rake arms sweep the area of a circle inscribed within the square bottom of 
the tank.

A diaphragm or plunger pump is used for sludge removal and for control 
purposes. Scum-skimming devices of several different types are supplied 
to meet different conditions.

Equipment Costs. The three chief types of Dorr thickeners—the single­
compartment central drive, the traction, and the tray—are priced substan­
tially the same per unit of settling area provided. The cost of construction, 
however, is such that the cost per unit of area varies materially with different 
sizes, the unit cost being much greater for relatively small thickeners than 
for the larger ones.

For rough and very preliminary estimating purposes only, the cost of a 
Dorr thickener, f.o.b. factory, consisting of iron and steel mechanism, steel 
superstructure, and open steel tank, may be taken at from $2.50 to $6.50 per 
sq. ft. of settling area. Accessories such as pumps, tank covers, motor-drive 
units, piping, insulation, etc., are not included.

Special materials of construction, such as lead or rubber-covered steel, 
wood, hard lead, and special alloys, alter the unit cost to such a wide extent 
that no reliable estimating figures may be given for thickeners of such special 
construction.

Th© Harding© Auto-raise Thickener. The outstanding and interesting 
feature of the Hardinge thickener is the Auto-Raise device included as part 
of the drive mechanism. With it, possible breakage due to overloads and 
manual raising of 
the mechanism 
when they occur is 
eliminated, and 
maintenance and 
attention are re­
duced to a mini­
mum.

The Auto-Raise 
mechanism in­
cludes two con­
centric torque 
tubes, the outer 
and shorter one 
being entirely 
above the thicken­
er liquid level. A 
yoke at the top of 
the inner torque tube has extended rollers which normally rest at the bottom 
of two diagonally opposite sloping slots in the outer torque tube. When the 
scraper encounters an obstruction, the abnormal resistance created causes the 
aforementioned rollers to move along and up the sloping slots with a tele­
scoping effect of the two torque tubes and a shortening of their total length.

When the overload or resistance is decreased, the scrapers automatically 
lower, by the effect of their own weight, to their normal operating position- 
if the overload increases, the scrapers raise near their maximum distance, 
sound an alarm, and cut off the driving motor.

The general arrangement of the Auto-Raise thickener is shown in Fig. 13 ■ 
A support structure of I-beam or low-truss construction spans the top of the 
tank and supports the rotating mechanism.

Auio raise mechanism e=∏=a M∩i∩r
and enclosed gearing Γη βγi' o or 
running in oii- *-sg≡≡≡≡∣j∣ Supporl beams

Fig. 13.—Hardinge Auto-Raise thickener.
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^rivinS ɪɪiθehanism is compact and includes fully enclosed oil-lubricated 

Mjais and overload protection devices.
e rotating mechanism is supported on 

tn ln^~^Pe ɪɔall bearing which is designed 
any sway °f the mechanism 

¾α which operates in an oil bath. The 
imT? 18 suPPlied ɪɪɪ sizes from 6- to 
ɪʊʊ-ft. diameter, with full double spiral 
/capers, with segmental scrapers and 
r ɪ iɑ scraPers wood, stainless steel, or 
Ubbe r-c oy e r e d steel construction, 
ower requirements are low, a l-h.p. 

motor being ample for a 40-ft. diameter 
machine.

Hardinge Diaphragm Pump, 
ardinge diaphragm pumps are used 

οι the removal and control of sludge 
?5. Pulp as underflow from Hardinge 

Ickeners. The general arrangement 
°1 τ⅞β pumP is shown in Fig. 14.
TT -'Γ uuioiiaillJiiiK ιeavure υι one 

ardinge diaphragm pump is the easy 
control attachment by 
which the stroke and 
capacity can be varied 
Without stopping the 
Pump. This easy con­
sol feature is a valua- 
oιe one where it is 
Uosirable to closely reg­
ulate the moisture con­
tent of sludge coming 
r°m the thickeners, 

Particularly in counter- 
cUrrent decantation 
Washing plants where a 
8nιall decrease in the 
moisture content of the 
sludge discharge from 
thickener adds substantially 
to the plant efficiency.

The constant-speed eccen­
tric supplies the primary mo­
tion, and the variation in the 
Uiovement of the diaphragm 
piston is obtained by moving 
the connecting rod attached 
to the eccentric along a lever 
arm.

The pump is supplied in 3- 
and 4-in. sizes, in simplex, 
duplex, and triplex arrange­
ments, and arranged for belt
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Ajl

or direct motor drive. 
It is also supplied in 
special materials of 
construction for the 
handling of corrosive 
mixtures. Usual speed 
is 50 r.p.m.

Dorr Thickener 
Types, Sizes, and 
Drive Ratings. Doit 
traction thickeners are 
furnished in sizes rang­
ing from 6 ft. in diam­
eter to 375 ft. with 
motor-drive unit rat­
ings ranging from ⅜ 
h.p. for the smallest to 
7½ h.p. for the largest.

Dorr tray thickeners 
range in size from 10 to 
75 ft. in diameter with 
any number of trays up 
to seven. The smallest 
units are driven by a 
J4*h.p.  motor, while the 
largest multi-tray 
thickeners require a 5- 
h.p. motor.

Unit-type central­
drive Dorr thickeners 
range in size from 6 to 
200 ft. in diameter with 
motor-drive units rang­
ing from ⅜ to 5 h.p.

Dorrco Pumps. 
This pump is a thicken­
er accessory which is 
virtually essential for 
satisfactory continuous 
operation. Two types 
are furnished, the suc­
tiontype (Fig. 15) capa­
ble of lifting sludge 
against a head equiva­
lent to 14 ft. of water, 
and the pressure type 
(Fig. 16), capable of 
operating against a 
pressure head equiva­
lent to 45 ft. of water.

Both suction and 
pressure pumps are of 
the diaphragm type, the 
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diaphragm, of rubber-cord construction, being clamped rigidly around its 
Periphery to the pump bowl by means of a metal retaining ring. Intake 
and discharge valves are of the ball type, constructed of rubber with a lead 
slug in the center to give the correct weight.

A connecting rod, driven from the pump shaft by means of an adjustable 
eccentric, actuates the diaphragm, the central portion of which oscillates 
Wnile the periphery remains stationary. The volume of sludge displaced at 
each stroke may be varied at will from zero to the maximum for which the 
Pump is designed, adjustment being made by varying the eccentricity by a 
handwheel on the eccentric.

Once adjusted to average conditions, the pump tends to maintain constant 
s udge density, since the more dilute the discharge becomes the smaller is 

e amount of solids removed so that the tendency is to bring the dilution 
ack to normal. The final, fine adjustment of capacity is obtained by per­

mitting a small amount of air to enter the pump bowl through a small needle 
valve connected thereto.

Dorrco pumps are supplied in four sizes, 1, 2, 3, and 4 in. and in five types, 
implex, one pump body; duplex, two pump bodies; triplex; quadruplex and 

quintuplex. Pumps are arranged with tight and loose pulleys for belt drive 
oJ eQUipped with individual drive motors and double-reduction gears, or silent 
C TR8 an^ sproc^ets f°r giving the required reduction in speed.

ɪ he new Dorrco V-type pump differs from the standard type described 
ove in that the stroke of the plunger and hence the rate of discharge may 

* e whɪlθ the pump is in operation. Change in stroke from ⅝ to 3 in.
effected by a small handwheel and the stroke setting recorded on a dial, 

hɪs feature permits close regulation of the moisture content of the discharge 
w ich obviously is a function of the rate of withdrawal.

5. Settling-area Requirements of Certain Typical Pulps*

‰mde-procesa slime (gold- bearing ores).ljead-flotation concentrates...............ɪ-lɪne-soda-proeess lime mud............Water-floated whiting..............aBxιtθ. residue, after H2SO4 .digestion.Water-floated clay......................................
hv /ɪ- ⅛e v¾lres a^ove are general averages for illustrative purposes only, as each material must be checked y tests before selection of size of machine required.

Chemical composition Usual dilution thickener feed
Usual moisture content discharge, %

Unit area, 
sq. ft. per 

ton per 
24 hr.

1 % sodium cyanide solution and 2- 5:1 45-60 5- B—200-mesh quartzAlkaline water and —65-mesh y- 4:1 20-40 7- 18PbS15-20% NaOH solution and 8-10:1 50-70 16- 30precipitated CaCO3Water and —300-mesh CaCO3 20-25:1 50-70 45- 7530o Bê. AI2(SO4)3 and fine silica 10-20:1 20-40 75-150Water and 300-325-mesh clay 30-60:1 12-60 50-225

Type of pulp

un^ sθ^ɪɪɪɪg area required for thickening pulp varies greatly, not only 
tween pulps of different composition but also between pulps of seemingly 
θntιcal composition. In general, pulps prepared from metal-bearing ores 

r y wet grinding to a moderate mesh, 65 to 100, exhibit the most rapid settling 
ates and require the smallest unit areas. Pulps consisting of chemical 

Piccipitates suspended in a solution exhibit medium settling rates and 
θαιum unit areas. Pulps prepared from non-ɪnetallie minerals, ground 
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to a fine mesh, 250 to 325, exhibit generally the slowest settling rates and 
require the largest unit areas.

The variation in settling rate and unit-area requirement is even more 
striking in the case of seemingly identical pulps. In cyanide pulps, unit 
areas vary from as low as 2 sq. ft. per ton per 24 hr. for extremely granular 
solids to as high as 15 for clay-like, slimy solids.

Lime mud pulps (CaCOs), precipitated in the lime-soda process of caustic 
soda manufacture, vary widely with respect to the unit areas required for 
thickening. Variations from 2 to 40 sq. ft. per ton per 24 hr. are common. 
The settling characteristics are determined not so much by the precipitate 
itself as by the physical conditions during causticizing, including time, 
temperature, speed of agitator, and strength of solution. In clay pulps, the 
unit areas vary from. 5 to 225 sq. ft. dependent upon the type of clay, its 
physical character, the dilution of the pulp, and, finally and most importantly, 
the natural flocculating or deflocculating characteristics exhibited.

Selection of Type of Continuous Mechanical Thickener
The selection of the type of thickener for handling a given pulp is generally 

based on the following considerations:
1. Floor Space Occupied. The tray type gives the greatest capacity, settling 

area, and volume, per unit of floor space occupied.
2. Conservation of Heat. The tray type, easily covered and insulated, gives the 

least temperature drop between feed and overflow.
3. Large Raking Capacity and Structural Ruggedness. The traction type 

has the greatest raking capacity per unit of area and is especially adapted to handling 
difficult raking problems, since power is applied at the end of a long arm and deeper 
and larger plow blades are used than on other types.

4. Handling Corrosiv© Materials. The single-compartment (central-drive) 
type is best suited to handling acid and corrosive solutions, since the portion of the 
mechanism below the solution level may be constructed of any one of several materials, 
the efficiency of which has long been established for acid-resisting duty: e.g., wood, 
lead-covered steel, hard lead, rubber-covered steel, or such alloys as Duriron, Pioneer 
metal, bronze, stainless steel, etc. The traction type may be furnished with certain 
corrosion-resisting materials.

5. Periodic Overloads. The torque type, with automatic self-raising and lowering 
arms, adjusts itself to the severity of the raking load.

Thickening Costs
1. Erection. The following average figures are suitable for preliminary estimates:

Erection of thickener mechanisms.................................................... $70 per ton
Erection of thickener superstructure............................................... $30 per ton
Erection of thickener tanks (steel)................................................... $30 per ton
Erection of thickener tanks (wood)................................................. $80 per ton

Foimdations and concrete tanks:

Excavation............................................................................. $1 per cu. yd.
Concrete in place................................................................. $30 per cu. yd.
Beams and joists (wood) in place.................................. $50 per 1000 ft. b.m.
Columns and beams (steel) in place............................. $120 per ton

2. Labor. This is a very small item as attention is generally confined to pump 
adjustment, starting and stopping (not over once or twice per shift), and lubrication, 
requiring about 10 min. per day per thickener.

At the Phelps-Dodge Corporation, Morenci branch, one laborer devotes 3 hr. per 
24 hr. to the operation of one 200-ft. thickener, handling 2000 tons of tailings per day. 
At the Inspiration Copper Company, one man per shift at a wage of $4.40 operates 
eight 60-ft., three 80-ft., three 100-ft., and one 200-ft. thickeners.



SEDIMENTATION 1637onerat e,ave^^e ŋhemieal plant operating four to six thickeners, one man and a helper in aririθ+∙ e ^c^eners* as well as other equipment such as agitators, filters, etc., and, 3 pɪ 1°n, carξy ou⅛ routine analyses for chemical control.Dri*  pw√r' ^ee ^≡ures given on p. 1634 under Dorr Thickener Types, Sizes, and shoʌki b plgs, T^ese figures refer to horse-power ratings of motor-drive units and u e discounted 50 per cent to give approximate power consumption during continu­ous operation.
.^ePa*rs and Supplies. Owing to slow speed of rotation and location of all e arιng parts above solution level, repairs and supplies are virtually negligible. What- ʃer reakages do occur are generally due to faulty or negligent operation, resulting in severe overloads.

5« Maintenance on 12 Thickeners at the Inspiration Copper Company.

Labor Material Total
192419251926 (6 mo.) Total (2½ years)

$25.49$81.55 $15.16$77.96 $ 8.40 $ 40.65 $159.51$ 8.40$■208.56
Table 6. Typical Thickening Costs from Practice

Plants Daily tonnage Thickeners installed Cost per thickener per ton.
Lonapah ExtensionMinlng Co..........................................oouth American Development Co................................Torn Reed Gold Mines.............................................................McIntyre Porcupine Gold Mines, Ltd......................Inspiration Copper Co. (copper tailings)..................

Inspiration Copper Co. (flotation concentrates)

35025025016009000
400

Four 30 × 10 ftSix 39 × 12 ft Ten 30 × IOftKve 40 × 12 ft Four 50 × 10 ftTen 30 × IOftSeven 60 ftOne 80 ftThree 100 ftOne 200 ft.Two 80 ft.One 60 ft.

$0.02$0.0115$0.0086$0.0050
$0.0014$0.0374

Filter Thickeners
The filter thickener, as the name implies, operates on a combination of the 

thickener and the filter principles. It consists essentially of a cylindrical 
or rectangular tank, equipped with a connection for the introduction of feed; 
a connection, generally in the tank bottom, for the discharge of sludge; and 
θɪie or more submerged filter elements.

The solution is drawn through a filtration medium by vacuum or by gravity. 
The filtration medium, in some cases, consists of a multiplicity of fabric-filter 
elements, immersed in the pulp contained in the tank, and in other cases of 
a layer of sand or other granular substance laid upon a false bottom.

The submerged cake, forming upon the filtration medium, is periodically 
removed either by the application of low-pressure air or water on the reverse 
side of the medium or else by a mechanical scraping device, traveling over 
the medium.
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The solid material in the pulp is in all cases discharged as a thick sludge, 
rather than as a filter cake. This sludge collects in the bottom of the tank 
and is discharged either by a spigot or by some type of pump.

The Genter Filter Thickener. As shown in the plan and elevation views 
(Figs. 17 and 18), the filter area of the Genter thickener is subdivided into a 
number of cylindrical filter frames, these frames being arranged in a circular 
tank and around a centrally located, automatic valve and filtrate-collecting

Automatic ` 
CrirvaIve '`

Timing
mechanism

Tube-frame^.
Jiftecl-Sr

6"I-beam tracką

>. 2 airline

Annular overflow launder

valve body·

Sectionoil Elovcition

Cut-out 
valve

⅛ of timing mechanism

Fig. 17.—Genter filter thickener.

Frame connecting damp
Tube-frame manifold

S Sr'-ψzi7!
I M

Foundation

receiver. During the operation of the unit, the filter elements are kept 
constantly submerged in the mixture being thickened.

Each tubular element is made of corrugated iron or wood and is approxi­
mately 6 in. in diameter and 6 ft. long. Each element is covered by a suitable 
filter medium in the form of a tube containing about 9 sq. ft. of filter area. 
The top of the tubular element is closed, having the filtrate outlet at the 
bottom.

From 4 to 16 filter tubes are grouped in pairs in one frame, having an upper 
outlet manifold connecting to a port in the central valve housing, which in
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urn. is connected with the filtrate-collecting receiver situated beneath this 

valve. Faulty elements may easily be replaced by releasing the spring 
iolding that particular element in place.

A slowly revolving set of rakes operating near the bottom of the tank 
moves the thickened product to the central point of discharge. A special­
type valve is placed in the discharge line, providing for control of sludge 
density. The One mechanismfor 
actuating both valve plug and 
rakes is placed on the operating 
floor at the edge of the thickener 
tank. The central valve plug, 
made with a 45-deg. taper to 
prevent binding and to provide 
tor uniform wear, is supported in 
the housing in an inverted posi­
tion and is balanced against any 
desired suction head. The top of 
the plug is geared to a horizontal 
actuating shaft that connects to 
the timing mechanism located at 
the side of the tank. Thistiming 
mechanism is motor operated and 
is so arranged that the parallel 
chains not only drive the rake 
mechanism at a constant speed 
hut also through a notched gear 
produce an intermittent move­
ment of the horizontal shaft and 
the valve plug. The rotation of 
the valve plug within its housing, 
in this manner, produces repeated 
cycles of filtration followed by 
short countercurrent liquid-flow 
periods for cake removal, the latter action occurring within one frame of 
filter elements at a time.

The frames are lifted by means of a differential hoist suspended from a 
light overhead trolley. The tubes only are removed and are easy to handle 
as they weigh but 15 lb. each.

Operation. The central filtrate receiver is connected to a wet vacuum 
pump, or any equivalent suction means, which can be placed in any con­
venient location. This pump removes the air from the central receiver, 
thus inducing a suction on the interior of all elements. The flow of the 
filtrate is downward in the elements to the lower ends of the pipes of the 
supporting frames, then upward in the large pipes, and then through 
the upper horizontal manifold of each frame, through the valve-body parts 
and the valve plug to the central collecting receiver.

Filtration in individual frames and their group of filter elements or tubes 
ɪs successively interrupted by rotating the valve plug in a step-by-step 
movement within the stationary central valve body, and a short, sudden 
countercurrent shock of filtrate automatically takes place, thus removing the 
cake of wet solids adhering to the exterior of the tubes in question.

While the filtration period on each frame is normally about 5 min. in dura­
tion, this can be varied from less than 1 to 10 min., or even more, according



1640 MECHANICAL SEPARATIONS

to the nature of the materials being thickened. The countercurrent shock 
of cleaning filtrate lasts but 2 or 3 sec.

The Oliver-Borden Filter Thickener. This thickener (Fig. 19) con­
sists of a two-compartment steel tank 1 ; of a rectangular horizontal cross 
section, each compartment having a V-shaped bottom 2; fitted with a multi- 
bladed impeller mixer.

Suspended in the tank, in a vertical position, are a number of steel tubes 
4 with a slight taper from the upper ends to the lower. The tubes have their 
entire surface, exclusive of their 
heads, perforated, the perforated 
surface being covered with filter 
cloth, and the cloth spirally- 
wrapped with galvanized iron wire 
of uniform spacing.

The interior of each tube is 
connected by means of a header 
pipe 5, to a valve mechanism 6 
that automatically applies either 
vacuum or positive air pressure 
to the header pipes and, through 
them, to the interior of the tubes.

In conjunction with the auto­
matic valve, and acting in syn­
chronism with it, is an automatic 
blow timer 7 for controlling the 
application of the compressed air. 
The automatic valve is connected 
to a vacuum system, while the 
blow timer is connected to a 
source of compressed air, both the 
vacuum and the air pressure being 
controlled by regulators.

Solution samplers are provided 
so that clarity of filtrate from 
each group of tubes can be readily 
determined.

The V-shaped bottoms of the thickener tank, carrying the impeller mixers, 
are each fitted with a gooseneck pipe outlet leading from the center of the 
bottoms and controlled by means of a throttle valve.

The automatic valve 6, the blow timer 7, and the impeller mixer are all 
driven through a roller-chain drive, by a motor 10, connected to a speed 
reducer.

To facilitate the placing of the tubes of the tank and their removal there­
from when necessary, an overhead track and trolley with light chain block 
is used.

The Sweetland Filter Thickener. This thickener is a variant of the 
Oliver-Borden thickener and also consists of a group of tubular cloth-covered 
filter elements, arranged vertically in a vat or tank which contains the liquid 
suspension to be thickened.

Provision is made for regular alternation of suction and back pressure on 
the tube by which means filtration is induced and cake deposited on the tube 
is discharged. Removal of the thick cake sludge is effected from the bottom 
of the tank by suitable means.
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The tubes are fluted wood cylinders while the cloth tube covering is fastened 

y cord or wire winding only at top and bottom of tube.
Header connections of suitable design provide for application of suction 

a∩d removal of filtrate from the tubes, as well as reversal of pressure which 
serves to discharge the cake of solids accumulated on the surface of tubes, 

he removal of thickened solid from the thickener tank resembles the method 
USn ɪɪɪ θlιver^Bl°rden thickener.

Operation of the Sweetland thickener is effected by a reversible electric 
Sθι°1r connectθd to a geared rotary pump. During the period of thickening 

the rotary pump causes suction on the tube and

Fig. 20.—Oliver-Borden filter thickener.

with foi*mation  of cake, 
removes the filtrate 
produced, while at reg­
ular intervals the motor 
ιθverses quickly and 
causes back pressure on 
toe tube to effect dis­
charge of cake from the 
tube surface. A second 
leversal of the motor 
ɪ enews the cycle of 
thickening and flow of 
hitrate.

Hardinge Sand­
niter Clarifier. The 
Hardinge sand filter is 
particularly applicable 
to final clarification 
operation where a crys­
tal-clear liquid product 
ls desired.

ɪn many cases it is employed for the clarification of the overflows from 
settling tanks on problems where perfect clarification cannot be economically 
accomplished by sedimentation. It offers advantages over the ordinary 
sand filter in that a wash-back arrangement with the consequent wasting 
of the washing liquids is eliminated.

Description. The general arrangement of a Hardinge sand filter is shown 
in Fig. 21. The sand-filter bed in the bottom of a round wood, steel, or 
concrete tank is supported on a wooden false bottom or a gravel-drainage 
bottom. A steel truss across the top of the tank carries the sand-cleaning 
r∏echanism which consists of a central, vertical shaft suspended and operated 
fɪ'θm the truss and having curved scrapers attached to its lower end. The 
shaft is threaded at the top, and its weight and that of the scrapers are carried 
by the shoulder of the threaded ratchet. A worm driving gear is keyed to the 
shaft below the ratchet. As the scraper revolves, it moves the material 
'vhich has been caught on the surface of the sand bed to the central sludge­
discharge well. The scraper can be lowered an infinitesimal amount, so that 
a thin layer of the sand bed is scraped to the center with the mud. The 
sludge is usually drawn off through a spigot on the end of the sludge-discharge 
line.

The capacities of Hardinge sand filters vary on different materials; ⅜o gal. 
Per sq. ft. filter surface per minute is obtained on 50oBe. caustic liquor; 
⅛ gal. on brine; and 1.0 gal. on gasoline. Suspended matter content of the 
liquid before filtering varies from 0.1 to 0.01 per cent.
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Operating Principles. Generally speaking, the four factors controlling 
the filter rate are, in order of their importance, as follows: quality of suspended 
materials; quantity of suspended material; viscosity of liquid; and hydro­
static head or vacuum used.

The governing feature of any operation is the quality of the suspended 
matter. If the suspended solids are Semicolloidal, the surface of the sand 
may become coated so rapidly by a fine impermeable layer that the rate will 
decrease very quickly, and the scrapers may have to be operated continuously 
to keep the surface of the sand bed clear. If, on the other hand, the suspended
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Fig. 21.—The Hardinge sand-filter clarifier.

solids are crystalline, a fairly high continuous filtration rate can be main­
tained for many hours, and the scraper can be operated and the filter bed 
surface cleaned every 8 or 24 hr.

The physical nature of the liquid is of minor importance, although the 
rate at which it will pass through the filter medium naturally varies inversely 
with its viscosity. The velocity through the filter medium is controlled and 
retarded sufficiently'to prevent dragging the suspended particles into or 
through the voids in the filter medium. In other words, the filter rate is 
so controlled that the suspended particles will be caught at the opening of the 
voids. In some operations, vacuum has been supplied underneath the 
filter bed by the use of a centrifugal pump which serves to remove the filtrate 
as well as to create the vacuum.
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Raw Weaksolution Wash water
Washeaf 
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Strong solution Thickeners Pump

Fig. 22.—Simple C.C.D. flow sheet.

CONTINUOUS COUNTERCURRENT DECANTATION
Definition. Continuous countercurrent decantation (abbr., C.C.D.) is 
e term applied to a. continuous system of washing finely divided solids, 

ɪɪeh ag ground ore, chemical precipitates, residues from leaching operations, 
. c∙, to free them from liquids containing dissolved substances. In practice, 
ɪt consists of the operation of a series of continuous thickeners so that the 
θɪʤ ɪɔθ washed pass through them in series, being diluted after each 
θtthng by a weaker liquid overflowing from subsequent thickeners in the 

system and flowing in the opposite direction.
Purpose. It is the purpose of C.C.D. to attain a high washing efficiency 

^separation of soluble materials from insoluble materials) with a minimum 
⅛θr °f decantations and

th the use of minimum, 
amount of wash liquid. In 
Pi actice, the desirable portion 
oi the pulp fed to the C.C.D. 
system may be the solids, the 
solution, or infrequently both.

Ihe washing efficiency is 
expressed as the percentage of

e soluble salts in the feed pulp removed as an overflow product from the 
thickener in the series.

Aneory. Figure 22 here represents a diagrammatic flow sheet of a simple 
∙C.D. plant and may be helpful in considering the theory upon which it 

depends.
The chemical reaction taking place in the three continuous agitators 

} θɛults in the formation of a pulp consisting of a concentrated solution and 
insoluble solids. It is desired to recover both solution and solids in as pure 
erm as possible and with the least possible reduction in the concentration 

°f the solution.
This pulp is sent to the first of the three continuous thickeners, ɪ, F, 

^ɪɪɑ Z, arranged in series as shown. The clear, concentrated solution over- 
OWs to further treatment, while solids settle on the bottom in the form of a 
ɪɪɪɑ*  ɛɪudge and are removed by a diaphragm pump.

ɪhe sludge pumped from thickener X is repulped with weak wash solution 
overflowing thickener Z, and the pulp so formed is rethickened in thickener 

∙. The overflow from thickener F, weaker than the original solution in 
’Sickener X but more concentrated than that in thickener Z, is used in place 
ŋɪ fresh water in the agitation step, thus conserving the soluble salts con­
tained in it. The sludge pumped from the thickener F is repulped with fresh 
Water, and the pulp so formed resettled in thickener Z. The weak solution 
overflowing from thickener Z flows to the trough feeding thickener F, being 
here used for repulping the sludge from thickener X. The sludge discharged 

1Z0.rn thickener Z is finished washed solids. The overflow from thickener 
X is the finished concentrated solution.

In C. C. D. operation the solids move in a direction countercurrent to the 
wash solution and are progressively impoverished in soluble-salt content by 
coming in contact with progressively weaker wash solutions and finally with 
ɪresh water. Similarly, the wash water flowing in a direction opposite to 
that of the solids, becomes progressively enriched in soluble salts by coming 
ln contact with solids containing greater and greater amounts of soluble 
salts.
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The efficiency of a C.C.D. system is dependent, first, upon removing the 
settled solids from each thickener with the minimum amount of solution, 
i.e.i at greatest or final density; and second, upon obtaining thorough repulp­
ing or remixing of the wash solution and sludge between thickeners and 
prior to resettling. When these two conditions are satisfied in plant opera­
tion, the washing efficiency will be that predicated from C.C.D. calculations, 
discussed later.

Use of C.C.D. in Chemical Processing. This method is applicable 
to all problems in chemical-engineering practice wherein a pulp, consisting 
of finely-divided, “settleable” solids and a solution, is, first, to be separated 
into its two constituents; and, second, the solids are to be washed for the 
purpose of either recovering the solution entrained by them or for the purpose 
of purifying the solids by the removal of the contaminating solution. The 
objective in any case is the maximum recovery of solution and solids, each 
contaminated to the least possible extent by the other.

Examples. Aluminum Sulfate. Bauxite ore, containing Al2O3, digested with 
sulfuric acid, yields a solution of aluminum sulfate [AI2(SO4)3], in which there is sus­
pended insoluble rock residue, chiefly silica. C.C.D. treatment of this pulp yields a 
strong aluminum sulfate solution which is concentrated and crystallized to form commer­
cial “alum,” and a washed silica residue which may be discarded virtually free from the 
valuable aluminum salt.

Caustic Soda. Soda ash (Na2CO3) solution, causticized with lime, yields a solution 
of caustic soda in which there is suspended precipitated calcium carbonate (CaCO3) ∙ 
C.C.D. treatment of this pulp yields a strong caustic soda solution and a washed calcium 
carbonate.

Phosphoric Acid. Phosphate rock, containing P2O5, digested with sulfuric acid, 
yields a solution of phosphoric acid in which there is suspended finely divided calcium 
sulfate (CaSO4.2H2O) precipitate. Both the acid and the synthetic gypsum being of 
value, continuous countercurrent decantation gives two products: first, a strong phos­
phoric acid and, second, a washed gypsum sludge suitable for the manufacture of 
building materials.

washing efficiency, purity of washed solids,
Feed

50 tons soluble
50 tons insoluble

C.C.D. Calculations. The
and concentrations of solu­
tions may be determined by 
simple calculations, if relia­
ble data are available on the 
character of the pulp to be 
handled, the amount of wash 
water available, and the 
number of thickeners to be 
used. The diagrammatic 
flow sheet (Fig. 23) and the 
accompanying calculations 
will serve to illustrate the

Given. (1) 100 tons per day of 50 per cent soluble material to be leached 
with 425 tons of water; (2) insoluble residue settles to 60 per cent moisture.

To Find. (1) Solution concentration in all thickeners; (2) washing effi­
ciency with three thickeners (C.C.D. system); (3) percentage soluble in 
washed residue.

350T ] 75T

425

14251

Ύ I t∏ i
75T 75T

3501 J 75T

Fig. 23.—Flow sheet set up for C.C.D. calculations 

method of procedure.

Í

Calculation for Flowsheet Tonnages.
Solids with sludge from each thickener = 50 tons (given)
Water with sludge from each thickener = 50 ×6J⅛0 = 75 tons
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θVerfiow 3d thickener 425 tons

Overflow 2d thickener

= 425 + 75 - 75
H2O

= 425 + 75 — 75 = 425 tons 
im 1 H2O
*eed 1st thickener = 425 tons
Overflow 1st thickener = 425 -- 75 = 350 tons H2O

Calculations for Solution Concentrations.
.,a' Let ɪ, Y1 and Z represent pounds of soluble salts per ton of water in 
he respective thickeners.

Then equating pounds of dissolved salts into and out of each thickener, 
βθt up the following simultaneous equations:

350X + 75X = 425Iz ÷ 100,000 lb. 
425y + 75F = 425Z + 75Ύ 
425Z + 75Z = 425 × 0 + 75T

c∙ Solving by substitution:
X = 282.80 lb. soluble salts per ton 
Y = 47.83 lb. soluble salts per ton 
Z = 7.17 lb. soluble salts per ton

d∙ Solution strength:

Thickener 1 = 282.80 lb. per 2000 lb. water = 12.4 per cent 
Thickener 2 = 74.83 lb. per 2000 lb. water =
Thickener 3 =

e∙ Washing efficiency:

Thickener 1
Thickener 2
Thickener 3

3.6 per cent
0.36 per cent7.17 lb. per 2000 lb. water =

__T . . salt recovered
Washing efficiency = ---- ι-—-—=- × 100salt in feed

= × 100 = 98∙98 per cent

/. Percentage of soluble material in washed sludge:
Water with sludge = 75 tons

Soluble salts with sludge = 75 × 7.17 = 537.75 lb.
Solids with sludge = 50 × 2000 = 100,000 lb.

537.75
Soluble salt content = ɪθθ θθθ~ 'ψ" 537~7'5 × ɪθθ = θ-ʒɜð Per cen⅛

khw Weak solution Wash wafer

''-Sludge' 
Seconcfary 
thickeners

Przrnary 
ag∕tafifbn∖ Sludge

Primary Secondary
thickening agitation

D.P. ≡ Diaphragm pump

Fig. 24.—Double-stage reaction flow sheet.

Various Types of C.C.D. Flow Sheets. While the flow sheet described 
above is the one most gen­
erally used in C.C.D. oper­
ations, various types of 
ɪ'θlated flow sheets have 
been developed for special 
cases.

1. The Double-reac­
tion Flow Sheet (Fig. 24). 
With this arrangement, 
reactions such as leaching, 
digestion, or causticizing take place in two stages with an intermediate stage 
of thickening to effect a change of solution. It facilitates the rapid removal 
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of finished solution and subjects the incompletely treated solids to addition“1 
agitation under carefully controlled conditions.

It is very widely used in the cyanidation of gold-bearing ores, the fir≡t 
stage of leaching taking place in. the wet-grinding mills which grind the ore 
in cyanide solution. When used in double-acid digestion, the acid added 
in the first stage is less than enough to complete the extraction and in the 
second stage more than enough to complete the extraction of the remaining 
soluble materials, thus assuring (1) a basic final solution and (2) a high 
recovery of insoluble material. In the double causticization of sodium 
carbonate solution, an excess of lime is used in the first stage and an excess 
of sodium carbonate in the second. This results in (1) a rapid and relatively 
complete reaction in the first stage due to the presence of excess lime and 
(2) a relatively complete utilization of this excess lime through the sub­
sequent reagitation of the sludge with more than sufficient sodium carbonate 
to satisfy the reaction requirements.

2. The Intermediate-agitation Flow Sheet (Fig. 25). Certain residues 
from reactions exhibit adsorptive powers to such an extent that the mixing
of sludges and wash solu­
tions, as generally carried 
out in repulping troughs, 
does not result in the usual 
displacement of soluble ma­
terials. In such cases, small 
agitators are placed between 
all thickeners so that longer 
and more violent repulping 
may release the soluble ma­
terials adsorbed by the solid 
constituent of the sludge 
being washed.

3. Continuous - coun­
tercurrent-decantation 
Flow Sheet with Filter at 
Hnd (Fig. 26). When the 
solids are of value and are 
to be delivered in as mois-

materials Weaksolution , aR..A WasIrwcrferLnf>

Peactiorr 
agrrti>f∙ors

'τ"'∙' -Sludge ~''
Thickeners and mixing 

agitators
pump

. Washed 
Vacuum* solids

Weak

Filter wash TFtrvrtei
Filtrate^ /Faw ____

materials solution

D. P.=Diaphragm
Fig. 25.—Intermediate-agitation flow sheet.

⅛J. ∖acuur>
Reaction ∖ι.,rjrto/ filteragitators τι~∙ ^uc⅛e
j Tnzckeners D.P.wDιαphrewjrn pumP

Fig. 26.—Flow sheet with filter at end.

ture-free condition as possible, a continuous vacuum filter may be placed 
at the end of the series of thickeners. If desired, the filter may be arranged 
for cake washing in which case all or a portion of the water used in the 
C.C.D. series may be applied through the filter.

In such a case the filtration cycle is divided into two parts: (1) straight 
dewatering of the thickened sludge and (2) washing of the filter cake. The 
filtrates are kept separate due to their difference in soluble-salt content and 
disposed of in different ways for this same reason. The first filtrate, being 
of the same concentration as the last thickener overflow, is returned to the 
last thickener loading well, eventually to overflow with the balance of the 
solution in this thickener and be used as a dilute wash solution at a preceding 
stage. The second filtrate, consisting of the filter wash water, containing 
only traces of soluble materials displaced from the already well-washed sludge» 
is utilized as a weak wash solution and is applied to the sludge from the next 
to the last thickener before the last stage of thickening.

Economic Advantages of C.C.D. The use of a series of continuous 
agitators and thickeners instead of a number of intermittent agitation and 
settling tanks has made possible certain distinct operating economies not 
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Possible otherwise. The advantages may be subdivided into two classifica­
tions, tangible and intangible.

1∙∙ Tangible Advantages:
ɑ- Less operating labor.
,∙ Less steam for heating.

c/ w⅛βr washing efficiency> Le., extraction and recovery.
* τ7∙u βr temPeraturθ °f finished liquor.

P ɪɪgɪɪθr concentration finished liquor.
(ɔ ɪhe following actual example is taken from an “alum” plant where
F ’n * . rePlaced batch digestion of . rock and washing of residue with savings of the 
ɪollewing order:

Table 7

C.C.D plant Batch plant Annual saving
Labor......................Steam in reaction........................’ .. .....................................................................ʊver-all recovery, available Al2O3. ' ' ' ’sTeamiture ɑɪ ɪɪ^uor and saving of evaporatorɛθɑsteamɑɑɪɪ liquor and saving evaporator

Total.......................

$ 7,776
5,760

13,406

6.660

9,000

1 man per shift 3 men per shift97.5% 90%90oC. 30oC.350B6. 30oB6.
$42.602

ɪɔata used in above comparison were as follows:
(1) Capacity, 100 tons “alum” (17 per cent Al2O3) per day.
(2) Labor, 48 cts. per hr.
(ɜ) Bauxite, 50 per cent available Al2O3 at $14.25 per ton.
(4) Steam at 37 cts. per 1000 lb.

Intangible Advantages:
®· Less tanks and less floor area occupied.
6. Reduction of human factor in efficient operation.
c∙ Simple chemical control through routine analyses of first thickener overflow and 

last thickener discharge.
L Reduction of “unaccounted losses” since finished product can leave system only 

at one point.

Typical Operating Figures from C.C.D. Practice. The data presented 
below are averaged from good plant operation and accordingly are representa­
tive of results secured in practice.

Table 8

Aluminum sulfate Caustic soda Phosphoric acid
Rθw materials ɑ. Solid... Ca(OH)2 Phosphate rock6. Liquid........................................... 50oB6. H2SO4 50oBe. H2SO4Extraction in agitators....................................................... 98.5% 91.5% causticity 97%Strength of finished solution......................................... 350B6., hot 15.8oB6., hot 30°Be. (22% PsOs)temperature of finished solution.............................. 90oC. 74oC.Number of agitators.............................................................. 4 3 3Number of thickeners.......................................................... 3 3 6W ashing efficiency.................................................................. 99% 99.3% 99%Over-all recovery............................... 96% of availableAl2O3 PsO5
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Complet© C.C.D. System in a Single Unit. The Dorr washing type 
of tray thickener (Fig. 27) differs from tray thickeners previously described 
in that in this case the several, superimposed settling compartments operate 
in series, just as do thé thickeners in a C.C.D. system, and not in parallel, 
as do the compartments of the other types of tray thickeners. The feed 
pulp is introduced into the first or uppermost compartment, and strong solu­
tion overflows from this compartment, while wash water is introduced into 
the last (lowest) compartment.

∖pverf∕ow

Overflow} 
/o/rzueass

Washing 
solution 
or water

^Tp5eaf ąpron';Top or !st 
compart­
ment

5th washing _ 
. CompdfTmenf.

AthjNgshing-, 
-compartment-.

-FPrppdrtnieptr.

-3rd..washing/.—
/.CorppartmentE ɪ

wj^FeedweH·

⅞⅛,-Mixing we//

Overflow from 2nd compartment 
to process or /st compartment— 

∏ ,FeedweH

Underflow— ɪ High pressure water and air 

Fig. 27.—The Doit washing-tray thickener.

In this thickener, all five tray compartments operate in series to give live 
stages of countercurrent washing. This unit is equivalent in capacity and 
washing to five separate thickeners series-connected in the conventional 
manner. In Fig. 27 the heavily shaded area represents settled sludge in the 
various compartments. The more lightly shaded areas denote the solutions, 
the heavier the shading the stronger the solution, and vice versa.

Feed enters the top compartment via a central, semisubmerged feed well. 
Strong solution overflows into a peripheral launder. Solids settle to the 
bottom, are raked to the center, and flow into the top of the second compart­
ment, directly below, via an inverted cup and seal.

Integral with the sludge seal is a down-cast boot which projects into the 
second compartment and serves as a mixing well. Wash solution enters 
here to repulp and dilute the settled sludge just prior to its being thickened 
again in the second compartment.

The wash solution used in the second compartment is the overflow from 
the third compartment and is controlled in section B of the overflow box. 
The overflow from the second compartment is controlled in section A of the 
overflow box and is generally returned to the agitator or other processing 
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steps and sometimes to the first compartment. Settled sludge passes from 
the second to the third compartment as before, being repulped and diluted 
on the way with a weak overflow solution from the fourth compartment.

This operation is repeated twice more, first in the fourth compartment and 
then in the fifth or bottom compartment. In each case, as before, the sludge 
ɪs repulped with a weak wash solution overflowing from a later stage of 
decantation. In each case, after thickening, the sludge flows through the 
seal to the next stage of washing, and the overflow is collected and utilized 
for washing purposes in an earlier stage of decantation.

Solids pass downward, compartment by compartment, against a counter­
flow of wash solution and finally of fresh water. Thus, in accordance with 
the basic C.C.D. principle, the solids transfer their dissolved values to the 
wash solution and finally are removed by a diaphragm pump from the bottom 
compartment virtually free from values. Similarly, the wash water, as it 
flows through the system, becomes increasingly enriched in dissolved values 
until it overflows from compartment 2 and returns to process.

The washing type of thickener is especially adapted to relatively small 
C.C.D. operations where floor space is limited for a multi thickener wash­
ing series. It is well adapted to the handling of hot solutions since it is 
easily insulated against temperature drop. It is regularly supplied in diam­
eters up to 60 ft. and depths up to 40 ft., this depth corresponding to a 
machine with five compartments.

Sconomic Advantages of Washing-tray Thickener Compared with a 
Multithickener C.C.D. Series. A comparison between a five-thickener 
C.C.D. plant and its equivalent in the form of a single, five-compartment 
washing-tray thickener shows the following points of advantage in favor of 
the latter:

C.C.D. plant Tray thickener Saving, per cent
Floor area........................................Exposed radiating surface.Building volume........................Diaphragm pumps..................Foundations...................................Power consumption...............

Typical Washing-tray Thickener Operating Data. At Cactus Mines Co., 
Mojave, Calif., there are two washing plants operating on identical feeds and 
discharging to identical further processing. The feeds are gold flotation 
tailings cyanided in a continuous agitation series. One washing system, 
receiving 40 per cent of the flow, consists of four single-compartment thick­
eners—24 ft. in diameter by 10 ft. deep, arranged in the conventional C.C.D. 
manner. The other system, receiving 60 per cent of the flow, is a four- 
compartment washing-tray thickener, 35 ft. in diameter by 27 ft. deep. 
Flows to each are proportional to the settling areas provided, which in turn 
determine capacity.

The two tables that follow are from Johnson, Am. Inst. Mining Eng.. 
Tech. Pub. 1082, 1939. They show that the solution strengths are approxi­
mately the same in the corresponding steps of the two systems and that the 
over-all recovery of dissolved gold, which is really the washing efficiency, 
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is only ⅜ per cent less in the tray unit than in the individual thickener unit· 
The installed cost of the tray unit per ton of capacity was 25 per cent less 
than for the individual thickener unit—a more than sufficient saving to 
offset the slightly lower recovery secured.

Table 9. Comparative Solution and Residue Values
Assays, oz. Au per ton

Thickener unit Tray unit
Overflow solution I...................................................................................................Overflow solution 2................................................................................................Overflow solution 3...................................................................................................Overflow solution 4...................................................................................................Underflow residue 4..................................................................................................Underflow solution 4...............................................................................................

0.0344 .0147 .0084 .0033 .0196 .0037
0.0340 .0146 .0077 .0036 .0200 .0046

Table 10. Comparative Efficiencies of the Two Units
C.C.D. Thickeners and Repulpers 

0.0196 oz. = 
0.0037 oz. =

1.26 × 0.0037 =

Washed tails No. 4 thickener........ ............................
Underflow solution No. 4 thickener.........................∣
Soluble loss per ton of ore...........................................
Total gold dissolved per ton:

Agitator No. 1 heads............................................
Agitator No. 3 residue.................................  . ..
Dissolved in agitators...........................................
Gold dissolved in C.C.D. (0.023-0.0196) × 

$35
Total dissolved...................................................
Soluble loss..........................................................

Total dissolved gold recovered per ton...................

$0.686 per ton ore 
0.1295
0.163

0.119
$4,914
0.163

$4,751
$4,751
'7'nι a' × ɪθθ = 96.6 per cent 4.914

Washing Tray Thickener
Washed tails No. 4 compartment.............................
Underflow solution No. 4 compartment.................
Soluble loss per ton of ore...........................................
Total gold dissolved per ton:

Agitators...................................................................
Dissolved in washing thickener (0.023-0.02)

× $35................................................................
Total dissolved...................................................
Soluble loss..........................................................

Total dissolved gold recovered per ton...................

Percentage recovered.

0.020 oz.
0.0046 oz. =

1.19 × 0.0046 =

= $0,700
0.161
0.1916

$4,795

0.105 
$4,900
0.1916

$4.7084

Percentage recovered $4.7084
-4 9Qθθ × ɪθθ =96.1 per cent

Accessories. Successful operation of a C.C.D. plant depends to a very 
large extent on the continuous feeding of measured volumes of raw materials 
to the agitators and wash water to the last thickener in the series and to the 
intimate mechanical mixing of solutions and sludges in the repulping troughs 
between thickeners. Certain accessory devices have been developed to 
satisfy these essential requirements.

1. Feeders for Rock or Other Solid Substances (See p. 2286). Feeders 
must be accurate to at least 1 per cent, adjustable to deliver a moderate range
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of tonnages, able to start easily under load, and easily operated and adjusted 
oy common labor.
C rɪn ɪɔθɪt-tʒrpe weigh meter (Fig. 28) has been found very satisfactory in 

. practice. The material is drawn from the feed hopper in the form of 
a continuous ribbon by a short endless belt located at the bottom of the 
°pρer. The drive pulley is connected to a constant speed motor. The 

Oelt passes over rollers balanced 
y an adjustable weighing ele­

ment, whiehɪin turn actuates the 
s ɪding gate at the hopper open- 
ɪɪɪg through which the loaded 

θlt issues. Once the weights 
θɪɪ the beam of the weighing 
element have been set at a cer­
am point, the machine con­
mués to deliver the tonnage or 

poundage desired. The more

Adjusting screw to level scale beam
, i ¡Firedfulcrum

j weight
fertιcaΓγok^‰! Weight hanger 
Scale platform →∖ j ■ 
^ConveyorbeIt ∣ 

pf Idilpulley
J_____ ≠_____ τ_ _______
frame·' Measuring Levers- 'Weighingroller 

roller
Fig. 28.—Belt-type weigh meter. {Courtesy of 

Schaffer Poidometer Co.)
-o~ X HC IllUIC

c osely the material is sized the greater is the accuracy and vice versa. In the 
case of — 100-mesh, dry, pneumatically sized bauxite, the machine is said to 

θ accurate to within 0.25 per cent.
ther feeders of reliability and fair accuracy are the belt feeder, apron 

ɪ pan) feeder, rotary-drum feeder, revolving-disk feeder, reciprocating­
plunger feeder, etc.
∖ Solution Feeders (See p. 2290). There are various feeders on the 

market for this purpose, namely, those of the adjustable displacement plunger­
pump type, revolving bucket-wheel type, and 
? eir (or V-notch) type, many of which may 

θ supplied in materials resistant to corrosive 
solutions.
. The arrangement shown in Fig. 27 is simple 
ɪn construction and operation and is suffi­
ciently accurate for feeding acid or other 
chemicals to a C.C.D. plant.
1 ^⅛err^ng to Fig. 29, acid, stored in a 
ead-iined tank, is continuously kept in circu- 
a,t1°n by an acid-resisting plunger pump 

which delivers the acid to a small lead feed 
ank with a gravity-return line to maintain 

a constant acid level therein. A lead siphon, 
adjusted by a handwheel, feeds the required

Siphon adjustment 
* (feve∕ adjusted by 

Screwincpup ordown)
Durironi acid-proof 

∖ plunger pumpI
& 

λ⅛4 
level ∖

,
⅛⅛⅜∣i

Leadi -1^⅞
J

Fig. 29.—Simple acid feeder, 

amount of acid to the agitators, the rate of feed for different positions 
o the siphon being determined experimentally and the results transferred 
θ a calibration scale for the use of jthe operator.

Some engineers prefer either adjustable speed or adjustable stroke-plunger 
ɪɔŋɪɪɪps or orifice-controlled flow with variable head.

Wash-water Feeders (See p. 2286). Anarrangement somewhatsimilar 
jO that used for feeding acids or solutions may be utilized for regulating the 
tV°un^ was^ wa,tθr added in the last thickener of the C.C.D. series. In 

is case, the intermediate storage tank is supplied with water by a float- 
controlled valve so that virtually no attention is required.

V -notch meters are sometimes used, these being mounted in boxes attached 
o, and connected with, the small feed tank. The overflow-return pipe in 

e feed tank is vertical and passes through the tank bottom. Removable 
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adjusting rings of various widths may be placed on the top of the vertical 
overflow pipe to change the water level and accordingly the amount of water 
passing the V-notch per unit of time.

Heat exchange coils may be submerged in the feed tank where it is desirable 
to maintain the contents of the agitators and thickeners at an elevated tem­
perature. Condensate or low-pressure exhaust steam is generally used as 
the heating medium.

Modern developments of recording and controlling meters have rendered 
the old V-notch system obsolete for chemical work. Most of these instru­
ments work on the principle of the differential pressure on the two sides of an 
orifice and will do anything from recording and controlling of flow including 
compensation for variable head to the proportionate mixing of flows from 
variable head sources.

Mixing between Thickeners. Complete mixing of the thickened sludge 
from one thickener with wash solution from another is essential before resettle­

ment of the mixture so formed. Incomplete mixing takes place in the inclined 
feed troughs, even if baffles are used, and accordingly mechanical agitation 
is needed.

The Dorrco repulper (Fig. 30) consists of a trough of square or rectangular 
cross section, located with one end close to a sludge pump in the C.C.D. series 
and extending in the general direction of the thickener into which the repulped 
sludge is to be fed. On top of this trough, and running parallel with it, is a 
shaft to which paddles are attached. Through a crank at one end of the shaft 
an oscillating motion is imparted to the paddles. The paddles are set at an 
angle and staggered so that in addition to providing thorough mixing they 
convey the pulp toward the discharge end of the repulper.

The repulper is driven direct from a Dorrco pump by means of a connecting 
rod or may be equipped with an individual motor-drive unit. The trough 
may be set at a slope of ⅝ in. per ft. instead of the ¾ in. per ft. required with 
the non-agitated trough thus saving a great deal of head room in a multi­
thickener C.C.D. plant. It is supplied in standard and acid-resisting con­
struction in lengths up to 50 ft.



FILTRATION
BY DONALD F. IRVIN

Befinition. Filtration, is defined here as the separation of solids from a 
iquid and is effected by passing the liquid through a porous medium. The 

solids are retained upon the surface of the medium in the form of a cake.
Purpose of Piltration. The purpose of filtration in industrial work is to 

separate the liquid from solids suspended in it, either one or both being 
valuable.

F or instance, in causticizing plants, “lime mud ” (chiefly calcium carbonate) 
is filtered from a solution of sodium hydroxide. In this case, the object of 
nitration is to remove caustic solution from the lime mud as completely as 
possible, obtaining high percentage separation of caustic and at the same time 
producing lime-mud cake nearly free from, soda so that the cake may be 
ɑaleined and converted into quicklime which is again used in the further 
Pioduction of caustic soda.

The petroleum refiner filters wax from paraffin-base oil. which he is proc­
essing, both products being valuable.

The metallurgist filters cyanide-slime pulp, obtaining valuable gold- and 
silver-bearing solutions and discards the solids as unprofitable for further 
treatment; or he filters concentrates obtained by flotation and discards the 
water.

In many of these processes, filtration is preceded by thickening the pulp, 
enabling high capacity to be obtained from the filter and separating an initial 
portion of clear solution. This is dealt with under Sedimentation (p. 1619).

Usually when the liquid contains a very small proportion of solids in sus­
pension, clarification by settlement should precede filtration. There are 
exceptions to this statement, but it is of quite general application.

When the solids are present in small proportion, the process is usually 
ɛpoken of as clarification. In this article it is not intended to deal with 
the clarification of potable water or of municipal water supplies or boiler­
feed water. In most cases, however, there is a comparatively large volume 
of solids to be removed from the liquid. Between the two extremes we have 

proportions which might be found in a single industry.
The broad application of industrial filtration is realized by a survey of 

industries in which filtration plays an important part: pulp and paper, metal­
lurgy, oil refining, chemical manufacturing, beet- and cane-sugar milling, 
sugar refining, sewage disposal, cement manufacture, etc.

THEORY OF FILTRATION*

* This brief treatment of the theory of filtration is included to provide a basis for the 
study of theory in relation to practice.

By Hugh W. Bellas
Filtration has been developed as a practical art rather than as a science 

and the theory of filtration has received little attention in industry. The 
mathematical aspect of this unit operation, as developed by Lewis, Ruth, 
Cannon, and others, is presented here in the belief that a rational explanation 
in support of practical results has always been desired.

1653
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Filtration theory, while seldom used in the actual design of a filter for a 
given operation, is valuable in interpreting laboratory tests, in seeking the 
optimum conditions for filtration, and in predicting effects of changes in 
operating conditions. The use of filtration theory is limited by the fact that 
the filtering characteristics must always be determined on the actual slurry 
in question, data obtained on one slurry being inapplicable to another.

Filtration usually results in the formation of a layer (or cake) of solid 
particles on the surface of the porous body, frequently a textile fabric, that 
forms the filtering medium. Once this layer has formed, its surface acts 
as the filter medium, solids being deposited and adding to the thickness of 
the cake while the clear liquor passes through. The cake is therefore com­
posed of a bulky mass of particles of irregular shape, among which run 
small capillaries. The flow of liquor through the capillaries is always stream­
line and may therefore be represented by Poiseuille’s equation, which may 
be adapted in the following form:

Adθ μa[(W∕A)+r] κ'

[Carman, Trans. Inst. Chem. Engrs. (London), 16,174(1938); also Walker, Lewis, 
McAdams, and Gilliland, “Principles of Chemical Engineering,” McGraw-Hill, 
1937], expressing the differential or instantaneous rate of filtration per unit area 
as the ratio of a driving force, pressure, to the product of viscosity by the 
sum of cake resistance and filter medium resistance.

The rate of filtration can usually be expressed in terms of volume of filtrate collected 
F, area of filtering surface A, and time θ. The pressure P is the total drop through the 
filter medium and the cake upon it. The viscosity μ is that of the filtrate. (Any con­
venient units may be used, inconsistencies being absorbed in the cake and cloth 
resistances.)

W is the weight of dry-cake solids, which may be replaced by one of several equivalent 
terms, since

W ≈ wV = ( —) V
xl — mc/

where w is the weight of dry-cake solids per unit volume of filtrate, p is the density of the 
filtrate, c is the weight fraction of cake solids in the solute-free slurry, and m is the weight 
ratio of washed wet cake to washed dry cake.

The symbol a represents the average specific cake resistance, which is a constant for 
the slurry in its immediate condition. In the usual range of operating conditions it is 
related to the pressure by the expression

a = a'P1>

where a' is a constant determined largely by the size of the particles forming the cake; 
s is the cake compressibility, varying from 0 for rigid, incompressible cakes such as fine 
sand and kieselguhr, to 1.0 for very highly compressible cakes. For most industrial 
slurries, s lies between 0.1 and 0.8. The symbol r represents the resistance of unit area 
of filter cloth, as well as pressure drop in lines, etc.

Equation (1) can be integrated as follows for constant-pressure filtration, 
giving the relationship between the total time and filtrate measurements:

θ
(FM)

θ
(FM)

μa∕ W∖
2P∖a)

μr 
ɪ P (2)

μoiiv∕ FX
~2P∖a)

P (2α)
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For a given constant-pressure filtration, these may be simplified to

w> = ^(i)+c = ^'(S)+c, (2&)
where Kp, Kp', and C are constants for the conditions employed.

Kquation (1) may be integrated for constant rate of filtrate flow (or cake 
( eposition) to give the following equation, in which filter-medium resistance 

treated as a cons⅛nt pressure to be deducted from the rising total pressure 
!Ruth, Ind. Eng. Chem., 27, 717 (1935)]:

(3)

(3α)

(35)

θ = ________ 1________  = μa /Wz∖
(V / Aj (rate per unit area) (P — Pι)∖ A ) 

which may also be written:

O _ 1 μaw
(V/A) (rate per unit area) (P — Pi) 

ɪn these equations Pi is the pressure drop through the filter medium.

Λ = μr(i⅛)
i"or a given constant rate run, the equations may be simplified to

V P ,— = rate per unit area = —- + C 
A U 1a.T

where Kr and C, are constants for the given conditions.
In the filtration of small amounts of fine particles from liquids by means of 

bulky filter media (absorbent cotton, felt, etc.), it has been found that the 
above equations based upon the resistance of a cake of solids do not hold, 
as no cake is formed. For these cases, where filtration takes place in the 
capillaries of a thick medium, Hermans and Bredee [ʃ. Soc. Chem. Ind., 55T, 
1-4 (1936)] have developed equations which they have found applicable to 
the constant-pressure filtration of viscose, sugar solutions, etc.

Practical Significance of the Filtration Equations. The differential 
form, Eq. (1), of the filtration equation yields interesting information on the 
ɪnutual effects of the operating variables.

When the cake is composed of hard, granular particles that make it rigid 
and incompressible, an increase in pressure results in no deformation of the 
particles or their interstices, whereby s = 0, and, neglecting filter-medium 
resistance, Eq. (1) becomes

dV _ AP 
dθ μa,(W∕A)

For incompressible cakes, therefore, the flow rate is directly proportional 
to the area and pressure and inversely to the viscosity, to the total amount 
of cake (or filtrate), and to a'.

When the cake consists of extremely soft, easily deformed particles, such 
as ferric and other metal hydroxides, s approaches 1.0, whereby Eq. (I)r 
again neglecting the filter medium, reduces to

dV _ A 
dθ ~ μa∖W∕A} 

For very compressible cakes, therefore, the rate is independent of pressure.
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The effect of pressure shown above is modified in most industrial filtrations, 
where the cake compressibility usually lies between 0.1 and 0.8. Further­
more the resistance of the filter medium reduces the effects of the respective 
variables. It has been found true, however, that in the filtration of granular 
or crystalline solids an increase in pressure causes a nearly proportionate 
increase in flow rate. Flocculent or slimy precipitates have their filtration 
rates increased but slightly by an increase in pressure. Some materials 
have a critical pressure above which a further increase results in an actual 
decrease in flow rate.

In the filtration of certain non-homogeneous sludges, such as those of 
slimy solids to which filter aids have been added, it has been found that a 
constant flow rate during filtration is more satisfactory than a constant 
pressure, which latter results in poor initial clarity of the filtrate and a rapid 
build-up of cake resistance. As a matter of fact, filtration of any but the 
most incompressible sludges is more satisfactory when a low pressure is 
used at the beginning of the run. This is especially important in filtering 
slurries of low solid content.

Since most pressure filters are fed by centrifugal pumps, their operation is 
seldom either constant pressure or constant rate but, in accordance with the 
characteristic of the pump, essentially constant rate during its early stages 
and constant pressure during much of the later part of the cycle. Pumps 
having steep head-discharge characteristics do not operate at either constant 
rate or constant pressure during any part of the cycle, but always under 
intermediate conditions of increasing pressure and decreasing flow rate.

Cake thickness is an important factor in determining the capacity and design 
of a filter, and upon it the cycle of operation depends. Filtration theory 
shows that, cloth resistance neglected, the average flow rate during a filtration 
is inversely proportional to the amount of cake deposited.

If the cake has a high resistance relative to that of the filter medium, 
therefore, the highest capacity of a given filter is reached with zero cake 
thickness. Consideration of the fact that a thin cake does not usually dis­
charge easily, however, together with the important factor of time required to 
clean the filter, leads to the selection of an appreciable cake thickness. Filter 
capacity is often measured in terms of dry solids handled per unit of filtering 
area.

If the cake has a low resistance compared with that of the filter medium, 
the economic cake thickness will be increased.

In washing filter cakes it is usually found that there is a definite cake thick­
ness at which a given ratio of wash water to cake solids will produce a mini­
mum soluble salts content of cake. Conversely, the ratio of wash water 
to cake solids which is found necessary to produce a given soluble content 
of the cake is a minimum at this cake thickness. In many cases, however, 
the effect of cake thickness on washing efficiency is not marked. Minimum 
volume of wash water is desirable since excessive volumes may derange 
plant procedure.

The effect of temperature upon the filtration rate of most incompressible 
cakes is evident through its effect on viscosity. A temperature rise lowers 
the viscosity of the filtrate and causes the 'flow rate to change in inverse 
proportion to the viscosity.

Many compressible sludges are affected in other ways by temperature 
change, although the general effect is toward an increase in flow rate with 
temperature.

The effect of particle size on cake and cloth resistances is marked. Even 
small changes in particle size affect the coefficient a, in the equation for cake 
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resistance, a = a'P8, and larger changes affect the compressibility s. 
!decreased particle size results in lower filtration rates and higher moisture 
content of the cake but sometimes in better washing efficiency. It is impor­
tant, therefore, that close control be kept of the particle size in the feed to the 
filter. Agglomeration of particles by coagulation is often an important aid in 
filtering difficultly filterable materials.

ɪt has occasionally been found possible to increase the filtering rate of a 
slurry by adding larger non-compressible particles to it. Where there is a 
very wide range in the size of particles in the slurry, however, care must be 
taken to avoid excessive settling in the filter.

The effect of the type of filter medium is often not fully recognized. In 
selecting the medium for a given filtration, a balance must be struck between 
as open a weave as possible in order to reduce plugging and as tight a weave 
as is necessary to prevent excessive “bleeding” of fine particles. After a small 
thickness of cake has formed on the medium, bleeding often stops, fine 
Particles being caught in the cake.

Of the weaves of filter cloths described under a following section, the 
number duck weaves have the greatest ability to retain fine solids, followed in 
decreasing ability by chains (broken twills), twills, and hose ducks. The 
tendency to plug, however, is in the reverse order. Thick, stiff cloths tend 
to plug more readily than thin, pliable ones. The effect of cloth plugging 
ŋɪɪ filtration rate is so appreciable that it will ultimately be the cause of 
replacement of the cloth. It also results in a need for using a safety factor 
ɪɪɪ predicting filter capacities.

The effect of solid content of the slurry on the rate of filtration is shown in 
Eqs. (2α) and (3α), where it is expressed as w, the weight of cake-forming 
solids per unit volume of filtrate. These equations show that, filter-medium 
resistance neglected, the rate of filtrate flow is inversely proportional to the 
ratio of solids to filtrate but that the rate of cake deposition is directly pro­
portional to this ratio. If a slurry is thickened before filtration, time required 
for its filtration on a given filter area will be reduced in direct proportion to 
the decrease in ratio of liquid to solids in the slurry.

Application of Filtration Theory to the Interpretation of Data
The filtration equations are useful in predicting the effect of a change 

in any variable if the constants are determined from data taken on the slurry 

Fig. 1. Fig. 2.
Figs. 1 and 2.—Typical plots of filtration data.

ɪn question. For example, vacuum test data can be extrapolated to show 
the approximate filtering rates that could be obtained if the slurry were 
filtered under pressure. Another problem often of interest is the effect of 
cake thickness or time cycle on over-all filtration rate.
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If a constant pressure test is run on a slurry, care being taken that not only 
the pressure but also the temperature and the solid content remain constant 
throughout the run and that time readings begin at the exact start of filtration, 
one can observe values of filtrate volume or weight and time. With the use 
of the known filtering area, values of Θ∕(V∕A) can be calculated for various 
values of (V / A) which, when plotted with Θ∕(V∕A) as the ordinate and 
(V / A) as the abscissa (Fig. 1), result in a straight line having the slope 
μaw/2P, and an intercept on the vertical axis of μr/P. Since μ, w, and P 
are known, cl and r can be calculated from

2P
a. = — × (slope)

μ∙W
and

P
r = — × (vertical intercept)

The effect of a change in any variable except P (which affects ot) may now be 
estimated.

To determine the effect of a change in pressure, it is necessary to run a 
test under one or more other pressures, and to calculate a. and r at those 
pressures in the same way. By plotting a and r against P on loglog paper 
(or by plotting log a and log r vs. log P), straight lines result from which it 
is possible to determine ol and r at any reasonable pressure (Fig. 2). In 
many cases it has been found that r does not vary appreciably with pressure, 
in which case an average value can be used at all pressures. This is often 
due to the fact that a low filtering pressure is used at the start of filtration.

When a low pressure is used for any appreciable time at the start of filtra­
tion, the beginning of time and filtrate readings should be delayed until the 
constant pressure is reached, in which case r is the resistance of the filter 
medium plus that of the cake deposited at low pressure. When the weight 
of the dry cake is measured vs. time, as is usually done in vacuum leaf tests, 
two or three tests are sufficient to permit plotting the straight-line function of 
Θ∕V vs. W. The ability to interpolate or extrapolate on this line eliminates 
the need for a large number of tests.

In constant rate filtration it is suggested that the method of Bonilla [Trans- 
Am. Inst. Chem. Engrs., 34, 243-250 (1938)] be used, involving the deter­
mination of Pi, and αo in the equation

gl = α0 + α'(P — Pi)λ

and plotting (« — ɑɑ) versus (P — Pi) to determine cc, and s.

FILTER MEDIUMS

The choice of the filter medium depends upon the material to be filtered and 
upon the type of filter used. Fabric-filter media are usually of cotton or wool, 
and as cotton is the cheaper and may be used for a wide variety of products, 
it is generally chosen.

Wool cloths are more suitable when acid solutions are to be filtered. The 
weight and grade used are determined by the clarity desired and the local 
conditions.

The fabrics most often used are cotton, in duck, twill, and chain weaves. 
Duck is a plain cloth of square weave having “warp” and “weft” or “fill- 

in«” threads equal in thickness and texture, and in weaving they are r>assed 
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θver and under each other alternately, thus producing a weave of square 
appearance. “Hose duck” is somewhat open in texture and when held up 
to the light may show tiny square orifices due to the threads not being tightly 
Woven. Regular ducks, number ducks, or roll ducks are more closely woven 
by keeping greater tension on both the warp and fill threads and driving 
them together tightly during weaving. A single-fill duck has a single thread 
for each warp or filling. A double-fill duck has two threads twisted together 
to form each warp or filling and is designated as two ply; and so on. The 
object of increasing the ply is to obtain a closer weave and, if the threads are 
tightly driven together, the fabric is correspondingly closer in texture. 
Many cloths have numbers arbitrarily assigned to them by the manufacturers. 
These numbers do not give the weight of the fabric per square yard but enable 
this information to be obtained from a table of weights supplied by the manu­
facturer. It varies directly with the count or number of warp and fill threads 
per inch.

Twill fabrics invariably exhibit diagonal ribbing due to the way in which 
they are woven. In the simplest twill, the fill or weft passes over two warps 
and then under two; and so on. The next fill does the same but is one warp 

out of step” so that it separates each pair of warp threads that were formerly 
together. This gives a diagonal rib at 45 deg. if the number of warp and 
fill threads per inch are equal. Differences in threads or in weave alter the 
a∙ngle of rib. Twill and chain weaves are described like ducks according 
to the ply in their threads, so that a 3 by 3 has three ply in both warp and 
fill threads. The count is also given, for instance a 36 by 26 fabric has 36 
warp threads and 26 fill threads per inch. Its weight is separately expressed 
as 18 oz., or 18 oz. per sq. yd. For instance, a No. 11 twill weighing 17 oz. 
Per sq. yd. 4 by 4 threads and 45 by 30 count. When ordering cloth for filter 
mediums, a sample should be submitted to avoid mistakes due to confusion 
°f the designating numbers.

Metallic filtering mediums are used extensively on continuous vacuum 
filters for handling alkalies, crystalline material, wood pulps, and paper pulps. 
They are also used in pressure filters in conjunction with a filter aid for clarify­
ing sugar liquors, lubricating oils, gasoline, etc. Metallic filter mediums are 
woven of iron, copper, or brass wire, or of special corrosion-resisting alloys 
such as monel. Mechanical strength and resistance to corrosion prolong 
the life of woven-wire filter mediums to such an extent that higher first cost 
is amply justified and for this reason such mediums should be considered 
whenever they are applicable. In special cases finely punched metal plate is 
used as a filter medium, although other specially designed filter mediums 
are possible. Asbestos fabric, useful for some liquids that destroy both 
cotton and wool, has been successfully used. Recent developments have 
provided filter fabrics composed of glass or rubber.

Woven glass cloth is now made in the principal weaves found most suitable 
in cotton textiles. This cloth is woven from small diameter glass fibers; 
its use is for services wherein the acid-resisting quality of glass is required.

Rubber fabrics are also made, although not in woven textiles. The fluid 
rubber is passed in a thin sheet over a surface with minute perforations 
through which air is blown. The air bubbles rising through the gradually 
solidifying rubber sheet produce a regularly spaced pattern of fine perfora­
tions, which may be as numerous as 6400 per sq. in.

The development of a rubber fabric having microscopic apertures is in 
progress; it has high rates of porosity in terms of water.

Two new synthetic yarns being applied to filter cloths are Vinyon and 
Nylon. The former has excellent resistance to cold acids and alkalies, 
while Nylon is required for higher temperatures.
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Metacloth is the trade name of a filter cloth that has been treated with 
copper sulfate solution to make it mold-proof and to increase its resistance 
to caustic solutions.

Dupont Nitro-Alter is cotton fabric nitrated in such manner that the 
tensile strength of the fabric is from 70 to 80 per cent of the untreated cloth- 
It is used for the filtration of sulfuric, nitric, or hydrochloric acids or mixtures 
of these, of varying strengths and temperatures, for instance 40 per cent 
sulfuric acid at 90°C. Being a nitrocellulose it will not withstand alkalies, 
and because of its flammable nature must be kept wet and is stored under 
water. Special cotton-filter cloths prepared by impregnating with solutions 
of secret formulas are available for the filtration of caustic solutions.

Factors Governing Selection. The filter medium selected must have 
good mechanical strength and resistance to the solution filtered, so that it 
has an economic life.

The clarity of filtrate desired and the size of particle to be filtered together 
determine the class of weave selected and the grade or weight of cloth.

Where the first portion of filtrate may be returned to the circuit as a 
“cloudy” liquor, a cloth of open texture is permissible and larger filter capac­
ity is obtainable than when a close-textured cloth is used to obtain the entire 
filtrate at high clarity.

Pigments, non-corrosive chemical precipitates, metallurgical products, and 
weak alkalies may be filtered on cotton-duck or twill weave, the latter giving 
the higher clarity. Woolen fabrics are used for dilute acid liquors.

Woven-wire cloth is used chiefly for acid and alkaline liquors. Monel 
and other alloys are very useful because of their resistance to corrosion. 
Open-weave metallic cloth is especially useful for paper pulps and crystalline 
and granular materials because rapid drainage and high capacity are obtained 
per unit area.

FILTRATION LEAF TESTS
It is unusual to be able to forecast what may be accomplished in the filtra­

tion of an untested product, and even the results obtained upon known prod­
ucts vary greatly with the conditions of filtration. Therefore, unless exact 
data have already been established, preliminary tests should be made to 
determine the filter· requirements for a given filtration problem. Such tests 
are easy to make and require very simple, small-scale test equipment. 
Whether vacuum or pressure filtration is to be used is generally known before­
hand. Occasionally tests are made for comparison.

Vacuum Tests. The leaf shown in Fig. 3 is connected to a filtrate receiver 
equipped with a vacuum gage. The receiver is connected to an aspirator. 
Different filter mediums may be used on this leaf for comparative tests.

In making leaf tests, the operation of a continuous vacuum filter should be 
kept in mind. The cycle is divided into three periods, cake formation 
(or “pickup”), drying, and discharge. Sometimes pickup is followed by a 
period of displacement washing, and the cake may also be subjected to 
compression during drying. These things should be considered, and a plan 
of the cycle or cycles to be tested should be formed.

If the object of filtration is simply the removal of solids from the liquor, the 
cycle may be: one-third pickup, one-third drying, and one-third discharge 
and reentry time. While under vacuum, the test leaf is submerged for the 
pickup period in the material to be tested. The leaf is then removed and 
held with the drain pipe down for the drying time allotted. Observations 
should be made during the test such as vacuum readings during pickup and
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drying; time at which cracks in the cake appear; temperature of the material; 
Percentage of cake-forming solids present; acidity or alkalinity.

tests will indicate the time range. Careful

FILTRATION

Usually a few preliminary 
tests may then be 
ɪɪɪade and, in these, 
variations in temper­
ature, dilution, con­
ditioning agents, etc., 
should be tried, and 
capacities and clarity 
°f filtrate noted.

Pressure Tests, 
ʃər plate-and-frame 
Press work, tests are 
best made with a 
*aboratory-size mod- 
θɪ- This will give 
representative “cake packing,” etc.

Fig. 3.—Small-scale vacuum-filtration testing unit. (OZ⅛er 
United Filters, Inc.)

- ---- - vtmv 1∕αυιuu6, ŋw. The apparatus shown in Fig. 4 is used
ɪθr tests to obtain data for operation with a shell-type pressure filter.

Operation of the commercial unit should be kept in mind and the cycle 
” ’ r. After determinijrιg the cake-building or filling time,

j cake with compressed air should be

air inlet Jk 
Compressed air for πtt 

leaf discharge -⅛. 
Vacuum ·■: tests %
.gage i

τf~ 
Filtrcrle' .
outlet Ç

fol

the

3-HIfitter medium' öl 
Coverirq ∣ *P

Monte-
∙¾ jus

Feed pipe
'Drain 

pressure-filtration testing 
United Filters, Inc.}

covering
pressure leaf

Connection ''r*~∏  
for wash wateres 
and cake drying

Fig. 4.—Small-scale 
unit. {Oliver

arranged accordingly. Aitei dete 
displacement washing and drying 
tried. For wet discharge it is 
advisable to open the cell and 
θxperiment upon washing the cake 
away with a jet of water. Foi- 
dry discharge the effect of a gentle 
air blast in the test leaf should be 
tried.

In both vacuum and pressure 
tests the daily filter capacity is 
determined by the dry weight of 
cake per unit area of test leaf 
Inultiplied by cycles per 24 hr. 
and multiplied by the filter area. 
Capacity in solids is usually ex­
pressed in pounds per square foot 
per day and filtrate in gallons pel- 
square foot per minute or per 
day.

The material tested should be 
representative, and samples 
should be tested immediately after they are taken. In some instances, sam­
ples stored for several days have given results very different from those 
obtained when tested immediately because of changes that occur upon 
standing. All tests should be made under conditions that represent large- 
scale operations so far as possible.

Results obtained by leaf tests for capacity are irregular with extremely 
free-filtering materials, such as crystals in mother liquor. In such cases 
it is better to employ small-scale equipment.

Before undertaking test work it is advisable to consult a manufacturer 
of filtration equipment, giving as many data on the materials as possible, 
together with the objects of filtration.
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FILTER AIDS*
Filter aids are useful when handling finely divided solids and colloidal 

materials. A filter aid should be of low specific gravity so that when mixed 
in the liquid to be filtered it will remain in suspension. It should be porous 
rather than dense and must be chemically inert to the liquid being filtered.

Kieselguhr or diatomaceous earth having a high silica content is little 
affected by solutions, is free filtering, and is of light gravity. It is the most 
■widely used of all filter aids in the filtration of sugar juices, vegetable oils> 
petroleum products, fruit juices, beverages, etc. Paper pulp is also used 
in the clarification of wine and beer.

The amounts of filter aid added are comparatively small, and the expense 
is more than counterbalanced by increased filter efficiency. Both paper 
pulp and kieselguhr can be washed and revivified so that they may be reused 
several times. Fuller’s earth, charcoal, asbestos, sawdust, magnesia, salt, 
and gypsum are used as filter aids in special cases.

Decolorizing carbons and earths, such as Darco, Carbrox, Suchar, Norit, 
Filtrol, Palex, and activated clays act both as decolorizers and as filter aids 
for oils, fats, etc. In many cases, a coating of the filter aid is applied to the 
filter medium to act as a clarifying agent and to prevent blinding of the filter 
medium. '

The most commonly used filter aid is diatomaceous earth prepared by 
various manufacturers. This material, being skeletal remains of diatoms, 
has a very high filter rate, does not fill the pores of filter mediums, and is used 
either as a precoating of the filter medium itself, or as a pulp mixture which 
must be filtered. Various degrees of purification used on the raw diato­
maceous earth provide a material with varying filtration properties. These 
different types are given various trade names identifying them for certain 
work, as Filter-cel, Dicalite, etc.

For specific amounts of filter aid, the producers of various grades give 
their own recommendations.

There are other materials which have been employed as filter aids, among 
which are macerated paper pulp, and the finely shredded residue from the 
grinding of sugar cane, known as Bagacillo. Neither has attained anywhere 
near the universality of diatomaceous earth as a filter aid. Bagacillo is only 
used in connection with the clarification and filtering of cane juice and canθ 
mud.

While activated carbons are used in filtration they are not really filter 
aids but are decolorizing agents. Doubtless they do promote filtration to 
some extent but such effect may be considered incidental to their real function 
as decolorizing agents.

Preconditioning. Another method of preventing excessively fine par­
ticles from decreasing the filtration rate abnormally is to causé» the fine par­
ticles to coalesce or to form agglomerations of larger size. This pretreatment 
or conditioning of an otherwise unsuitable feed provides good filtration rates 
and makes industri al filtration more profitable. Sewage sludge is an example 
of this method.

Coagulation of sewage sludge prior to filtration is effected by the use of 
such reagents as alum, ferric chloride, or other chemicals.

Effect of Temperature and Viscosity. By increase of temperature, 
water decreases in viscosity and gives rates of flow proportional to the follow­
ing data:

* See p. 1269.



FILTRATION 1668
20oC.
1.8

40oC.
2.7

60oC.
3.7

Temperatures...................................................................................... 0oC.
Hate of flow................................... ɪ θ

r∩Slus, ^ɪɪθ rate of flow is doubled by raising the temperature from 20o to
C. In practice there are many cases where the filter capacity is materially 

ɪɪereased by heating the filter feed, as when filtering cement slurry, clays, 
some flotation concentrates, syrups, oils, etc. The economy of heating a 
81"wk fɪɪtθɪ- fθθd may be determined by tests and computations.

When a concentrated solution is filtered, its viscosity may be high and 
sɪve a low filtration rate. By diluting the filter feed with fresh water, the 
Viscosity of the solution is reduced and gives a higher rate of filtration. The 
o al filtration time for increased bulk of filter feed as diluted may be much 
θss than for the smaller bulk of the more viscous strong solution.

Tf ∖^le^ler dilution can be adopted depends upon the purpose of filtration, 
fl·>· θ ɛθɪʊ^ɪθɪɪ rs required at high concentration for subsequent treatment, 
his may preclude dilution, but if it is to be discharged afterwards or if it 

rrιay be reconcentrated by evaporation, then dilution may be allowable.

TYPES OF FILTERS
Eilters may be conveniently grouped under four heads:
1.
2.
3.
4.

Gravity filters.
Pressure filters.
Intermittent vacuum filters. 
Continuous vacuum filters.

Gravity Filters. A gravity filter generally consists of a tank with a false 
hoor covered by a filter medium. Leaching tanks used in cyanide plants 
have a cloth-covered filter bottom and may be termed “gravity filters.” 
iiy far the largest number of gravity filters employ a bed of sand as the filter 
hɪθdium and are used for clarifying solutions or water. To be effective such 
a filter medium must be comparatively thick and the amount of solution 
ιar'ge compared with the amount of removable solids. Strainers and sand 
arιd charcoal filter beds, used for water purification, are good illustrations 
ŋf gravity filters. Gravity filters are often useful for small-batch operations 
ɪɪɪ chemical industries where corrosion is excessive.

The Nutsche Filter. This is the simplest form of gravity filter and is 
hot made by any one manufacturer, being usually built by the plant in which 

is to be used.
In most cases it consists of a simple support for the filter medium chosen 

a∏d a vessel in which this filter medium is placed. It may be operated either 
py gravity drainage through the filter medium, by vacuum in which suction 
ɪ8 applied at the bottom of the filter medium, or, in some cases, by pressure, 
111 which case the filter is placed in a pressure case and the material pumped 
ɪɪɪto it. These filters are found in small units adapted to batch operation 
a∏d are of the simplest possible design.

Pressure Filters. There are two types of pressure filters in general use, 
plate-and-frame presses and enclosed pressure filters.

In plate-and-frame presses, a filter cloth is held between a cast-iron plate 
a∏d a frame, assembled to form a cell unit. A number of these cells assembled 
ɪɪi series form the filter.

Enclosed pressure filters have a number of filter leaves suspended inside a 
shell into which the material to be filtered is charged under pressure. The 
ɪeaves may be parallel or perpendicular to the horizontal axis of the filter 
shell. In most instances the leaves are stationary, but in some cases they 
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can be rotated during the filtration cycle. In one instance the filter mediu∏1 
is installed as an inner lining of the shell and rotates with the shell.

The principle of operation of all pressure filters is the same,. A filtering 
medium is stretched over a frame provided with channels for the collection 
and drainage of solution, and the material to be filtered is forced under pres­
sure into the space between the filter medium and outer housing or frame-

Plate-and-frame presses must be taken apart and cleaned by hand at the 
end of each cycle. Pressure filters having leaves enclosed in a shell are opened 
and closed by mechanical means and manual labor is reduced. In both types, 
a sluicing mechanism may be employed for discharging the cake, resulting iɪ1 
a material saving in time and decreased maintenance cost.

A disadvantage common to all pressure filters is their intermittent opera­
tion. The advantages are that high pressures may be used to dry the cake- 
Higher costs for labor and renewals of filter medium are characteristic of 
pressure filters.

Life of Wood Used in Plate-and-frame Presses under Acid-filtrate 
Conditions. * The Independent Filter Press Company, Inc., of Brooklyn, 
New York, advises that the life of various types of lumber under acid filtra­
tion differs considerably, and it is not possible to give ą definite figure thereon-

They do state that after trying various kinds of lumber, long-leaf yelloW 
pine was chosen to be the most durable. Even so, they state that the degree 
of acidity is the most important factor. Two cases are cited wherein long- 
leaf yellow-pine plates lasted, in one instance, under normal acid filtration, 
for 2 to 3 years; on the other hand, in a particular case where the conditions 
were trying, a set of long-leaf yellow-pine plates and frames lasted about 2 
months. No record is available by this company as to the relative life of 
long-leaf yellow pine compared to maple or cypress in this work.

Intermittent Vacuum Filters. The intermittent type generally con­
sists of a series of frames or leaves over which the filter medium is stretched, 
the leaves being provided with channels for the drainage of liquid.

Several leaves are connected to a common header, which is in turn con­
nected to a vacuum line by flexible hose. By completely submerging thθ 
leaves in a tank of material to be filtered and applying vacuum, the cake is 
formed. As soon as sufficient cake has been formed, washing and discharging 
of the cake are performed by hoisting the leaves out of the tank, and, while 
still under vacuum, transporting them to a tank containing wash water or to 
the point where discharge is to be made. Discharge is accomplished by 
release of vacuum and inflating the leaves by compressed air.

The intermittent vacuum filter gained a wide use for some years in cyanide- 
plant operation, in separation of gold- and silver-bearing solutions, but has 
been supplanted generally by continuous vacuum filters.

Continuous Vacuum Filters. Continuous vacuum filters are of two 
types: the rotary drum and the rotary disk. The drum type is a cylinder 
whose periphery forms the filtering surface; this surface may be either external 
or internal and is divided into separate compartments. Each compartment 
is separately connected to an automatic control valve which regulates the 
period under vacuum for forming, and compressed air for discharging, the 
filter cake. The internal drum filter receives its feed inside the drum, but 
the external drum, filter is mounted in a feed tank.

The top feed filter is an external drum filter which has no tank. Feed is 
supplied near the top of the drum and a hopper below the drum receives the 
cake when discharged.

* See page 2164.
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Fig. 5.—Shriver plate-and-frame filter press.
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The rotary-disk type has its filtering medium shaped in segments which 

re assembled to make up a disk. Each segment is connected, through a 
'eUtral axis or shaft, to an automatic valve, similar to that used on the rotary- 

hɪɪi filter. A number of disks may be assembled on the common shaft.

MAKES OF FILTERS
Hate-and-frame Presses. A plate-and-frame press consists of a series 
solid vertical plates and hollow frames cast with side lugs, so that they may 

,e mounted on two parallel 
0Hzontal bars and clamped 

'°gether. Figure 5 illustrates a 
'γhriver press. Each plate and 
u.ame is accurately machined to 
?ve a tight joint when clamped 
,°gether with a cloth between 
hem, and the faces of the plate 

ʤe ribbed and channeled or 
ʌ a pyramid surface to pro- 
(i∙ f°r drainage of the filtrate 
` ⅛∙ 6). A filter cloth is laid 
θvθr each plate to cover both faces, and a frame is set on each side of it so that 
y alternating plates and frames and clamping them together a series of filter 

ŋθɪɪs is formed. Each cell consists of the empty frame bounded on both sides 
ʌ` filter cloth behind which are the plates.
θne end of the series is closed by the head of the press; the other end by 

'he final plate against which a capstan screw is tightened, thereby clamping 
he series together and enabling the whole to be operated under pressure, 
ʌ ratchet gear and pinion or hydraulic closing device may be used to obtain 
^rθater force. The feed channel is 
°rnιed by a hole in each plate and 
,ame, these holes registering to­
other. In each frame there is an 
0Pening from this channel that ad- Ryrafnid Corrugated 
¡“¡ta feed into the frame, and at the ≡urfαcβ Su™Ce ɪ, 
ɔɑttoɪn.of each plate there is an 1 xg. 6.-Mter plate;
0Utlet for the filtrate. If the filtrate from a plate becomes turbid, that par- 
ɪeuɪar plate is removed from service by closing the outlet cock. The filter 
ɪɑths are examined after each run and any defective ones are replaced.

When necessary to wash the filter cake two methods are used depending 
0Pon the type of plates. In one of these, the wash water is forced through 
uθ feed channel and follows the filtrate. In the other method, wash is 

Applied from a channel that passes through the plates and frames similarly 
0 the feed channel. From this wash channel there is an inlet in one corner 

0' each alternate plate. The former construction is used for the method of 
oPeration called center filling and the latter for solid filling.

Solid Filling. When the solids quickly form a thick cake at low pressure 
to 50 lb. per sq. in.), feed is continued until the frames are completely 

ŋɪɪɛd, as indicated by the filtrate ceasing to flow from the drain cock at the 
, °ttom. Filling may be followed by an air blow to expel solution before wash 
ls applied, and as the cell is completely filled with solids no displacement of 
pake can occur though there may be cracking during this air blow. Washing 

then performed by admitting wash solution or water under pressure behind 
he filter cloth of each alternate plate. The wash is forced through the cake

O BQQQ 
IQQBO Q 
IQBEIQQ

¼>■ Filter 
^^^rnecfiυfft
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(α) (&)
Fig. 7.—Cross sections of plate-anɑ' 

frame filter presses, showing operation ɑ' 
solid (a) and center (&) filling.

and the cloth on the opposite side and issues through the drain cock showɪɪ 
in Fig. 7a. Air blow may again be given to displace the wash and to obtaɪɪ1 
as dry a cake as possible. Dryness of cake is an advantage of plate-and-fraw0 
presses.

Center Filling. In this method the feed is stopped while there is still ⅛ 
space down the center of each frame thus dividing the cake into two halve9 
(Fig. 7Ò). Wash solution is forced in behind the feed without allowing thθ 
pressure to drop so that there is no interval during which the cake can dry 
and crack or slough off. Washing 
proceeds from the center out toward 
both sides of the frame so that less 
washing time is required than with 
solid filling. This is an advantage 
when dealing with slimy materials that 
are slow in cake building and washing. 
However, there is the disadvantage of 
diffusion of wash with the last portion 
of filtrate.

Discharge. When filling, washing, 
and air blow are finished, the cake is 
discharged. The labor involved in 
this discharging is the chief drawback 
of presses. The press screw is released, 
the plates and frames separated, and 
the frames are emptied into a tray or 
into a conveyor below the press.

Open and Closed Filtrate Dis­
charge. An open press is one having 
a control cock to each plate outlet, all 
outlets delivering to a launder. A 
closed press collects its filtrate in a 
channel inside the press similar to the 
feed channel.

The advantages of plate-and-frame presses are simple construction, lo^' 
cost, simplicity of operation, and dryness of cake. They may be used fθr 
high pressures, and for acid filtrates the plates and frames may be made of 
wood.

The disadvantages are high labor charges when handling large tonnagθs 
and high cloth consumption due to damage at the joints when opening and 
closing the press. Washing is imperfect and the percentage of idle time iɪɪ 
the cycle is high because of the time required for opening and closing.

Failure at the edges of a cloth where it serves as a gasket between plate 
and frame cannot be remedied without dismantling the press and installing a 
new cloth; so for the balance of the cycle, the feed leaks at the point of defect 
resulting in losses and a dirty filtering plant.

The plate-and-frame press was the pioneer in filtration and still finds use iɪɪ 
a limited field but, in general, may be said to have become obsolete.

Merrill Press. The Merrill press is essentially a plate-and-frame press 
with an automatic sluicing device that enables the cake to be discharged with­
out opening the press.

Along the median line at the bottom of the press, and passing through 
the plates and frames, is a continuous channel, within which is a sluicing ρipe 
with nozzles, one projecting into each compartment. This pipe is slowly
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*,otated back and forth through an arc of approximately 180 deg., by means 

a rack and pinion, driven from a line shaft or small individual motor. 
JdlPultaneously water under pressure issues from the nozzles and plays upon 
∏e slime cake in the chambers, washing it down into the annular space around 
Oe sluicing pipe from which it leaves the press through a number of discharge 

,c°cks. This press finds application in cases where discharge in the wet stage 
ls Permissible. It was originally developed to handle a large daily tonnage 
. slime in which the treatment with cyanide took place (at least partially) 
1Oside the press. Its success marked an advance in slime filtration by plate- 
oɪɪd-frame presses since manual labor was reduced and cloth life lengthened, 
ɪɪowever, pressure filters have now been generally replaced by continuous 
vacuum filters for this work.

Merrill Precipitation Press. The collection of gold and silver precipi­
tated from cyanide solution by zinc dust was formerly effected by using a 
Plate-and-frame filter press of triangular cross section. This duty is now per- 
orɪned by an ordinary press of rectangular cross section or by a series of cylin­

drical cloth bags. The bags are fixed on a header connected to the discharge 
θɪ a centrifugal pump and are at all times submerged in barren solution which 
Passes outward through the 
rioth bags. To clean up 
‰ bags, the solution is 
drained from the tank, the 
ŋags are blown with com­
pressed air, and the inner 
ŋag liners are then removed 
*rom fluxing and melting.

Kelly Filter. The 
Kelly filter consists prima- 
nιy of a steel cylindrical 
tank enclosing a number of 
rectangular filter leaves. 
The axis of the tank is set 
approximately horizontal 
(Fig. 8). The leaves are 
s∏pported by a carriage 
attached to the movable 
Fead of the cylinder.
Filtrate is discharged through the head, which is locked to the shell by a set of 
radial bolts and a special mechanism. The solids form a cake on both sides 
°f the leaves. To discharge the cakes the head is unlocked and moved back 
0∏ its supporting rails, taking with it the attached carriage and leaves until 
all is free from the shell. The cake is then discharged by its own weight 
assisted by a slight back blast of air.

The leaves are rectangular and hang vertically in the shell. They are 
all of the same length but of varying widths. The widest one is on the vertical 
center line of the shell and the narrower ones on either side, their widths 
decreasing with the distance from the center so that proper clearance between 
the top and bottom of each leaf and the shell is maintained.

Each leaf consists of a heavy wire screen, bound on the four edges with a 
rolled steel shape similar in cross section to a slotted, flattened pipe. The 
screen forms the drainage element and the steel shape provides rigidity, 
protects the filter cloth from the edges of the screen, and serves as a channel 
for the filtrate. The upper corners of the leaves next to the head are con-
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Iiected to the head by nipples and unions forming outlets for the filtrate- 
The filtrate passes through these fittings and then through passages in the 
head to a trough or filtrate header outside.

The leaves are enclosed in bags of filter cloth. These bags are made with 
the front end open; they are slipped over the leaves and the open ends are 
sewed by hand. Metallic filter cloths may be used.

The largest Kelly filters are of the twin type, i.e.t there are two shells 
mounted on the same beams with the head ends facing one another and usiné 
a space common to both for running out the carriages. This arrangement 
(Fig. 9) gives a greater filter area per unit of floor space and therefore reduces 
the cost of the filtration process.

The tw,o halves of the unit are opened and closed automatically, means 
being provided for releasing the chain opening device (which is common to 
both shells) from one half while opening and closing the other half. The 
maximum travel for the carriage of either half is fixed by a spring bumper.

Fig. 9.—Kelly, filter (twin type).

Kelly filters of standard design operate at pressures up to 60 lb. per sq. in- 
Where higher pressures are used, greater strength is secured by heavier steel 
plates for the shell and by making the closing head of cast steel instead of 
cast iron. They are operated at pressures as high as 250 lb. per sq. in. and 
are well adapted to high as well as sub-zero temperatures, due to the ease of 
insulation.

Operation. The material to be filtered is charged into the shell under 
pressure. The filtrate is forced through the cloth and through outlets from 
each frame into a launder, while the cake is being formed on both sides of the 
leaves.

Filtration is stopped when the desired cake thickness is obtained. The 
excess feed is drained off, and, as the level drops in the shell, the float of an 
automatic air regulator drops and opens an air valve. This admits air at a 
pressure of 3 or 4 lb. per sq. in., which holds the cake upon the leaves and 
forces the excess liquor more rapidly from the shell.

After draining, the wash liquid is forced into the shell following the same 
path as the filtrate. Excess wash is drained off, and if a dry-cake discharge 
is desired the drain valve is closed and an air blast is used.

For discharging, the air is turned off, the release valve is opened, the head 
is unlocked, the carriage rolled out, and a slight back blast of air causes the 
cake to discharge.

For wet discharge, the excess feed is drained out, the filter is opened, the 
carriage run out, and the cake sluiced off.
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(Fig. 10) consists of a series of

10.—Sweetland niter (closed).

ɪhe Kelly filter competed with the intermittent vacuum filters in early 
cVanide-Slime operations and later was adopted in beet-sugar manufacture.

It is now widely used in petroleum refining, for handling lubricating oils, 
°r pressure-still sludges, and for dewaxing operations, for which duties its 

ciesign makes it especially suitable.
Sweetlarid Filter. The Sweetland filter 

cItcular filter disks suspended inside a 
cVljMrical cast-iron shell transversely 
ʊ i -β axis. The shell is divided along 
he horizontal center line into two 

halves, hinged together along the back, 
ɪhe upper half is rigidly fastened to 
suPports, so that the lower half may 
sWmg open thus exposing the interior 
0f the filter for cleaning. The lower 
Ialf (Fig. 11) is counterweighted to 
a-cilitate openijig and closing, and a

sPecial locking mechanism makes it possible to open or close the filter within 
a fraction of a minute. The edges of the two halves of the cast-iron shell are 
aCCUrately machined and grooved to hold a composition gasket which forms 
a tight joint when the 
alter is closed.

A “boss” is cast 
aiθng the top half of 
‰ filter body, and 
ʃɪoles are drilled 
through to receive the 
Ulter-Ieaf outlet nip­
pies. Each hole is 
P0Unterbored on the 
*aside to receive a 
Iilter-Ieaf rubber 
dasher and, on the 
ŋutside, to receive the 
caP nut and the lead 
Washer.

Inside the upper 
half, leaf spacers are 
Placed along the front 
a∏d back sides of the filter to keep the leaves in alignment.

Special uses have been found for the Sweetland filter in many industrial
chemical plants as well as in gasoline refining and in some phases of cane-sugar 
a∏d beet-sugar refining.

Automatic sluicing mechanism is provided Consistiifg of a manifold 
Pipe passing through the entire length of the filter shell just above the leaves. 
Nozzles are fitted at equal intervals along this pipe so that one nozzle is 
directly behind each leaf.

By an external rack-and-pinion drive the nozzles are oscillated through an 
arc of 110 deg. and are moved longitudinally while oscillating; thus, when 
Water is supplied under pressure, one jet cleans both sides of a filter leaf.

Filter leaves are illustrated in Fig. 12. Each leaf is a circular piece 
of heavy screen bound at the edge with a U-shaped peripheral ring. This 
gives stiffness to the leaf and provides a smooth edge making it impossible for
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the screen to damage the filter-cloth bag covering the leaf. An outlet sleeve 
welded to the top of the leaf receives the nipple which holds the leaf in plaɑθ 
in the filter and also carries away the filtrate.

For bottom drainage the outlet sleeve is welded into a flattened tube whiɑɪ1 
extends all the way to the bottom of the leaf. When air blast is used to dry 
the cake, the air must force 
ahead of it all liquid left in the 
drainage screen, as the only 
outlet is at the bottom of the 
flattened tube.

Hence the liquid or wash 
water is displaced and dry­
cake discharge secured.

An improved type of leaf 
construction has lately been 
devised, which gives a better 
means of cloth attachment Top Dra⅛t,3e Lerf EoHom Dr<⅛ge Lerf
This is provided by a special ∙∙ a
peripheral member (in place of Fig* ɪ2, Sweetland filter leaves,
the conventional U-shape mentioned above), which has a dovetailed groove 
in each outer side of the U-shaped ring. Such design makes it possible to 
apply any woven fabric without sewing.

The cover of the leaf (either cotton or woven-wire fabric) is cut into proper­
size disks and applied separately to each face of the filter leaf by placing the 
filter cloth against the face of the leaf and caulking the outer edge of the 
fabric into the dovetailed groove in rim of U-shaped, using cotton sash cord, 
lead wire, or the like.

Operation. Feed is supplied to the closed shell under pressure. Liquid 
is forced through the filter medium covering the leaves and issues from 

'Spmypφe∖^ λ ©,

WWfl Inspection
Couplinp

1£

FHtrateJ 
outlet"

Inlet connection^• JScrew 
∖ conveyer

Fig. 13α.—Valiez filter (elevation and section).
the individual outlets through sight glasses, the solids building upon both 
sides of the leaves in the form of a cake. When the rate of flow drops below 
the economic limit, feed is shut off and the excess is expelled by air under 
pressure sufficient to hold the filter cake in place. When the shell is cleared, 
washing is commenced by admitting water under pressure. After washing, 
discharge is effected by opening the drain valves and operating the sluicing 
mechanism. Water from the sluicing jets cleans the leaves and sluices out



Fig. 13&,—Val­
iez filter (section of 
leaf).
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bɪθ solids through the drains. If dry cake is required, washing is followed 
air an air a^er which the lower half of the shell is swung open and a low
k pressure turned into the leaves to discharge the cake which falls into a 

Pper or conveyor below.
cvι∙a??2 ®*̂ er· ɪɪ1 ^ɪɪθ Valiez filter (Fig. 13α), the leaves rotate inside a 
fɪuɪɪɪɑɪ`ɪŋɛɪ Pressure sɪɪθɪl*  The leaves are annular screen disks covered with 

er medium and assembled in parallel at regular intervals 
eit¾n a *10riz0nta^ hollow shaft which rests in bearings at 
cK. ɪ θɪɪd o* t*le s*ιe**∙  This shaft serves as a filtrate 
is ^ɪɪθɪ anc* 18 rθtated by worm-gear drive. The shell 
th ^lvιc*et* ɪɪɪto halves at the horizontal center line and 
, e Upper half is provided with inspection doors opposite 
Lue disks.
h if° rep*ace a dɪsk, it is necessary to unbolt the upper 

alt of the shell and remove it with an overhead crane, 
ɪɪɑ, as the disks are not sectored, the shaft is next raised 
Μ the disks removed until the defective one can be taken 

ŋɪɪ m its turn.
ɪ`eed is forced in from a manifold pipe having openings 

. the bottom of the shell. For discharge, a sluicing 
lPe is located at the extreme inside top of the shell with 

1θles drilled so that jets impinge at an angle on each side 
? every leaf. At the extreme bottom of the shell is a 
r°ugh equipped with a revolving scroll to remove the 

s uiced solids through an opening in the bottom of the 
8Uell.

The Valiez filter was designed for certain phases of 
8Ugar-refining work, while a variant of the Valiez type has 
e°n used in oil-refinery operations.

Filter. The Burt filter (Fig. 14) is a steel cylinder 
ʌ`hieh is rotated like a cement kiln. It has a hollow 

1Unnion at the feed end, and a tire and rollers toward the 
θther end. It is revolved by a pinion drive, and its speed 
j8 varied according to the nature of the material being 
ɪtered. The cylinder is lined on its inner periphery with 
rainage panels covered by filter cloth. Each panel has 

°ne or more outlet nipples passing through the cylinder 
Uell, and external stationary launders receive the filtrate 
ropping from each circle of nipples. The rear end is 

cι°sed by a cast-iron door equipped with a quick-opening 
0Utlet for discharge.

Operation. The material to be filtered is fed through 
ŋɪθ hollow trunnion at the head end, as the filter revolves. 
" hen the required charge has been introduced, the
eθd inlet is closed, air is admitted under pressure, and this pressure is main­

tained in order to force filtrate through the filter while forming and holding 
he cake in place. During rotation the filter cake forms while the filter 

1Uedium is submerged by the feed. The cake is homogeneous because 
°1 rotation. Any cracks which form are sealed when the cake reenters 
ɪhe feed. When the flow of filtrate ceases, air pressure is released and wash 
^ater is admitted. Rotation continues filling the cake with the water, 
^ompressed air is then admitted which forces the wash through the cake.

using a muddy wash, all cracks or pit holes are sealed and a uniform cake
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washing secured. For discharge, the air pressure is cut off, water is admitted, 
the discharge ports are opened, and rotation is continued.

The Burt filter had a limited use in cyanidation some years ago, sincθ 
which time it has been 
used to some extent in 
handling zinc sulfate 
liquors in electrolytic 
zinc refineries.

Moore Filter. The 
Moore filter (Fig. 15) 
was the first to use 
vacuum filtration on a 
commercial scale. The 
leaf consists of a frame 
over which a bag is 
stretched to form the 
filter. The frame is 
rectangular and is made 
of perforated pipe con­
nected to a vacuum

Intermittent 
Vacuum Filters

Fig. 14.—Burt filter.

system. Collapse of the bag is prevented and drainage is provided for, by 
wooden slats sewed vertically into the bag. When the leaf is submerged iɪɪ 
the material to be filtered and vacuum is applied, the cake forms on the out­
side of the leaf, while the filtrate is drawn through it. A number of leaved 
suspended side by side constitute a 
basket, the capacity of which is directly 
proportional to the number of leaves 
multiplied by the area of the two sides 
of a leaf.

When a sufficiently thick cake has 
formed, the basket is raised out of the 
feed tank and transported to another 
tank containing wash water, vacuum 
being continued meanwhile by means 
of a flexible hose connection. After 
sufficient washing, the basket is again 
raised and transported to the discharge 
point, -where the vacuum is shut off and
air pressure is, applied. The pressure distends the bags and discharges thβ 
cake. The moisture that remained on the inside walls of the filter cloth is

Filter !eaves'"

conveyor

i ⊂ιδ J c≈S"
∖ Was hin a Γ"Ί Dump
I tank I I tank

Crane runway 
Fose connection to vacuum ̀ 
and compressed air tanks'.

Fig. 15.—Moore filter.

blown back and wets the outer side. It is the lubricating action of this water, 
coupled with the weight of cake and the flexing of the cloth, that causes the 
cake to slide off. As the leaves hang vertically from the frame, they are iɪɪ 
the best position for a complete discharge to be made.

Handling the filter baskets with an overhead traveling crane reduces labor > 
one crane serving a number of baskets installed in the same group. The 
number and size of the leaves in each filter may be altered to give a convenient 
output per cycle.

The advantages of the Moore filter are simplicity of operation, ready 
inspection of leaves after cake discharge, and ease with -which a new leaf may 
be installed in place of a defective one.
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A disadvantage is that, during transfer from tank to tank, vibration may 

’ aiffiθ ʃ^ɪɪθ ca,kθ drop off. If the cake drops from a leaf, the washing is 
efficient due to a short-circuiting of the wash liquid through the exposed 

P°rtιon of cloth. This requires strict control of the amount of fine sand 
c°ntained in the feed which acts as a filtration aid. Also, if possible, cake 
cracking must be avoided.

Butters Filter. The Butters filter differs from the Moore filter in that 
e leaves are installed in the tank and remain stationary during the filtration 

cycle.
Feed is admitted until the leaves are ubmerged, after which vacuum is 

is ɪɪθɑ*  When the required load of cake has formed, the remaining feed 
0rpuπιPed iɪɪto a stock tank, the discharge valve is closed, and wash solution 

l wash water is run in until the leaves are again submerged. Vacuum is 
^amtained in the meantime to prevent the cake from falling off. After 

suing, the solution or water is pumped out. The cake is discharged by 
κ θnιng the discharge valve of the tank, shutting off the vacuum, and apply- 
'⅜an* pressure, when the cake falls off and is sluiced away.

ɪɪɪall-seale operations require only one filter and one tank, whereas the 
°°re arrangement requires two or three tanks. For large-scale work, 
vθral tanks and baskets are needed in each method.

in th tlmes "ɑɪθ wash solution has been pumped on to the surface of the charge 
∣, ne fiɪter while drawing off excess charge. While this caused some diffusion,

6 saving in time and the continued submersion of leaves were thought to 
lu⅛fy the practice.

ɔɑfh the Moore and the Butter filters have been widely used in filtering 
ʌ Vaiiide slimes, but their use has now been generally supplanted by continuous 
βLcuym filters and they no longer have the major importance in modern 

θrɪng practice which they once had.

Continuous Vacuum Filters
a θliver Filter. TheOliverfilter (Figs. 16α, 166, 16c) Consistsessentiallyof 

'ʒdɪndrieal drum supported in an open-top tank or vat and in such a manner 
ɪɪ to allow rotation of the drum therein around its own axis which is in a 
m∏zontal plane. The position of the drum in the tank is such that its lower 

∙,ι? ∙ ɪ8 c°nfiued within the tank walls, while the upper portion is exposed
above.

ɪ he ends of the drum are either open spiders or closed heads which carry the 
8ι1jΛa^n trunnions by means of which the drum is supported. The drum 

e 1 is composed of a number of shallow compartments over which is secured 
h m^erιng °1 filter cloth. The cloth is supported by a drainage grid and is

ɑ in place by a spiral winding of wire uniformly spaced.
0f j∙lnc.e ^ɪɪθ Pnlps handled on the Oliver filter differ widely in the percentage 
o. ,∙ ɪ^,ɪɪɪfi content and hence in the filtering rate also, the nature of the drainage 
^ɪid is determined by the use of the filter.
7 z .or the simpler types of.minerals and chemical products, the screen grid is 
fip-ln∙, deθP∙ handling moderate amounts of filtrate. If built for various free- 

terinS material (sulfite pulp as an example), the filtrate passages must be rτiθ and ^rainaSe grids are therefore deeper, ¾.e., 1⅜ to 1¾ in.
fi∣L ne oPP°site condition is found in the very shallow grids in the cane-mud 

> ers∙ These filters handle smaller flows and also separate the initial 
∣, U i fi^rate; hence, sharp separation with the least dilution occurs with 

® shallow grid (less than ⅝ in. deep).
he screen support for the filter medium is a specially milled cedar grille 

1 most neutral or acid filtrates, but, with caustic filtrate, perforated steel
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compartment communicates through a separate con-

Fig. 16α.—Oliver filter, discharge side.

The earliest designs of automatic valves f°1

sheet or cast iron is used. The latter is also used for salt solutions. Con­
centrated acids require cast-lead grids.

The interior of each 
duit (28), to a valve 
mechanism (31) 
which, during oper­
ation, automatically 
applies either suc­
tion or positive air 
pressure to the sev­
eral conduits in ro­
tation and through 
them in turn to the 
interior of the com­
partments. The 
automatic valve 
(31) is connected to 
a vacuum system 
and to a source of 
compressed air.

As the automatic 
valve is an indispen­
sable control, it has 
been specially devel­
oped in the Oliver 
Oliver filters made provision for separation of wash solution from filtrate· 
This was made by placing a bridge or stop in the valve interposing a barriθr 
between the fil­
trate outlet in 
the lower half of 
the valve and the 
wash solution 
coming from the 
upper half. In 
many cases no 
separation of in­
itial filtrate from 
wash solution is 
required. For 
such cases and 
for simple de­
watering opera­
tions no bridge 
in the valve is re­
quired, and only 
one outlet from 
the valve is used.

Two outlets 
are usually 
enough, but in 
some cases a “cloudy filtrate” port or outlet is provided when using “open/ 
or wire-mesh, filter covers, which diverts a cloudy filtrate produced ɪɪɪ 
some uses of the filter just as the cake begins to form. This small amount 
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filtrate is returned to the filter feed and thus the remaining filtrate is kept 

Quite clear.
n Γhe usual bridges or stops in the valve are set before starting operation 

the filter. In some cases they are arranged to be set by a handwheel on 
‰ outside of the filter valve, the handwheel allowing exact adjustment 
^vithout removal of the valve for setting the bridges. This is a patented 
ɪeature.

θther valve bridges, also externally controllable, permit modifying the 
aι∏ount of vacuum without altering the peripheral location of the bridges.

ɪ'ɪɑ- iβc.—Oliver filter with concentric-type agitator with independent drives for filter

1
2
7
9 

ɪθ 
12 
13 
21 
22
23
24
25
26 
28
29
30

Filter drum 
Filter tank
Drum arms 
Drum shaft
Housed bearing 
Worm-drive gear
Worm shaft 
Wood staves
Division strips 
Filter medium 
Wire winding 
Scraper blade 
Scraper adjuster
Drum piping 
Closed drum head 
W ear plate

drum and agitator. 
Parts List

31. Automatic valve
32. Vacuum connection
39. Felt washer
41. Valve-adjusting pivot
42. Valve-adjusting rod
45. Wiring sprocket
47. Worm
48. Agitator rakes
51. Agitator crank
55. Scraper bearing
61. Pipe plate
63. Crank shaft
66. Center spider
71. Handhole cover
81. Agitator arc
82. Automatic valve flange

87. Connecting-rod pin
121. Rear bearing
123. Scraper plate
125. Feed-screw sprocket
136. Filter cover support
148. Type A drum drive
149. Type A agitator drive
151. Shaft coupling link
154. Wiring center dolly box
155. Shaft coupling
158. Diaphragm vacuum con­

nections
159. Saddle clips
161. Drum nipples
205. Oscillating spider
219. Scraper tip

For high rates of filtrate flow the vacuum passages or conduits leading to 
Die valve from, the surface of the filter drum are made very capacious to avoid 
⅛ctional losses. In extreme cases the passages convert the entire interior 
0f the filter drum into manifold wedge-shaped compartments, which take the 
hlace of the usual tubular conduits.

ɪʃnder the drum, barely clearing the bottom of the tank is suspended a 
fi,amework (81) supporting horizontal rakes (48) which, during operation, 
sIowly oscillate thus agitating the feed.

æhe filter cake is usually discharged from the drum surface by a scraper 
⅛de which is set in a vertical position, and in the present design the blade 
ʤes not touch the wire winding of the drum. On the edge of the scraper 
*8 affixed a detachable rubber tip. The scraper itself is mounted upon the 
edge of the filter tank. The low-discharge point of the Oliver filter cake 
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permits cake discharge by pressure reversal only, in most cases, the scrapef 
serving as a diversion plate only.

There are important exceptions to this among which are the various fibroɑ3 
materials formed in paper making. For these fibrous sheets, so eallθɑ' 
vacuum alone does not reduce the moisture content sufficiently low in soɪɪɪθ 
cases, nor does the scraper always give the best discharge.

By applying pressure upon the wet sheet of fiber with heavy steel or cast- 
iron rolls, much additional moisture is expressed, and the same sheet 13 
suitably removed from the drum of the Oliver filter by couch rolls or lθa∣ 
rolls in contact with the sheet; the effect is by adhesion to the couch rɑɪ 
which rolls upon the sheet surface. The sheet is removed from the co∏cil 
roll by a knife or “doctor.”

The lead roll provides a lifting effect on the sheet which passes over the 
lead roll without adhesion.

A widely used means for removal of fibrous sheet is obtained by the effθɑ` 
of vacuum applied externally to the sheet at point of discharge. Anothθr 
discharge method uses jets of air and/or water introduced beneath 
fibrous sheet externally.

Above the exposed portion of the drum, and connected to the filter tank» 
is a steel framework supporting a number of horizontal water headers an<*  
fitted with spray nozzles, the whole being enclosed by a Sectionalized housing- 
The entire filter mechanism is driven by a motor and speed changer, or altθr" 
native mechanical devices.

The simplest type of drive for the Oliver filter is by a belt and pulley.
Various mechanical drives are possible for the Oliver filter. The one ιnoSt 

favored now is a combination of motor directly connected to the worm-gθa,r 
speed reducer and thence by V-belts and sheaves to the worm shaft thafc 
drives the worm gear on the filter drum. The motor and speed reducer ar0 
mounted on the filter tank. Roller-chain and sprocket drives are less favored » 
though many installations still use them. Speed variations can be made ɪɪɪ 
various ways such as changing V-belt sheaves or sprockets. Others may ugβ 
multispeed motors, or cone-pulley devices like the Reeves or the Link-Bθ^ 
drives. Where d.c. current is available, rheostat speed control is possible.

The original duty of the Oliver filter was the filtration, at air temperatures, 
of mineral slime from water or from a moderately alkaline cyanide solution- 
This required a simple design of steel, cast iron, wood, and cotton material-

Soon its expanding field of use required a design modified to handle highθ1 
temperatures with acid or alkaline solutions. The results were such that 
the Oliver filter now uses, besides the original type of steel, wood, cast iron» 
and cotton, filters of all wood, others of all steel, stainless steel, or monθɪ 
metal.

Certain duties require an all cast-lead filter, and there are also all cast-iron 
filters. Lead-Iined steel filter tanks are built and in some cases a sheathing 
of brass or copper is used over the wood and steel portion. Any practica*  
material of construction may be used in building the Oliver filter, and filter 
covers are provided in a wide variety of textiles, woven-wire cloth, as wθɪɪ 
as finely perforated metal sheets.

Operation. During operation, the drum rotates slowly while the tank 
is supplied with the material to be filtered and the level is maintained to 
ensure a constant depth of submergence of the lower portion of the filter drunɪ- 
In some types this depth may be set between limits ranging from zero to 
almost complete submersion of the drum. Once chosen, the valve is set ɪoɪ' 
the given conditions
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Through the action of the automatic valve, vacuum is applied to those 

cθmpartments of the drum passing through the sludge. The vacuum created 
wιthin the compartments causes a flow of filtrate through the filter medium, 
conduits, and automatic valve, and a layer of cake solids is deposited upon 
ɪɪθ filter medium covering the submerged portion of the drum.
ʌs the drum revolves, the vacuum in the compartments is maintained, and 

he layer of cake solids emerges and passes through the arc included by the 

Í :Return roll

! i Cakei > discharging>J ; strings^

water trough

Titer.

Fig. 17.—Feinc filter.
Wqog baffle

hpper or exposed portion of the drum. It is subjected to washing by water 
ɪ'oɪn the spray nozzles; the wash water permeates the cake and displaces the 

hquid contained.
-during this washing operation, the replaced liquid, together with some of 

hθ wash water, flows through the filter medium and conduits and is dis­
charged from the automatic valve in the same manner as the liquid from the

.∙n)∣mJ))Mi
V∣IIW>∕∕I∣∣∣∣I>∣'

Fig. 18.—The Oliver precoat filter

IllliiiUlWr ⅛7)iiiiiμ

Cj^se~forming operation. Wash liquor may be discharged separately from 
he original filtrate at the automatic valve.

following the washing period, as each successive compartment reaches the 
draper, the vacuum is cut off by the action of the automatic valve, and air 
æt low pressure is applied. This operation, with or without the action of 
⅛he scraper, effects the discharge of the cake, after which the cleaned filter 
sPrface again rotates into the tank and the cycle outlined above is repeated.
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Oliver Continuous Precoat Filter. This filter is a major modification 
of the standard Oliver continuous drum-type filter. Its unique principle 
of filtration and method of cake discharge have opened up many opportuni­
ties for the continuous filtration or clarification of products that have hitherto 
been difficult to handle. Precoat filtration is particularly adapted to handling 
solutions with pasty, gummy, or colloidal substances, or solutions with sm^ɪɪ 
amounts of solids held in suspension.

The Oliver precoat filter (Fig. 18) operates continuously in cycles. First< 
a heavy layer of filter aid is formed on the drum and then the solution to bβ 
clarified is fed into the tank which 
has been drained of excess filter aid. 
As the drum rotates, a thin film of 
solids is continuously formed on the 
surface of the filter aid and is rotated 
through the washing and drying zone 
to the discharge point. Here, an 
advancing knife-edge shaves off the 
film of solids and usually some filter 
aid. The cleaned surface of filter aid 
rotates on into the tank for further 
cake deposition (see Fig. 19). Flow 
rates are sustained and high. Satis­
factory clarification usually takes 
place in one step. Precoating takes 
less than an hour ; filtering or clarify­
ing continues for periods ranging
from 16 hr. to a week, depending upon how much precoat is removed with 
the cake.

The Oliver precoat filter is made for both continuous-vacuum or continuous- 
pressure operation. Enclosed units are made for handling products giving 
off noxious or volatile gases or where insulation must be provided.

Feinc Filter. This filter (Fig. 17) is a continuous, rotary-drum vaeuuɪɪ1 
filter similar to the Oliver already described but differing essentially ⅛3 
follows:

The discharge of cake is effected by a system of endless strings passing 
around the drum and over a roll for lifting the cake from the drum.

Outlet pipes from the drum compartments terminate in ports on the periph­
ery of the rotating hub instead of at the face or end of the hub.

The valve is annular in shape enclosing the hub and has ports that break 
the vacuum on those compartments where the strings lift the cake from th® 
filter drum.

No back blow of air is used.
The drainage members in each compartment are formed of spirally wound 

wire mats cut in sections to fit.
Operation. The feed is supplied to the tank in which the drum revolves 

and vacuum is applied, causing cake to form and to embed the endless string3 
on the submerged sections.

As the drum revolves, the cake emerges and travels around with the drum 
the point of discharge, which is normally on the descending side. Here th® 
vacuum is broken by the automatic valve and the strings leave, lifting th® 
cake from the drum. They pass over a discharge roll, as shown in Fig. 17< 
the flexure causing the cake to fall from the strings. As the strings return 
to the drum they pass through a comb to keep them in alignment and to 
remove any adhering cake.
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Dorrco Filter (Fig. 20). This is a vacuum filter of the rotary-drum type 

'M th the filter medium placed on the inner surface of the drum as a series 
θɪ panels parallel to the drum axis. The drum serves also as the container for 
he pulp and no supplementary tank is used. Except for the annular retain­

ing ring which creates the bath, the drum is open at one end for convenient 
1 aspection.

The drum is supported by a tire and riding rolls at each end. It is driven 
jy a motor and speed reduction connected to the riding-roll shaft by chain and 

sprocket. The automatic filter valve is the same as the one used on the 
ʊhver filter, although formerly it was of annular type. Bridges used in this 
valve are the same as those in the Oliver filter, but additional bridges permit 
alternating suction and pressure in the cake-discharge section.

A troughed belt conveyor runs through the machine at one side of the 
center line collecting the cake as it is discharged and delivering it through 
Jhe end of the machine at the center-line elevation. This conveyor is driven 
through the opening in the annular valve, and the drive arrangement is such

Fig. 20.—Dorrco filter.

that the speed of the filter drum can be adjusted independently of the speed 
°f the conveyor. In some cases cake is removed by a spiral scroll in a trough.

The feed is arranged to enter at either end of the drum and is distributed 
Uniformly on a line, the full length of the drum, by means of an inclined 
Hffled launder or some other simple feed distributor.

The inner face of the drum is composed of a series of individual filter panels. 
In the case of a fabric filtering medium, the cloth is loosely stretched over the 
Panel surface and conveniently held by packing rope on the four sides of the 
Panel. This packing rope is pressed down into narrow grooves leaving a 
smooth and practically continuous exposure of active filtering surface. 
These panel coverings are supported on a punched plate which is rigidly 
spaced away from the outer shell to allow passage for air and filtrate, and the 
filtering medium is in turn held free from the punched plate by an intermedi­
ate layer of backing cloth. The cloth can be applied as a one-piece blanket 
for the filter, or, by simply cutting the cloth in rectangular strips, the indi­
vidual panels may be separately reclothed. The panel compartments 
communicate through the end of the drum with externally located piping, 
leading to individual ports in the replaceable rotating wearing plate of the 
automatic head valve, so that the vacuum, pressure, steam, etc., can be 
applied in proper sequence during the cycle.
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Operation. As the filter revolves, the cloth passes down into the pulp 
bath underneath the line of feed and the cake-forming vacuum is applied 
automatically as adjusted by the setting of bridges in the head valve, per­
mitting, where desired, the precoating of the cloth with the coarsest, most 
rapidly segregating material in the feed. As the cloth emerges from the 
bath, the cake is drained out and washing sprays may be brought to bear 
upon it w hile it is still resting in an inclined position against the drum- 
Following this early application of washing sprays, the cake is dried by 
vacuum until discharge.

As the cake passes over the hopper which guards the discharge conveyor, 
the drying vacuum is cut off and the panel is brought into direct connection 
with the special discharge port. This port leads by separate piping *from  
the filter valve to a small four-way valve bringing the port into direct con­
nection with the inlet and outlet of a small blower, and at the same timθ 
alternately opening the outlet and inlet connections of the blower to thθ 
atmosphere. This imparts to the panel an alternating pulsation with a 
gentle breathing action, freeing the cake and permitting it to drop away by 
gravity to the collecting conveyor, at the same time repeatedly flexing thθ 
cloth as a reconditioning step for further operation. When cake discharges 
readily and cleanly from the cloth, the “pulsating” discharge is changed to 
simple low-pressure “blow” discharge.

Following the discharging of the cake, the cake cloth is exposed and, if 
desired, the pulsation may be continued and spraying or steaming of the 
cloth accomplished with the separate division of the valve available for 
this use.

No agitation of the pulp bath is used as any settlement or segregation 
which takes place is in the direction of cake formation, and neither the pulp 
in the bath nor the cake on the cloth comes in contact with any mechanical 
device or stationary surface.

In the case of free-filtering materials, permitting high speeds of filter opera­
tion and handling of large tonnages on comparatively small drums, the face 
of the filter is short in proportion to its diameter and a simple chute is sub­
stituted for the belt conveyor. The short-faced filter lends itself particularly 
well to the distribution of extremely coarse heterogeneous feeds where any 
appreciable depth of bath is difficult to maintain, the coarse material being 
merely sluiced on to the narrow path, of filtering surface revolving under it. 
When operating conditions prevent the use of cotton filter cloth, a special 
type Dorrco filter has been designed to use woven-wire cloth. The separate 
panels in this design are inwardly convex, instead of uniformly concave like 
those in the standard Dorrco. These panels have special clamping bars and 
plates to hold the wire cloth in place.

Oliver Top-feed Filter. On this filter (Fig. 21) the feed is applied on 
the ascending face of the drum and a chute receives the cake when discharged- 
The end flanges extend radially beyond the face of the drum in order to 
retain the feed. These departures from ordinary rotary vacuum-filter 
construction are shown by the illustration. The cake is carried around the 
filter nearly to the point of cake formation before discharging, or about 315 
deg. travel on the circumference.

In cases where minimum moisture concentrations are needed, a hood is 
provided in which the incoming air is heated before it is drawn through the 
cake thus obtaining a dry product by direct evaporation with high thermal 
efficiency.

Large volumes of air are drawn through the cake at low vacuum (2 to 4 
in. Hg) and the power consumption is reduced to a minimum by designing 
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the filter with the least possible internal resistance—no piping being used in 
the vacuum conduits of the filter.

Since very low moisture concentration in a filtered product is usually 
required, the design of the Oliver top-feed filters has evolved methods for the 
application of heat to the filter cake in various convenient ways.

Where indirect heat at lower temperature is needed, the air drawn through 
the filter cake is first passed through a heat exchanger built on the multi­
tubular plan, using steam.

Higher temperatures may be obtained through use of direct steam or of 
heaters supplied with oil, gas, or coal fuel, which provide direct use of gases 
of combustion. “Bone dry” salt crystals are readily produced on the Oliver 
top-feed filter. The dewatering of crystal magma, such as salt crystals in 
brine, and other crystalline chemical products are a special field of the Oliver 
top-feed filter.

Other similar mineral products, such as metallurgical table concentrates 
and phosphate sands are successfully handled by it also. Its use includes 
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handling such uncommon substances as Cellophane-waste product, which 
occurs in tiny micaceous flakes.

A special economic advantage of the Oliver top-feed salt filter is obtained 
by using vacuum exhausters that are direct-driven from steam turbines, the 
exhaust from which is used in vacuum-pan evaporators.

The tonnage that can be handled on the Oliver top-feed filter of a given 
area depends chiefly upon the fineness of the material and the final degree 
of moisture content required. On materials for which it is particularly 
adapted, the capacities obtained are from 5 to more than 35 tons per sq. ft· 
of filter area per 24 hr.

A recent modification of the Oliver top-feed salt filter is known as the 
Oliver-Robison filter. In this design, the trunnion of the filter is not pro­
vided with the usual filter valve, but instead the trunnion extends directly 
into the vacuum filtrate receiver. Special drum construction also provided 
the means of obtaining greater drying efficiency.

In special cases the drum face may be divided into a series of hoppers by 
inserting partitions of suitable height between the extended drum flanges. 
These partitions are set above the division strips so that each hopper corre­
sponds to an individual section of the drum. This construction makes 
possible the handling of large volumes of loosely packed materials as it pre­
vents the slippage of the cake while dewatering is being effected.

American Filter. The American filter (Fig. 22) is a continuous rotary 
vacuum filter consisting essentially of a number of filter disks mounted 
at regular intervals around a hollow cast-iron center shaft, as illustrated in 
Fig. 22. Rotation is by a gear drive. Each disk consists of a sector of wood, 
iron, or bronze, ribbed on both sides to support the filter cloth and to provide 
drainage.

Some of the recent American filter units are provided with a built-up steel 
central shaft in place of the hollow cast-iron shaft.

Each sector has an outlet nipple that passes through an opening in the 
cast-iron center shaft joining a conduit running the entire length of the shaft 
and terminating in a port at the automatic valve. Each conduit serves as a 
filtrate channel for all sectors along the shaft on that line. The automatic 
valve is similar to those used for other continuous rotary vacuum filters. 
Sectors are held in place by radial rods, each rod having a clamp and nut on 
the outer end that holds two adjacent sectors in place. Any sector can be 
replaced without disturbing the others, and at slow speeds it is not necessary 
to stop the filter to make the change.

Filter covers are in the form of bags slipped over the sectors, and the outer 
edges are folded under the clamps. At the filtrate nipple, a cord is tied 
round the neck of the bag and a rubber washer makes a tight joint between 
nipple and center shaft. The assembly of filter disks on the center shaft is 
mounted in a feed tank so that the sectors are completely submerged during 
the cake-building portion of the cycle. On the discharge side, the filter 
tank is crenelated to accommodate the disks. The space between these 
divisions is utilized for cake discharge; scrapers or tapered discharge rolls 
for each disk are mounted at the top of the tank. In some cases discharge 
is effected by fine water jets under pressure.

Operation. During operation, the feed is supplied at the bottom of the 
tank through a manifold pipe having one supply nozzle under each disk. 
A homogeneous mixture is maintained by forcing a steady stream of feed 
through these nozzles, the excess pulp returning to the supply tank through 
an overflow in the filter tank. The disks rotate slowly, and, as soon as the 
sectors are submerged, vacuum is applied by the action of the automatic valve. 
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ʌ ɪθvθɪ' of cake solids forms upon the cloth on both sides of the sectors and the 
'1.trate passes from the sector through the conduit in the center shaft and out 

’«rough the automatic valve. Vacuum is still maintained when the sectors 
emerge and are exposed to the air, and wash is applied if required. As each 
sector reaches the scraper, or discharge, roll, vacuum is cut off and a gentle air 
ɪast is applied. This causes 
he filter bag to inflate as it is 

hot held fast to the sector by any 
Srid or wiring. Contact of the 
bags with scrapers or with ro- 
ating discharge rolls causes the 

cakθ to drop between the tank 
divisions. In some uses, the 
,eθd enters the American filter 
yom a launder placed along the 

ɪ'ɪɪɪɪ of the filter tank.
Streamline Filter. This 

biter (Fig. 23), also known as 
the edge filter, differs in oper­
ating principle as well as me- 
c∩anical design from other types 
°f filters and is widely used in 
renovation of insulating oils.

Closely compressed disks of 
specially prepared paper are 
Psed as the filter medium, the 
hitrate passing by edgewise 
filtration between, not through, 
these disks, while the solids 
collect upon the outer edges of 
the disks which form a hollow 
column or “pack” when assem­
bled in a unit. Application of 
vacuum to inside of the pack 
draws the oil through it, all 
traces of sludge, carbon, and 
other solids being retained on
the outer edges of the paper disks in the form of a cake. Discharge of this 
cake is made at the end of the day’s operation by reversal of flow, using 
compressed air. The streamline filter uses a number of such elements 
(“packs”) mounted together in a container and interconnected for joint 
operation. In certain cases the streamline filter is arranged to operate as a 
Pressure filter instead of by vacuum.

Wide applications of this filter have been found in purification and dehydra­
tion of insulating oils and the like. Solid impurities, colloidal or otherwise, 
are removed by passing through the streamline filter, and, by the dehydration 

, effected, the oil regains the standard dielectric strength for transformer and 
circuit-breaker oils. Dehydration occurs through the joint effect of heating 
the oil followed by subjecting it to vacuum.

The streamline filter has been extensively adopted in England and abroad 
for such uses.

Mention should be made of the various small individual filter units mounted 
on internal-combustion engines for clarifying continuously the crankcase oil. 
These are usually provided with a cotton-flannel tubular labyrinth into which 
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the dirty oil is pumped. The impurities are retained within the cotton tube> 
while clarified oil passing through the fabric walls of the tube is returned to 
the crankcase.

Another small type of filter used in commercial production is the pressure 
unit, which depends upon specially prepared asbestos material, in pads or in 
bulk, as a filter medium. This type is often used in the wine industry and 
elsewhere for extremely fine secondary clarification following primary filtra­
tion on small pressure-leaf filters.

These oil and wine clarifying units are made in many forms, but are always 
very small compared to production units in other industrial uses.

Corrosion-resisting Construction*
Filters are employed under a great variety of conditions, and in chemical 

work it is necessary to construct them of corrosion-resisting materials capable 
of withstanding attack by caustic solutions, alkalies, or acids. Each substance 
or solution to be handled presents a problem calling for special materials of 
Onstruction.
For caustic solutions and alkalies, filters are built of cast iron, using alloys 

such as stainless steel and monel for bolts, nuts, fittings, and the filter medium.
For acid conditions, plate-and-frame presses and vacuum filters are made 

of wood. Fittings may be lead covered or made of special alloys chosen for 
their resistance to corrosion under the given conditions.

Lead is used as an internal lining for pressure filters of the closed-shell type 
and for tanks of vacuum filters, the drums of which may be cast lead. Rubber 
is suitable under severe acid conditions, but it is limited in its applications 
by the required temperature.

For filter mediums, wool and woven-wɪre monel cloth are extensively 
used, and there are special cases where asbestos fiber, fiber glass, nitrated 
cotton, or rubber cloths are used.

Advice from filter manufacturers should always be obtained when consider­
ing the filtration of corrosive materials, since they constantly conduct research 
to prolong the life of their equipment.

Pulp Agitation
To obtain maximum filter output, the feed must be maintained as a homo­

geneous mixture. If the material to be filtered contains particles varying in 
size and density, segregation takes place unless there is sufficient agitation.

In shell-type pressure filters, segregation is prevented by maintaining a 
circulation of excess feed through the filter. When the proportion of solids 
in the feed is small, this is essential for the formation of even cakes.

The rotating-disk vacuum, filter (American) utilizes feed circulation to 
provide agitation by forcing the feed through inlets in the bottom of the 
tank directly under each disk, the overflow returning to the feed-supply tank. 
This gives excellent results with materials of high specific gravity and of 
uneven size.

In rotary-drum vacuum .filters (Oliver), agitators in the form of longitudinal 
rakes oscillating under the drum in the tank are most satisfactory.

For materials that dewater quickly causing thickening of the feed in the 
filter tank, the oscillating agitator may have hollow rakes through which the 
returned filtrate is forced, thereby preventing segregation. The amount of 
filtrate used for this purpose is adjusted to maintain a balance between solids 
and liquids to give the required density of filter feed.

* See pp. 2091-2166.
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Vacuum leaf filters of the Moore and the Butters types use air lifts at the 

8ides of the tank between the leaves as a means of circulating the feed and 
Preventing settlement; or a centrifugal pump may be used.

In the Dorrco filter, agitators are never used and segregation is encouraged 
as an aid to filtration. This is a result of applying the filter medium on the 
interior of a drum acting as its own pulp container.

Range in Operating Vacuum
The vacuum registered when a filter is operating satisfactorily is an indica­

tion of the resistance offered by the filter cake and the filter medium to the 
Passage of air. For instance, a crystalline solid like grainer salt, when filtered 
from the mother liquor of' brine, requires the passage of a large volume of air 
through the cake, yet the vacuum gage will indicate only 2 to 4 in. mercury. 
In this case, the thick cake and the filter medium offer very low resistance 
to the passage of as much as 40 cu. ft. of free air per minute per square foot of 
filter area.

Precipitated calcium sulfate is of much finer grain size and therefore offers 
a correspondingly increased resistance. It does not require large volumes, 
usually 1 to 3 cu. ft. per min. per sq. ft. filter area but the vacuum gage will 
1∏dicate 10 to 14 in. mercury.

Cane-sugar mud is so finely divided that the passage of air is restricted 
to very small volumes, about ⅜ cu. ft. free air per minute per square foot of 
filter area. The vacuum readings are from 25 to 27 in. mercury.

Vacuum readings serve to indicate the friction encountered in drawing a 
given amount of filtrate and air through the filter cake and filter medium.

The range of vacuum employed depends upon barometric conditions at 
the location of the equipment.

Temperature.
Character of material being handled.
Size of vacuum pump in relation to filter equipment.

Cyanide Pulp. The recovery of gold and silver from ores is usually 
effected by grinding the crude ore to 90 per cent —200 mesh and dissolving 
its precious-metal content with sodium cyanide solution. Still finer grinding 
ɪs now done in some cases up to 90 per cent —325 mesh. The thickened 
Pulp resulting from this operation is usually filtered and washed on continuous 
vacuum filters for a thorough recovery of gold and silver.

Although the ore is usually quartz, there are often enough clay and other 
Somiplastic material present to reduce the porosity of the mass when filtered. 
Therefore, the capacity of such filters varies directly with the proportion of 
olean quartz in the pulp and, in some cases, capacities of 2000 lb. and upward 
dry weight per square foot of filter area have been handled on continuous 
filters in cyanide-slime plants when treating clean quartz ores.

The oxidized and clayey ores will lower such capacities to 450 to 600 lb. 
Per sq. ft. of filter area per 24 hr.

Cyanide-slime filtration requires both filtration and thorough washing of 
the filter cake before discharge to remove the dissolved gold and silver, and 
for the latter either, or both, sprays or drip-wash equipment are provided. 
Wash equipment must be effective and subject to observation, as the charac­
ter of the washing is revealed by the appearance of the cake surface during 
the operation.

The pulp fed to cyanide filters is usually 40 to 50 per cent solids, while 
discharged-cake moistures vary with the nature of the crude ore, ranging in 
ɪnost cases from 15 to 25 per cent.
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As the cyanide solutions handled are alkaline with lime, the filter cloths 
become gradually clogged with calcium carbonate, and this requires at inter­
vals the use of hydrochloric acid-solution wash to remove the coating on the 
cloth and to maintain its porosity. Cotton fiber covers are universally 
used for this work, while the filters are built of steel, cast iron, and wood. 
No brass is used as it is attacked by cyanide solution.

Metallurgical Flotation Concentrates. These products are obtained 
by the flotation of ore ground to a fineness varying from 65 per cent passing 
200 mesh to as much as 90 per cent passing 350 mesh. Usually over 50 per 
cent of the particles composing the feed are metallic sulfides such as galena 
(PbS), zinc blende or sphalerite (ZnS), chalcopyrite (CuFeSs), of high specific 
gravity 7.5, 4.1, and 4.2, respectively. The capacity of the filter will be 
determined by the fineness of the particles, their specific gravity, the density 
of the feed, and the amount of gangue or non-metallic material present in the 
form of slime.

Capacities of 300 lb. per sq. ft. per day are obtained upon material con­
taining considerable gangue and slime; 1400 lb. or more is obtained on the 
same material, even with finer grinding, provided a clean concentrate is made.

The object of filtration in this case is simply to dewater the concentrate 
preparatory to smelting, and cake moistures run from 7.5 to 16 per cent. 
Pressure filters are unsuitable because the proportion of solids in the feed is 
high, necessitating frequent opening and discharging and thus making opera­
tion and maintenance charges exorbitant.

Rotary vacuum filters, with their continuous discharge of cake, handle 
such material with minimum of attention and low operating and maintenance 
charges.

Metallurgical Gravity Concentrates and Sands. These products are 
obtained by water classification of ores in which a part of the mineral particles 
is liberated without fine grinding. Screen analyses of the feed selected at 
random show 10 to 15 per cent held on 20 mesh and 34 to 72 per cent held on 
65 mesh.

With such coarse feed it is difficult for a rotary vacuum filter to pick up 
and hold a cake against the action of gravity when the position of the filter 
medium becomes such that the undrained cake is on the under side and liable 
to fall off by reason of its weight. Suitable types of vacuum filters give high 
capacity ranging from 5 to 35 tons per sq. ft. filter area per day when handling 
such feed. The Oliver top-feed filter is best suited for this use.

Cane-sugar Syrups. For the clarification of liquor and syrups in sugar 
refineries, pressure filters are especially suitable and, conversely, vacuum 
filters are unsuitable. This is because the proportion of solids in suspension 
is so low as to require a filter aid to enable clarification to be effected. The 
proportion of filter aid added is about three times the weight of solid to be 
removed and this makes a reasonable thickness of cake. Plate-and-frame 
presses and shell-type pressure filters are used.

Paper Pulp. This material, because of its fibrous nature, is free filtering 
and is readily handled on open-mesh wire screen. It is bulky being of low 
specific gravity, and the quantity to be handled by any unit is large. At the 
same time, large volumes of water or solution must be removed and therefore 
the only filters suitable are vacuum filters with continuous discharge. There 
are many stages in the manufacture of pulp and paper at which filtration is 
performed such as in washing the stock after cooking in the digesters, decker- 
ing after screening, thickening prior to bleaching, washing after bleaching, 
and to recover fiber from paper-machine waste white water.
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The output obtained varies with the nature of the work and is from 200 to 

1200 lb. per sq. ft. filter area per day, and the water, or solution filtered, will 
vary from 1⅜ to 20 gal. per sq. ft. per min.

Sewage Sludge. All types of sewage sludges produced at municipal 
sewage-treatment plants such as raw, activated, digested, and various mix­
tures are now being dewatered successfully by means of vacuum filters. 
Hewatering in this manner is impractical without sludge conditioning, and 
some sludges are difficult to dewater even after treatment. The suspended 
Particles are finely divided and are compressible and distorted by pressure 
to such an extent that ⅜ to ⅜ in. is the usual limit of cake thickness.

Vacuum filters are particularly suitable for handling this material since 
they accomplish dewatering at a relatively low pressure: 21 in. mercury. 
Under this pressure (10⅜ lb. per sq. in.), there is least distortion of the com­
pressible feed particles. A fair filtrate is obtained, and the cakes are auto­
matically discharged.

Filter feed ranging from 1 to 10 per cent cake-forming solids gives a capacity 
of 25 to 250 lb. dry weight of cake per square foot of filter area per 24-hr. 
day. Cake moistures are 65 to 85 per cent, depending on the type and 
Oharacter of the sludge handled. Raw sludge cake is usually incinerated; 
activated is incinerated or dried for fertilizer; and digested is incinerated or 
⅛read on land for soil conditioning.

Cement Slurry. In portland-cement manufacture, the raw material is 
ground either with or without addition of water and the wet-ground material, 
known as slurry, is the type of feed used in most cement plants today. 
Whether a wet or a dry mixture is used, it must then be calcined and burned 
ɪn a rotary kiln, the water content in the wet mix requiring the use of fuel to 
eVaporate it during the process. To avoid this use of fuel, filtration of the 
Wet slurry before burning has been widely adopted.

The ground material in wet cement slurry usually is chiefly limestone with 
Some shale or clay for the alumina constituent, but there are also plants 
Operating on marl, which is a natural mixture, and on blast-furnace slag and 
limestone. In all these cases, filter plants have been successfully used to 
reduce the water in the feed to the cement kilns. The wet-ground material 
Usually enters the filters with 30 to 50 per cent water content, and the filter 
cake discharged from the filter -will range from 17 to 25 per cent moisture. 
The moisture content in the feed to the filters is usually kept as low as is 
cOmpatible with the easy handling of the pulp in the pumps.

The filtration of such pulp on vacuum filters shows wide ranges in capacity, 
as do individual plants. This is caused by variations in raw material from 
the quarry, so that cement-filter installations should be calculated with 
Prudent capacity factors. Usual filtering rates are 400 to 1000 lb. dry weight 
Per square foot of filter area per 24 hr.; under exceptional circumstances, 
rates are considerably higher.

Besides the fuel economy noted, the use of filters enables a given size of 
cθment kiln to burn more clinker than before and thus to increase the capacity 
Without an increase of kiln installation. This provides a reduction in cost 
Per unit of product and is a valuable factor in the economy of cement-plant 
operation.

In many ways the filtration of cement slurry resembles cyanide-pulp 
filtration, as both are finely ground mineral pulps in aqueous suspension, and 
the filter cakes produced are quite similar. The density of cement slurries 
Prevents segregation of solids in the suspension, which may occur in more 
dilute mixtures.
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Salt and Crystals. This class of material is being separated from accom­
panying solution and dried with success on continuous vacuum filters.

Formerly, this work was done by centrifuges of various types, but the 
continuous vacuum filter has now been widely adopted for this service.

The materials handled under this heading may be any practically slime- 
free aggregate of non-deformable solids whose particle size is usually in a 
narrow range which assures uniform cake formation. There are cases, how­
ever, where heterogeneous masses with wide range of sizes are successfully 
filtered on salt-type filters.

This plan has been adapted in practice for sandy pulps and for many 
crystalline precipitates in various solutions.

The ratio of solids to liquids in the filter feed does not affect the filter per­
formance greatly, as is the case with plastic pulps; and the moisture in the 
discharged cake is always low.

Capacities are usually high: in the case of sodium chloride, 4 to 6 tons per 
sq. ft. filter area per 24 hr. being capacities often reached. In special cases 
much higher capacities have been reached in regular work.

The liquid in the cake is removed by the use of vacuum and heated air 
drawn through the cake while on the filter. The salt is therefore readily 
discharged at 2 to 2.5 per cent water content and, by special equipment, can 
be discharged from the filter below 1 per cent water; “bone-dry” salt is now 
being produced on Oliver-Kobison top-feed filters.

Filters of this type usually require cast-iron construction with woven metal­
cloth covers and differ from conventional design by small drum dimensions 
together with large internal conduits in the drum. Vacuum pumps used 
handle large volumes of air at low-gage readings, 5 in. Hg, or less, being usual.

Beet-Sugar Plant Filtration (Saccharate and Carbonation Mud). 
The recovery of dissolved sugar from beet juice includes the use of filters 
at two stages: first, in the separation of the carbonated beet juice from the 
insoluble impurities and lime sludge produced by carbonation. In this 
stage, the filters remove a clear first and second carbonation juice and wash 
the resulting lime cake to a low sucrose content in a single filtration.

The second stage consists of the separation and washing of calcium sac­
charate in the Steffens process. This is a two-stage operation wherein one 
filtration removes the trisaccharate, and, after further lime treatment, a 
second filtration removes the mono- and disaccharate. This latter step 
completes the removal of sugar from the beet molasses, since the first pre­
cipitation as trisaccharate does not remove the entire sugar content.

Before continuous vacuum filters became the standard for beet-sugar 
factories, pressure filtration was the rule, but economies gained in substituting 
continuous vacuum filters in this work have made the use of pressure filters 
for this duty a rarity.

Summarizing, the results of continuous vacuum filtration in beet-sugar 
factories are:

Minimum sucrose left in washed lime cake.
Minimum impurities left in washed saccharate cake.
Minimum use of wash water and evaporation cost.
Minimum cost for filter-cloth renewals and acid treatment.
Minimum labor requirements and use of slr,led labor unnecessary.
Clarity of filtered carbonation juice is high.

For a typical Steffens A factory installation, using 3.75 per cent CaO addi­
tion, a vacuum filter on carbonation mud will handle about 1.35 equivalent 
tons of sliced beets per square foot of filter area per 24 hr.; and a “milk-of 
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lime,* plant, at 2.50 per cent CaO addition, will handle 2.00 equivalent 
tons; variations in the amount of lime affect the capacities of the filter 
Proportionately.

Calcium saccharate filtration is based directly upon the amount of molasses 
treated and gives a rate of about 190 lb. molasses per square foot of filter area 
Per 24 hr. on tri calcium saccharate.

The filter feed on carbonation-mud-filter units is usually about 40oBrix. 
0r about 17.5 per cent cake-forming solids; the pulp is filtered and washed on 
external drum filters to 1.5 to 2.0 per cent sucrose on CaO. To effect this, 
as little as 110 per cent wash water is used in terms of wet cake.

The feed to the tricalcium saccharate filters is about 12.5o Brix. with 6.4 
Per cent sugar, and the wash water from the filter contains about 0.70 to 
θ∙75 per cent sugar.

Petroleum Products. The major problems involving filtration in the 
refining and processing of petroleum oils include:

1∙ Contact filtration of contacted petroleum products such as lubricating stocks.
2. Clarification of cracking-still residuum.
3. Filtration of chilled oils to remove wax.

4ι 4. Miscellaneous problems, including secondary clarification after contacting, or the 
Polishing” of products to ensure absolute freedom from solids just prior to shipment, 

ernulsion breaking, etc.

ɪn item 1, finely divided bleaching clay is added (frequently after acid­
treating the oil), thoroughly agitated with the oil at the required temperature, 
a∏d then removed by filtration which produces the required color. The 
aJnount of clay employed and the temperatures used vary with the different 
ŋɪls. Usually from 1 to 3 lb. clay per barrel of gasoline will suffice, while in 
⅛he case of high-viscosity lubricating oils from 4 to 15 per cent of clay (based 
°n the weight of oil) may be necessary. Shell-type filters are generally 
employed, as the percentage of clay is either very low, as in the case of gas­
oline, or else the temperatures are near the flash point of the oil (or the naphtha 
^sed in cutting back the more viscous oils prior to filtration). Rates per 
8QUare foot of filter area will vary from as much as 75 gal. on gasoline with 
little clay, to as little as 2 to 3 gal. on very viscous oils. Continuous removal 
of contact clay from lubricating oils is now more effectively done by precoat 
filters. Continuous drum filters, such as the vacuum precoat, are also finding 
aPplication on problems in item 4.

Not all cracking-still residuums have been successfully filtered. On cer­
tain residuums, rates as high as 7 gal. per sq. ft. filter area’are being obtained, 
ɪn some cases filter-aid material is being used. Shell-type filters are generally 
Oniployed as temperatures frequently range as high as 650oF.

Item 3, as noted above, includes the recovery of marketable paraffin wax 
and also (secondly) the filtration of oils, using a special solvent, for the 
Primary purpose of lowering the cold test. In the first case, special high- 
pressure plate filters with heavy canvas-filter pads are generally employed 
a∩d rates are low and pressures range from 300 to 400 lb. per sq. in. In 
iowering the pour point of oils, either continuous vacuum filters or shell­
type pressure filters are employed depending upon the requirements of the 
individual problem.

Shell-type filters have generally been employed in division 4, as the per­
centage of solids is usually very low and filter aids are frequently employed.

Settled Cane-mud (Cachaza) Filtration. In producing sugar from 
8Ugar cane in defecation mills making raw sugar, and also in défécation-sul­
fitation mills making plantation white sugar, the common practice is to settle 
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the hot, treated sugar juice; to draw the clarifier juice from the upper parts 
of the settling tanks; and likewise to draw the settled muds from the lower 
parts of the settling tanks. These muds are subsequently filtered, often after 
additional “liming” and sometimes settling. This filtration is decidedly 
difficult in the large majority of cane mills.

The rapidity with which filter cloths become clogged has resulted in the 
retention of the plate-and-frame type of filter although there are some notable 
installations of leaf-type pressure filters, particularly in Java and in thθ 
Philippine Islands. A plate-and-frame filter-press station in a sugar mill is 
usually the highest loss, highest cost, most unsightly, and most objectionable 
station in the mill.

In recent years continuous vacuum filters are rapidly replacing plate-arid 
frame-press installations; seldom are plate-and-frame presses installed now 
in a new factory, preference being given to vacuum filters. The method now 
generally adopted is to send the settled muds either from open defecators or 
continuous clarifiers after hot liming treatment to specially designed vacuum 
drum filters using perforated metal plates as the filter medium, the filtrate 
being divided into two parts, the first or cloudy filtrate being returned to 
process and the second or main filtrate going direct to the evaporators.

Filter capacities vary between wide limits in different localities and in 
different mills in the same locality, being determined to a large extent by 
factors outside the control of the operating staff, such as the nature of soil 
and the climatic conditions, and also by other factors under control, such as 
chemical control and mill conditions. The two primary requisites for 
vacuum-filter operation are relatively thick muds and sufficient fine cane fiber 
in the muds for formation of a filter cake. Capacities will ordinarily be from 
a minimum of 5 to a maximum of 10 tons (2000 lb. per ton) of cane per square 
foot of filter area per 24 hr.

The cake on vacuum filters is washed in the usual manner for the removal 
of sugar solution and no difficulty is experienced in reducing the sucrose 
content of the cake to a maximum of 1.25 per cent. With care, the sucrose 
content can in all cases be reduced to the point where no further advantages 
are gained by further lowering the sucrose content.

The advantages of vacuum filters are:

1. Continuous and automatic filter operation.
2. Absolute elimination of leaks and unknown losses at filter station.
3. Complete change from the most unsightly and objectionable station to a clean 

and entirely presentable station.
4. Large reduction in filter area.
5. Large reduction in space required for filter station.
6. Entire elimination of filter-cloth troubles and frequent washing and renewals; 

when a punched-plate filter medium is used, no treatment is required from beginning 
to end of grinding season, and the estimated life of the medium is 4 years.

7. Minimum possible loss of sucrose in filter cake.
8. Large reduction in labor requirements.
9. Minimum dilution of juice owing to consistent low wash-water consumption. 

This results in decreased fuel requirements and in increased capacity of evaporators.
10. Steadily consistent results because the human element is largely obviated.
11. Rapid, efficient filtration with practical elimination of inversion losses and 

maintenance of best possible purities.
12. Practical elimination of overtaxing the filters by increasing the milling capacity 

without providing additional filters. Vacuum filters can be speeded up to a certain 
point to provide for increased capacity with small loss in efficiency, but the time required 
for washing the filter cake cannot be eliminated or reduced as with plate-and-frame 
filters, nor is it advantageous to native labor to forget the washing, or otherwise mis­
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treat the filter station and convenience in running sugar juice to waste is entirely 
Prevented.

FHłrałe 
outlet x

Food Products. In the field of food production nearly every important 
Product undergoes filtration at some stage. Important instances are starch 
and corn syrup derived from conversion of corn. Another field is in the manu­
facture of beer and wine, while the fruit juice, soft­
drink, and vinegar industries supply many other 
applications. Starch is handled on rotary disk filters, 
and corn syrup finds the vacuum precoat filter useful. 
-The liquids in the varied beverage industries are 
Usually handled to best advantage by some type of 
Pressure-filter unit with or without use of filter aid 
(Fig. 24).

Caustic Soda. After thickening, the calcium 
carbonate, precipitated in the manufacture of caustic 
soda by the lime-soda ash process, is generally de­
watered and washed on vacuum filters.

This precipitate filters quite readily from a feed 
ɪnoisture of 50 to 70 per cent moisture to a cake con­
taining from 30 to 40 per cent moisture. Capacity 
ranges from 500 to 1200 lb. per sq. ft. per 24 hr., and 
the vacuum requirements correspond to about ð cu. 
ft. of free air per minute per square foot of filtration 
area.

Metallic filter mediums are used. Iron and steel 
must be used for the filter proper.

Phosphoric Acid. A precipitate of anhydrous 
calcium sulfate is formed in the manufacture of 
phosphoric acid by digesting phosphate rock with 
sulfuric acid. The filtration and washing of this 
Precipitate on vacuum filters at 150o to 165°F. require 
the use of special corrosion-resisting materials for the 
filtration mediums and for the filter proper when 
handling 20o to .35oBe. acid. Nitrated cotton cloth 
and KA2 metal cloth have been used as filter mediums. 
Cast lead, rubber-covered steel, and KA2 metal have 
been found satisfactory for filter construction. When 
handling up to 20°Bé. acid, filter construction of wood, 
with lead, rubber, or KA2 fittings, and wool cloth has 
been found satisfactory.

The precipitate filters readily from a moisture con­
tent of 65 per cent in the filter feed to a cake moisture 
of 30 to 35 per cent. Capacity ranges from 2000 to 
4000 lb. dry CaSO4 per square foot.

Pigments. Lithopone is a fine white pigment of about 70 per cent barium 
sulfate and 30 per cent zinc sulfide, simultaneously precipitated by mixing 
solutions of barium sulfide and zinc sulfate. Vacuum filters are used for 
dewatering the thickened raw lithopone and the finished lithopone after 
calcination and grinding.

Lithopone is representative of the group of chemically precipitated mineral 
pigments. It filters slowly, is extremely finely divided, and must be filtered 
in the form of a very thin cake.
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The thickened feed generally enters the vacuum filter at 50 to 70 per cent 
moisture and is discharged at 35 to 50 per cent moisture; capacity ranges 
from 200 to 400 lb. per sq. ft. per 24 hr.

Corrosion-resisting construction must be used, particularly in the filtration 
of the raw lithopone. Approved materials of construction are wood, monel 
metal, aluminum-zinc alloys, and rubber-covered iron and steel.

Precipitated barium sulfate, white lead and titanium-base pig­
ments display similar filtration characteristics to lithopone.

Power Used on Filters. Vacuum-filter operation requires a vacuum 
pump which is the chief consumer of power. The pump size varies widely 
vnth the porosity of the cake formed on the filter and will range from about ⅜ 
CU. ft. pump displacement per square foot of filter area for dense cakes of 
slowly filterable pulps up to as high as 40 to 60 cu. ft. per sq. ft. for crystalline 
materials. Vacuum-gage readings are nearly always found at inverse ratio 
with the volume of the pump displacement, which avoids excessive power costs 
for high displacement.

“ Dry” vacuum pumps (piston type) are preferred, although rotary-vacuum 
pumps are used in some special cases.

No concise table for such power consumptions can be compiled, the experi­
ence of the filter manufacturer being the safest criterion for the choice of 
pump.

Rotation of the filter itself consumes very little power, the larger size rotary 
vacuum-drum filters not requiring more than about 0.005 h.p. per sq. ft. filter 
area, while the filtrate pumps are chosen for volume of filtrate handled and the 
net pumping head.

Pressure filters may be operated by gravity head on the filter-feed line, or 
by centrifugal pumps whose size depends on the volume to be handled in a 
given time; and power depends upon volume handled, size of filter, and operat­
ing range of pressure required.

ITxiit Costs. The continuous-rotary-vacuum-filter costs vary widely with 
the kind and the amount of feed handled. While consistent figures over 
long periods with the rotary-vacuum filter have, in a given case, shown very 
low costs ($0,025 per dry ton of filter cake), it is likely that most continuous 
vacuum filters will have cost figures ranging from $0.05 to $0.15 per ton, 
dependent on the tonnage handled and the material itself.

In general, a dense feed to the filter, an absence of pasty or colloidal solids 
in the feed, and an increase of pulp temperatures serve to increase the filtering 
rates and to lower the unit filtering costs, while the converse increases them ∙

Filtering costs should include only those operations directly pertaining to 
this step; some plants include other operations therein which explains some 
Curprisingly high “filtering costs” in otherwise well-supervised plants.

If the “fixed-charges” burden is included in the cost item, the amount 
due to that should be separately indicated.

The cost of pressure filtration varies widely with the materials handled, 
and as such installations are usually small, compared with continuous vacuum 
filters, the costs are consequently higher, but the difficult kind of work per­
formed justifies the higher operating costs in most cases.

Floor Space Available. The floor space available affects the choice of 
type of filter in some cases. For example, if a large filter area is required to 
handle the product, and the floor space available is restricted, there is at once 
an advantage in the disk type of vacuum filter, other factors being approxi­
mately equal. The saving in building costs and heating expense is often a 
considerable factor.
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Plate-and-frame presses occupy less floor space than, shell-type pressure 

hlters for the same filter area. Shell-type filters require more room for open­
ing and closing but, if large units are employed, space may be economized by 
*installing the twin-type units.

Cost of Equipment. Prices on filters vary so widely, depending upon 
size, type of filter, and material of construction, it is impractical to set 
a unit price common to all such varieties.

In the case of continuous rotary vacuum filters, a typical price per square 
ɪθot of filter area (not including wash apparatus or accessories), would, in

Table 1. Range of Filter Sizes
Oliver

Area, Sq. Ft.
l-ft. diam. × l-ft. face......................... .......................................... 3
3- ft. diam. × 6-in. face to 4-ft. face........................................... 4-36
4- ft. diam. × 2-ft. face to 6-ft. face.......................................... 25- 75
5- ft. various in. diam. × 4-ft. face to 12-ft. face................ 65-200
6- ft. diam. X l-ft. face to 12-ft. face....................................... 18-226
8-ft. diam. × 6-ft. face to 14-ft. face........................................ 150-350

H¼-ft. diam. × 10-ft. face to 16-ft. face........................................ 360-570
14-ft. diam. × 14-ft. face to 18-ft. face........................................ 610-790

American
4-ft. diam. X 1 disk to 4 disk............................................. 22- 86
6-ft. diam. × 1 disk to 6 disk............................................. 50- 300
8-ft. 6-in. diam. × 2 disk to 10 disk............................................. 185- 925

12-ft. 6-in. diam. X 5 disk to 12 disk............................................... 1000-2400
Sweetland

No. 1........................................................................................................... 8⅛
No. 2........................................................................................................... 47
No. 5........................................................................................................... 191
No. 7........................................................................................................... 261
No. 10........................................................................................................... 538
No. 12........................................................................................................... 1020

Kelly
No. 30.................................................................................................... 33
No. 50.................................................................................................... 50
No. 250.................................................................................................... 270
No. 450.................................................................................................... 459
No. 650.................................................................................................... 652
No. 900.................................................................................................... 918
No. 1300.................................................................................................... 1304

Dorrco
4-ft. diam. X l-ft. and 2-ft. face width..................................... 12— 24
6-ft. diam. × 2-ft. and 3-ft. face width..................................... 37— 55
8-ft. diam. X 3-ft. to 14-ft. face width..................................... 74-345

10-ft. diam. X 4-ft. to 16-ft. face width..................................... 124-494
12-ft. diam. × 5-ft. to 16-ft. face width..................................... 190-596
14-ft. diam. × 16-ft. to 18-ft. face width..................................... 696-783

the case of a plain dewatering type, be about 816 to 818 per sq. ft. filter area 
ɪn the smaller sizes, and about 810 to 812 per sq. ft. in the larger sizes.

For the special designs required in the wood-construction filters for acid- 
resisting use, and those built for work with caustic material, the smaller 
sizes cost about 830 to 840 per sq. ft. filter area, and the larger sizes about 820 
Per sq. ft. filter area. These prices are suitable for rough preliminary estima­
tions only.

Cost.of accessory vacuum equipment, pumps, etc., for vacuum-filter instal­
lations will range around 25 to 33 per cent of the filter cost, additional. 
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All costs mentioned herein are on the basis of quotation f.o.b. point of 
manufacture.

Table 2. Factors Affecting Selection of Type of Filter and Character 
of Pulps Handled

Type of filter suitable
Typical materials Character In. Hg vacuum or lb. pressure

Approx, filter capacity, lb. per sq. ft. per day Plate and frame Shell type
Con­tinu­ous vac­uum

Cyanide slime........................Flotation concentrates.. Gravity concentrates and sand.Cement slurry......................Pulp and paper.....................

Finely ground quartz ores Minerals, finely ground... Metallic and non-metallic minerals almost free from slimeFinely ground limestone and shale, or clay, etc.Free-filtering fibers

18-25 in.18-25 in.2- 6 in.
18-25 in.6-20 in.

400- 2,000400- 1,800 10,000-70,000

Crystals, salt, etc...............Cane-sugar-liquor clarifi­cation, beverages, etc.Pigments.....................................Sewage sludge........................Varnish.........................................
Mineral oils, with or without wax.

Granular, crystallineSyrups and solution with small percentage of solids with filter aidSmeary, sticky, finely di­vided, non-crystallineColloidal and slimy Cloudy viscous liquid, filter aid used for clarification. Filtered hotRemoval of bleaching clay from petroleum products. 1 to 20 % clay used

2- 6 in.40-50 lb.
20-27 in.40-50 lb.22-24 in.15-16 lb.

50-lb. max. pressure
Cane mud.................................. Vegetable fiber and cane juice

400- 2,000200-1,200 and 1½- 20 gal. water per sq. ft. per min.3,000-12,000 36-1,400 gal. per sq.ft. per day200- 500Batch operation25 to 2505 gal. per sq. ft. per hr.3-30 gal. per sq. ft. per hr. (lubricating oils)25-75 gal. per sq. ft. per hr. (gasoline)

X
XX

Corrosion. When handling corrosive material, vacuum filters are more 
affected than other types because there are more parts exposed and the 
passage of air through the filter increases oxidation and corrosion. Pressure 
filters are not exposed to the same extent and because of simplicity lend them­
selves more readily to corrosion-resisting construction.

The use of special alloys, however, makes it possible to construct filters to 
suit given conditions of corrosion.

Filter Auxiliaries
Pressure Pumps. For supplying feed to pressure filters, centrifugal and 

plunger pumps and, sometimes, hydrostatic head pumps are used. Montejus, 
or pressure tanks, are used in special cases.

Open-impeller centrifugal pumps are recommended where it is desired to 
start filtration with low pressure and to increase the pressure as the cake 
thickness increases.
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Plunger pumps deliver feed at a regular rate depending upon the pump 

displacement. They give high initial pressure which may be maintained 
throughout the cycle.

Montejus were largely used in the early days of pressure filtration, ʌ 
Oionteju is a pressure tank which may be filled with the filter feed, after which 
compressed air is admitted at the top and forces the feed through an outlet 
pipe leading to the pressure filter. Montejus are installed in pairs so that 
the feed can be supplied steadily, one being filled while the other is being
emptied.

Vacuum Pumps. There are two classes of vacuum pumps, wet and dry. 
The former handle both the filtrate and the entrained air while the latter- 
handle the air only. Wet vacuum pumps are usually of the rotary type of 
which the Nash Hytor and Connersville cycloidal are examples.

The Nash pump (Fig. 25) is well adapted for handling large volumes of 
air with considerable liquid at a moderate vacuum (16 in. Hg) and is much 
used in the pulp-and-paper industry where this type of service is required.

The Connersville cycloidal type handles large volumes of air at low vacuum 
(2 to 6 in. Hg) with entrained liquid at lower power consumption. This type 
pump is particularly useful when filtering granular or crystalline products 

Pump 
inlet

Outlet port `,
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Fig. 25α.—Nash vacuum pump.
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Fig. 256.—Nash vacuum pump (dis­
mantled).

such as salt, and the air is either heated or is at normal temperature. These 
pumps are also used when both air and filtrate are handled together.

Dry vacuum pumps are available in both reciprocating and rotary types; 
the designs of each are well standardized and there are many excellent ones 
to choose from.

Receivers or Separators. When the filtrate and air from a vacuum filter 
are discharged separately, a receiver or separator is used consisting of a 
cylindrical tank usually installed with its long axis vertical (Fig. 26α). The 
incoming filtrate and air enter at the side, air is withdrawn through the 
vacuum line at the top, and filtrate drains away or is pumped out through a 
connection at the bottom.

Moisture Traps and Condensers. If a dry vacuum pump is used, it is 
necessary to install a moisture trap or condenser (Fig. 265), the purpose being 
to prevent filtrate or condensed moisture from entering the pump. A mois­
ture trap suffices when filtering at normal temperatures, but a condenser 
ɪs necessary to maintain the vacuum-pump efficiency when operating at 
temperatures approaching the flash point of the filtrate at the vacuum 
employed.

A trap is merely a small receiver, and a condenser is similar but is equipped 
with cold-water showers and baffles. The installation may be made at a 
height allowing at least 30 ft. vertical between the bottom of the trap or 
condenser and the seal pit in which the discharge drain pipe terminates 
(Figs. 25 a and 5). If preferred, the outlet of the drain pipe may be connected 
to the suction of the filtrate pump.
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Filtrate Pumps. These pumps are usually centrifugals of the closed- 
impeller type. They pump filtrate from the receiver and discharge it

~B!ow connection

- Discharge scraper

Moisture trap `>
Oliver vacuum ,

' filter Δ

Vacuum/' 
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=£7
Barometric leg " %

■ Filtrate 
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at the desired height. They should be specially designed, since they are 
called upon to handle both water and air under vacuum and usually discharge 
against positive hydraulic heads. The manufacturer of the filter equipment
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should always be consulted as to the design of pump best suited to the equip­
ment involved.

Barometric Legs. Where the product is free filtering and the amount of 
flquid to be removed is large, the use of vacuum pumps may be avoided by 
discharging the filtrate through a barometric leg. This consists of a vertical 
Pipe which discharges into a seal box, the overflow from which goes to waste. 
1 he length of vertical discharge should equal the height of the water<∙barom- 
0⅛θr, and if a vacuum pump is employed to handle the 
mɪ*  from the filter there is no danger of water being 
drawn into the system.
.,ɪhe vacuum created depends upon the velocity of 
ɪhe water in the pipe, therefore the pipe diameter and 
he height must be adjusted to give the filtrate Suflicient 

vθlocity to draw out the entrained air, thus creating a 
vacuum at the filter. The leg should be as nearly 
vθrtical as possible.

ɪn pulp and paper mills many filter installations 
operate with barometric discharge of the filtrate. It is 
⅛e simplest way to handle filtrate and air collectively 
a∏d avoid installation and operating expense of vacuum ulower. uve,w √5rs<i. 
'•nd filtrate pumps; usually 10 to 20 in. vacuum is ob- Meter Co.) 
*ained by this method.

Blowers. Most materials when handled by vacuum filters require an 
*Pr blast to assist the discharge of the cake. The volume of air used is small, 
aod usually a low pressure is sufficient. Where compressed-air service is 
Pot available a small air compressor, or a rotary blower, may be employed. 
Air compressors, if used, are of the ordinary displacement pump types, but 
rotary blowers are best suited for pressures under 3 lb. per sq. in.

The disk type of filter requires only a few ounces pressure and an air-injeetoɪ 
blower will give this (Fig. 27).

The pulsating air blow used for the Dorrco filter merely requires a rotating 
vaIve in the air line to produce air pulsations under the filter medium.

The function of an air blow is quickly to fill the section with air at Sufficieni 
Pressure to flex the cloth, and to issue 
dislodging the cake and freeing the fine 
Particles which might otherwise remain 
and cause cloth blinding.

Flappers. A flapper is an appliance 
Used with the external-drum type of 
vacuum filter to reduce the cake mois­
ture (Fig. 28). It is installed above, 
a∏d parallel to, the drum axis and con- 
6⅛ts of a shaft to which are attached 
two pieces of heavy fabric of such length 
that they strike the cake a regular 
succession of blows when the shaft is 
rotated. The blows cause a rearrange­
ment of particles in the cake, closing the cracks and liberating moisture which 
)s then drawn through into the vacuum system.

1 o prevent the cake from being dislodged by the blows of the flapper, a 
Piece of heavy fabric is fastened so that it drags upon the cake as the drum 
revolves and receives the blows given by the flapper. The flapper reduces the 
moisture from two to four units which may be 10 to 20 per cent of that in the 
Unflapped cake.

through the pores of cloth, thereby

Filter Direction of
CGtke·^^^ rotcrfion σfefrwħ

Fig. 28.—F Iapper. (OZι⅛er Uniied 
Filters, Inc.)
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Compression Belts. A cake-compression belt is an endless belt which 
rides over a system of rollers mounted in a frame above the drum of an exter­
nal-drum type of vacuum filter. The belt comes in contact with the cake at a 
point on the ascending side of the drum and leaves at the descending side 
above the cake discharge. It is driven by con­
tact with the cake, and lateral adjustment is 
provided by a tracking roller. The belt may be 
either porous or impervious depending upon the 
material being handled. Weighted rolls riding 
on the belt in contact with the cake enable 
mechanical pressures to be applied.

The use of this appliance tends to close cracks 
in the cake, and in some instances the belt may 
be applied soon enough to prevent their forma­
tion. This reduces the amount of air drawn 
through the cake and reduces the vacuum-pump 
displacement. Moisture is reduced since all the 
air is drawn through the cake and cannot short- 
circuit through cracks. Pressure from the rolls 
expels additional moisture. This arrangement is useful when handling pig­
ments and other finely divided materials.

Compression Rolls. Compression rolls without belts are used for reduc­
ing the moisture in crude bicarbonate of soda, paper pulp, etc. (Fig. 29).

Filter Operation
In operating pressure filters, the process is intermittent and the product 

obtained from each cycle when compared with that previously obtained indi­
cates whether there has been a change of conditions. During the cycle, 
however, the operator should control the feed pressure, note the clarity and 
quantity of the filtrate issuing, and any other factors that influence the 
particular problem.

In vacuum filtration there are advantages in that the controlling factors 
are visible and accessible at all times. The feed is in an open container, 
and cake thickness can be controlled by regulating the submergence, vacuum, 
and speed of rotation of the drum or disk.

The operating cycle should have been determined by preliminary tests, 
and, during actual filter operation, changes and adjustments may be made 
in speed of rotation, submergence, cake-forming vacuum, and agitator speed, 
to obtain the thickness of cake which will wash and dry in the remainder of 
the cycle. Further adjustments may be made in the proportion of time 
allotted to cake forming, washing, and drying.

Cake discharge is usually assisted by an air blast which should be regulated 
to give a slight inflation of the cloth. The volume of air used for this purpose 
is the essential factor. It is only necessary completely to fill the sector with 
air to inflate the cloth and to effect the discharge of the cake. Air pressure iə 
a secondary matter. Generally, the automatic valve should be set so that the 
air blast occurs as the leading edge of the section comes in contact with the 
scraper at the point of discharge. The filter medium should be maintained in 
a clean condition at all times, and this is possible only by a complete removal 
of cake at each revolution. If the material being filtered tends to blind the 
medium, it will be necessary to wash it at regular intervals to maintain capac­
ity. Experience in operating a filter upon a specific problem is the best guide. 



MISCELLANEOUS METHODS OF SIZING AND 
CONCENTRATION OF MATERIALS

SCREENING

By Kenneth H. Donaldson
DEFINITIONS

Screening, or screen sizing, is the separation of a mixture of various sizes 
°ι grains into two or more portions, by means of a screen; the grains of any 
°ne portion being of a more uniform size than those of the original mixture.

Dry screening refers to a process where the material handled on the screen 
cθntains a natural amount of moisture or where the natural moisture has been 
rePioved by drying before screening.

Wet screening refers to a screening process where water is added to the 
JHaterial before it is delivered to the screen or after it reaches the screen, or 
both.

Mesh. In the coarser sizes of screens the term mesh means either the 
distance between adjacent wires or rods or the distance between centers of 
^d,jacent wires or rods. In the finer sizes of screens the mesh means the num­
ber of openings per linear inch. Where square openings are not used the 
screen size is frequently designated by numbers.

Oversize and Undersize. Where the separation is such that only two 
Products are made, the material which fails to pass through the screen is called 
⅛he oversize or plus material ; that which passes through the screen openings is 
called the undersize or minus material.

Close Sizing. When the limiting and retaining screens are of nearly the 
same size of opening then close sizing is said to be practiced.

Sieve Scale. In a special sizing operation, the list of apertures of succes­
sively smaller screens is said to constitute a sieve scale.

Clear Area. The clear area of a screen is the combined area of all of the 
openings presented and the ratio of the clear area to the total screen surface 
ɪs designated as percentage of opening.

Aperture or Screen Size. Aperture or screen size is defined as the 
Hiinimum clear space between the edges of the opening in the screen. The

Table 1. Needle Mesh*

Needle number Iuargest diameter of head,in. Equivalent screen
1 0.0735 10 mesh
2 0.0428 16 mesh; No. 3 slot
3 0.0395 16-18 mesh; No. 3-No. 4 slot
4 0.0355 20-24 mesh; No. 4-No. 5 slot (nearer the last)
5 0.0335 20-24 mesh; No. 4-No. 5 slot (nearer the last)
6 0.0300 24 mesh; No. 5-No. 6 slot
7 0.0265 24-26 mesh; No. 6-No. 7 slot
8 0.0230 26 mesh; No. 8 slot
9 0.0203 29 mesh; No. 9 slot

* From Taggart, “Hand Book of Ore Dressing,” p. 506, Wiley, New York, 1927. 1699
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aperture A, mesh Λf, and wire diameter D are interrelated by the following 
equation in which P is the percentage of opening :

√,-u⅛ = (1 -'λλ>2
Needle Mesh. Needle mesh is a number indicating the size of needle 

which is of the same diameter as that of the opening. Table 1 gives the 
diameter of opening in inches and the mesh of screen corresponding with the 
first nine needle numbers. This term is, however, not customarily used in 
chemical engineering work.

Multiple Screening. Where more than two sizes are made, the product 
may be referred to as oversize; first, second, and third intermediate, etc.; 
and undersize; or the product may be referred to as oversize and then the 
various grades expressed in terms according to the openings employed in 
making the separations as for example:

Oversize, ⅞ ɪɪɪ- = +⅛ in.
Through, ¼ in. on ⅜ in. = — ⅜ in. + ⅜ in.
Through, ⅜ in. on ⅝6 in. = -⅜ in. + J-f6 in.
Undersize = — j-ɪf; in.

= ⅜ in.
= ⅜μn. × ⅜ in.
= ⅜ in. × ‰ in.

Screen Efficiency. The efficiency of screens may be considered from two 
standpoints;

1. The percentage of the undersize in the feed to the screen (as determined 
by testing sieves) which is found in the undersize of the screening operation- 
This is the important consideration where it is desirable to separate as large 
a percentage as possible of the undersize in the feed to the screen.

2. The percentage of the oversize of the feed to the screen (as determined 
by testing sieves) which is found in the oversize as produced by the screening 
operation. This is the important consideration when it is desired to make an 
oversize containing as little undersize as possible.

Screening efficiency is affected by the rate of feed. The higher the feed 
rate the less efficiency, and vice versa. If the material being screened is 
slightly moist, the efficiency is greatly lowered; if the feed material contains 
relatively large amounts of oversize or of difficult grains, close to the size 
of the mesh openings, the efficiency is also lowered.

It would seem fairer to calculate the screen efficiency by two methods.
The first method might be called plant screen efficiency and the second 

method, theoretical efficiency of screen.
To determine the plant screen efficiency, the material to be tested should 

be taken to the test sieves directly and in the same condition as it exists in 
the plant. To determine the theoretical efficiency of the screen, the sample 
to be tested should be washed through the finest sieve to be used in the test. 
The oversize from this washing should be dried and then screened through the 
various test sieves including the one the sample was washed through, as the 
dried sample may contain a considerable amount of material which will pass 
through the screen used for washing.

Under certain conditions it is impossible to wash the material through the 
screen owing to some physical or chemical changes which may take place when 
water is added to the material.

Screening efficiency may be determined by sieve analysis without taking 
any tonnage samples with probably as great accuracy as if tonnage samples 
were taken.
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From the standpoint of undersize the screen efficiency is given in the formula

100 X actual undersize 
Per cent efficiency =----------------- ɪ—:----------true undersize

Where actual undersize means undersize as obtained in the plant, and true 
Pndersize is the undersize as determined by test-sieve analysis.

From the standpoint of oversize the screen efficiency is given by the formula 
true oversize × 100

Per cent efficiency =------ ;—z--------- :------actual oversize
Where true oversize means oversize as determined by test-sieve analysis, and 
actual oversize means oversize as obtained in the plant.

The W. S. Tyler Company gives the following formula for screen efficiency: 
R = fractional recovery of fines in screening.
E ≈ percentage of fines recovered in screening, 
α = percentage of coarse in feed to screen. 
b = percentage of fines in feed to screen. 
c == percentage of coarse in oversize after screening.

rt 100 (c - α)

E = 100Ä = ɪ0^-^T-a^ X 100
be

Certain other formulas for the derivation of screen efficiency are used. 
Taggart, in his “Handbook of Ore Dressing,” suggests the formula: 

—[⅛⅛

Where E is equal to the efficiency of screen, u is the percentage of undersize 
in the feed, and o is the percentage of undersize in the screen oversize. Wiard 
states that the average commercial efficiency of screening is about 60 per cent 
and that 75 per cent is unusually good, and 90 per cent about the limit that 
*nay be reached by careful hand screening. Taggart’s handbook also gives 
the following formula derived by Warner:

™ = u(J ~~ °>
f{u - o')

where/, u, and o are the percentages of “difficult grain” in the feed, the undersize 
and the oversize, respectively. Difficult grains are defined by Warner as those 
Particles which are held on the next finer Tyler standard sieve scale, the aper­
tures of which are less than 83 per cent of the aperture of the sieve in question.

Screen Capacity. Leading manufacturers of screening equipment state 
that it has never proved possible to develop reliable capacity tables or for­
mulas. Capacity and efficiency in screening operations are closely related, 
ɪf a low efficiency is not objectionable, the capacity may be large. Usually 
as the tonnage of the feed to the screen is increased, the efficiency is decreased.

A formula having somewhat wider applicability is given by Newton 
[Rock Produds, 35, 26 (1932)] as follows:

= (° ~ bKu ~ a) 
ou(l — a — b)

where E ≈ screen efficiency (as a decimal).
o == per cent oversize in feed (as a decimal).
u = per cent undersize in feed (as a decimal).
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a = per cent undersize in tailings (as a decimal), 
ð = per cent oversize in fines (as a decimal).

In this case, “oversize” is material larger than the Screen Oloth opening» 
“undersize” is material smaller, “tailings” is that which passes over the 
screen, and “fines” is that material which passes through the screen cloth.

With a constant 
efficiency desired the 
following factors 
affect the capacity of 
the screen:

1. The ability of 
the screening device 
to prevent ‘ ‘blinding” 
of the screen surface 
is probably the most 
important single fac­
tor in the capacity of 
the screen. By blind­
ing is meant the fact 
that grains, or masses 
of grains which adhere 
together, will not pass 
through the opening 
but wedge in it thus 
reducing the open 
area available for 
passing fines. The 
vibration of the screen 
cloth undoubtedly re­
duces the blinding to 
a minimum.

2. In “ dry ’ ’ screen­
ing, the greater the 
amount of moisture in 
any particular mate­
rial the lower the ca­
pacity of the screen; 
but the finer the mar 
terial the more mois­
ture it may carry 
owing to the greater 
surface exposed, with­
out materially lower­
ing the capacity.

3. The greater the
amount of “near-mesh” size the lower the capacity of the screen. For 
example, if the size of the opening is ¼ in. and there is a large proportion 
of ^ɑ-in. grains in the material to be screened, the capacity will be much 
lower than if most of the material is finer than ¼2 ɪɪɪ- ɪɪɪ size.

4. The finer the screen used the lower the capacity.
5. The percentage which the open area is of the total area has an important 

bearing on the capacity of the screen.
Figure 1 shows six screens with the same opening but different sizes of wire. 

The top screen has 14 meshes to the linear inch, while the bottom screen has

X∙r∙i⅛ 

. ■ ,∙-⅛ ■·

⅛⅛∙y⅛ ■

0.0δ00 Opening,
14 Mesh, 0.041 Wire

■ ∙..∙'β 
a

0.0306 Opening

« β,∙ ■ ■ ■■■·· ∙.∙.⅜.∙ ■ ■

18 Mesh, 0.025 Wire
Fig. 1.—Diagram showing effect of wire size in per cent of 

open area.
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Heavy Steel-wire Screens
Table 2. Steel-wire Screens and Cloths

Size of opening, in. Range in diameter of wire, in. Range in approx, weight, lb. per sq. ft. Range in%open area
4 Max. Min.1 - ¾ Max. Min.13.70-2.16 Min. Max. 64.0-83.63¾ I - Me 14.44-1.61 62.3-85.23⅛ I - Me 15.29-1.72 60.5-84.33⅛ ɪ - Μ» 16.23-1.74 58.5-83.23 I - ⅛ 17.35-1.29 56.3-85.22⅜ I - ¼ 18.49-1.40 53.7-84.02⅛ I -0.225 19.93-1.16 51.0-84.1
2¼ 1 -0.207 21.67-1.17 47.9-83.8
2 ! -0.192 23.69-1.14 44.4-83.21⅝ 1 -0.192 26.02-1.30 40.5-81.2
l¼ 1 -0.177 28.92-1.24 36.0-80.0∣⅛ M -0.177 20.22-1.47 39.1-76.71 ⅜ -0.162 23.40-1.50 32.6-74.0⅞ ⅝ -0.148 18.97-1.41 34.0-73.5⅜ ⅜ -0.148 20.53-1.63 29.7-69.8⅜ ¾6-0.105 17.91-1.01 27.7-73.4½ 7iβ-0.105 14.08-1.22 28.4-68.3¾β ¾6-0.105 9.48-1.37 34.0-65.0⅜ Mβ-0.105 10.42-1.33 29.7-61.0¾β 0.225 -0.092 6.87-1.42 33.8-59.6⅛ -0.092 8.96-1.66 25.0-53.4Me 0.192 -0.092 7.60-2.04 24.4-45.1

Steel-wire Cloth

Size of opening, mesh Range in diameter of wire, in.
Range in width of opening Range in approx, wt., lb. per sq. ft. Range in % open areaIn. Mm.

1 Max. Min.0.307 -0.072 Min. Max.0.693 -0.928 Min. Max.17.60 -23.57 Max. Min.7.52-0.39 Min. Max.48.0-86.10.283 -0.063 0.467 -0.687 11.86 -17.45 7.75-0.39 38.8-83.9M 0.263 -0.047 0.362 -0.578 9.20 -14.68 8.51-0.31 33.5-85.52 0.225 -0.041 0.275 -0.459 6.99 -11.66 7.62-0.24 30.3-84.32½ 0.192 -0.035 0.208 -0.365 5.28 - 9.27 7.02-0.22 27.0-83.33 0.162 -0.032 0.171 -0.301 4.34 - 7.65 5.78-0.23 26.3-81.53½ 0.148 -0.032 0.138 -0.254 3.51 - 6.45 5.62-0.24 23.3-79.04 0.135 -0.028 0.115 -0.222 2.92 - 5.64 5.03-0.22 21.2-78.94½ 0.120 -0.025 0.102 -0.197 2.59 - 5.00 4.64-0.20 21.1-78.65 0.105 -0.023 0.095 -0.177 2.41 - 4.50 3.84-0.19 22.6-78.36 0.092 -0.020 0.075 -0.147 1.91 - 3.73 3.49-0.17 20.2-77.87 0.080 -0.018 0.063 -0.125 1.60 - 3.18 3.15-0.16 19.5-76.68 0.072 -0.017 0.053 -0.108 1.35 - 2.74 2.78-0.20 18.0-74.69 0.063 -0.016 0.048 -0.095 1.22 - 2.41 2.52-0.16 18.7-73.110 0.054 -0.015 0.046 -0.085 1.17-2.16 1.96-0.16 21.2-72.314 0.041 -0.010 0.030 -0.061 0.762- 1.549 1.51-0.10 17.6-72.920 0.028 -0.009 0.022 -0.041 0.559- 1.041 1.07-0.11 19.4-67.228 0.017 -0.009 0.0187-0.0267 0.475- 0.678 0.57-0.15 27.4-55.935 0.016 -0.009 0.0126-0.0196 0.320- 0.498 0.59-0.20 19.4-47.150 0.010 -0.008 0.0100-0.0120 0.254- 0.305 25.0-36.064 0.0075-0.00675 0.0081-0.0089 0.206- 0.226 26.9-32.4100 0.0040 0.0060 0.152 36.0
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24 meshes to the linear inch; therefore the screen with the coarser wire has 
less than 40 per cent of the open area of the screen with the finer wire, and the 
capacity of the screen with the coarser wire will be less than 40 per cent oí 
that with the finer wire.

It must be remembered that the life of the screen with the finer wire is 
much less than where a heavier wire is used. If the material to be screened 
contains a large amount of abrasive, it may not be practical to use a screen 
with a fine wire; while, if the material is damp and sticky, the life of the screen 
may be of only secondary importance.

Table 2 shows the largest and smallest diameter of rod or wire for some rf 
the various woven screens manufactured by the W. S. Tyler Co., Cleveland, 
Ohio. (See catalogue for the intermediate sizes of screens as well as rods or 
wires.) See Fig. 1.

SCREENING MEDIUMS

Screen Opening or Particte Oioιm-in mffl- 
2.—Screen opening and mesh for 

testing sieves, Tyler series.

their mechanical strength and

Woven Wire Screens. Woven wire screens may have a square opening 
as shown in Table 2 or may have a rectangular opening. The various size8 
of screens with rectangular openings are frequently designated by numbers 
rather than by mesh.

For shaking and vibrating screens, the rectangular opening has considerable 
advantage over the square mesh in that the percentage of open area is larger 
and that grains which should just pass 
through the screen cannot touch more 
than three sides and many will not 
touch more than two sides of the open­
ing; while, with the square mesh, these 
grains are almost sure to touch three 
sides and may touch four sides of the 
opening. The screen with a rectan­
gular opening does not tend to blind to 
the same extent as do square-mesh 
screens.

Square-mesh woven wire screens are 
obtainable in a variety of metals and 
alloys such as steel, brass, bronze, 
copper, nickel, monel metal, and stain­
less steel. Steel resists abrasion and 
attrition to the greatest extent, and 
the other materials should be used only 
when their corrosion-resisting qualities
are of relatively greater importance than 
durability.

Although present-day practice prefers the designation of wire sizes by 
number, showing their diameters in decimal parts of an inch, there are a 
number of different wire-gage numbers used by different manufacturers- 
Onp. 110 are tabulated a series of wire-gage numbers and their equivalente 
ɪɪɪ decimal parts of an inch according to the standards of various manU' 
facturers and countries.

Punched Metal Plates. Punched metal plates were formerly used quite 
extensively even in the finer sizes of openings for stationary screens and trom­
mels, but the finer sizes have been largely replaced by woven wire screens for

Fig.
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pommels and in many cases for stationary screens where the slope of the 
screen will permit their use.
of j-∣ *las been shown that a square hole in a wire screen will pass particles 

rhe same size as a circular-hole punched plate, the diameter of which is 1.23

Table 3. Punching Steel Plates *f
_ Diameter of hole U. S. StandardMm. In. Decimal of an inch No. Thickness, in. Weight per sq. ft.⅜ 0.02952 26 0.018 0.765J 0.03937 24 0.025 1.02ι⅛ 1½ ⅜4 0.04687 22 0.031 1.2750.04921 20 0.037 1.530.05906 18 0.050 2.04¼β 0.06250 18 0.050 2.04⅝4 0.07812 16 0.0625 2.552 0.07874 16 0.0625 2.552¼ 0.08858 16 0.0625 2.552½ ∙ ⅜2 0.09375 16 0.0625 2.550.09843 16 0.0625 2.553 0.11811 14 0.078 3.1873⅛ ¼ 0.125 14 0.078 3.1870.12795 14 0.078 3.1873⅛ 0.1378 12 0.109 4.46⅜4 0.14062 12 0.109 4.464 0.15748 12 0.109 4.464½ 0.17717 10 0.1406 5.737

¾Λ 0.18750 10 0.1406 5.7375 0.19685 10 0.1406 5.7375⅛ 0.21654 10 0.1406 5.7376 0.23622 10 0.1406 5.7376½ ⅛ 0.25 8 0.1718 7.0120.25591 8 0.1718 7.0127 0.27559 Me 0.1875 7.65%2 0.28125 Me 0.1875 7.658 Mβ 0.3125 M 6 0.1875 7.650.31496 M® 0.1875 7.659 0.354330.375 Me 0.1875 7.6510 Me0.3937 ¼ 0.25 10.211 0.43307 ⅛ 0.25 10.212 Me 0.4375 ⅛ 0.25 10.20.47244 ¼ 0.25 10.2½ 0.5 ½ 0.25 10.213 0.51181 ¼ 0.25 10.214 0 55518 ¼ 0.25 10.215 0.59055 ⅜ 0.25 10.21⅜S 0.59375 ¼- ¼ 0.25 10.20.625 0.25 10.219 0.74803 ⅛ 0.25 10.20.75 ⅛ 0.25 10.222 0.86614 ¼ 0.25 10.2
¾ 0.875 ¼ 0.25 10.225 0.98425 ⅛ 0.25 10.2⅛____ 1 Me 0.312 12.75

* Allis Chalmers Co. Bull.t This table gives the greatest thickness of steel in which it is advisable to punch round or square holes 0∖ given diameters or sizes. Spacing, strain upon the plate, wear of dies, and other considerations deter- ɪɑɪne what is advisable. While the table is offered as a convenient guide in ordering, thinner plates will generally answer every requirement and cost less.
times the length of a side of a square hole. The advantages of a punched 
plate may be summarized as strength, long life, and ruggedness, while the 
disadvantages are chiefly great weight per unit of area and difficulty of han­
dling. Punched-plate screens are chiefly used in metal- and coal-mining
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operations, crushed-stone and gravel sizing, and so forth, where the openings 
are ⅜ in. in diameter and greater. Woven wire screens are preferred where 
the opening is less than ⅜ in. and finer.

Bolting Cloth. Bolting cloth is useful in the dry screening of paints, 
pigments, ceramic materials, and chemical precipitates of relatively fine size. 
Table 4 shows the sizes of apertures in bolting cloth, the corresponding meshes 
per inch, and the percentage of opening.

Table 4. Sizes of Apertures in Dufour’s Bolting Cloth*

Maker’s No. Meshes per in. Aperhire, in. Screen area, %
0000 18 0.0478 74.03000 23 0.0342 61.8700 29 0.0282 66.400 38 0.0204 60.091 48 0.0159 58.252 54 0.0131 50.043 58 0.0124 51.724 62 0.0116 51.725 66 0.0107 49.876 74 0.0096 50.467 82 0.0082 45.218 86 0.0072 38.349 97 0.0068 43.51W 109 0.0058 39.9711 116 0.0052 36.3812 125 0.0049 36.00<3 129 0.0045 33.70M 139 0.0039 29.3915 150 0.0036 29.1716 157 0.0035 30.2017 163 0.0031 25.5318 166 0.0028 21.6019 169 0.0029 24.02

* Trans. Am. Inst. Min., 19, 580 (1909-1910).
INDUSTRIAL SCREENS

By C. P. Cabell

Screens may be divided into five main classes, grizzlies and stationary 
screens, trommels and reels, shaking screens, vibrating screens, and oscillating 
screens. Grizzlies, trommels, and shaking screens are customarily used for 
separations above about 1 in., but vibrating screens are now competing in 
this field. Reels are used for flour and similar free-flowing materials, but 
capacity and efficiency are considered low. The main interest of the chemical 
engineer is in separations from about 4 mesh to 325 mesh, a field which is 
almost exclusively held by vibrating and oscillating screens.

Grizzly. A grizzly consists of a set of parallel bars held apart by spacers 
through which rods pass that hold the bars at some predetermined interval. 
Figure 3 shows a typical grizzly and the shape of bar most commonly used 
in its construction. Owing to the wear of the bars they are frequently made 
of manganese steel (12 per cent Mn). A grizzly is frequently used before 
a primary crusher in rock- or ore-crushing plants to remove the fines before 
the ore or rock enters the crusher.

In Table 5 are shown some of the sizes of grizzlies for sale by manufacturers.
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One of the chief disadvantages of a grizzly is the tendency of the cross 

pɪeees to retard the flow of material and to cause clogging of the openings. 
Oertain engineers have partially avoided this difficulty by placing the cross 
Pieces at a considerable distance from the parallel bars w*hich  make up the 
screen surface.

Table 5. Various Sizes of Grizzlies*

Size, ft. Openings, in. Weight, lb.Width Length
3 8 I 11253 8 1⅛ 9553 8 l⅝ 8654 8 ½ 19504 8 1 15054 8 l½ 12354 10 1 18854 10 l¼ 16454 10 l⅛ 15404 10 2 1365——* From Catalog 1, AUis-Chalmers Co.

The size of the grizzly depends on the capacity desired. The slope, or 
angle with the horizontal, of the grizzly varies with the type of material 
between 20 and 50 deg.

Flat grizzlies in which the parallel bars are in a horizontal plane are used 
0n tops of ore and coal bins and under unloading trestles. Inclined grizzlies 
are more generally used, and the slope of these 
varies with the angle of repose of the material and 
the velocity at which the material strikes the 
grizzly. In general it may be said that moist 
material requires a greater slope of grizzly bar than 
dry material and that the larger the size of the 
material fed to the grizzly, the greater the slope, 
and vice versa.

While the simple horizontal or sloping grizzly 
is still the most generally used, a number of im­
proved types provided with mechanical features 
are now available and used to a certain extent in 
the metallurgical and mineral aggregate fields. At 
the Copper Queen concentrator of the Phelps- 
Dodge Corporation, a self-cleaning grizzly is 
used in which the bars are bent to form one-
quarter of the circumference of a circle between which heavy metal arms 
attached to a shaft revolve, preventing oversize from clogging between the 
bars. In the moving-bar grizzly, the bars are mounted at one end on eccen­
trics, these eccentrics being 180 deg. apart for adjacent bars. When the 
eccentric shaft is driven at a speed of about 50 r.p,.m., the material is moved 
gently across the screening surface, and a better opportunity is given for fine 
material to pass through to a hopper below. In the chain type of grizzly, a 
series of endless chains passing over sheaves replaces the grizzly bars. Adja­
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cent chains are mounted on sheaves of slightly different diameter, thus tending 
to break up lumps and to prevent blinding of the open area. The traveling­
bar grizzly consists of a multiplicity of short lengths of bar running trans­
versely between two slowly moving sprocket chains. The undersize passes 
through the upper run of bars and is diverted into hoppers by chutes directly 
under the upper run and directly above the lower. The distinctive feature 
of the shaking grizzly is the pivoting of the bars on a horizontal shaft at the 
upper end and the rapid raising and lowering of the lower ends of the bars 
by a connecting member actuated by an overhead eccentric.

Capacity. The capacity of a grizzly varies with the efficiency desired and 
the spacing of the bars as well as its slope. The lower the efficiency desired, 
the greater the distance between bars; and the greater the slope, the 
greater the capacity of the grizzly.

The Eng. Mining J., 117, 307, 1924, is authority for the statement that 
a grizzly in which the bars are spaced to give 1 in. of clear opening may bθ 
expected to handle 100 to 150 tons of material per square foot per 24 hr.

LRreeeiver'''
1⅛G. 4.—Trommels. {Courlesy Allis-Chalmers Manufacturing Company.')

Stationary Screens. Stationary screens were formerly used quite exten­
sively but of recent years have not been in such general use due to their low 
efficiency and capacity and to the head room they require.

Punched metal plates or woven wire screens may be used as the screening 
medium. When punched metal plates are used, the slope necessary to carry 
the material across the screen is less than where woven wire screens are used. 
The slope of stationary screens varies between 20 and 50 deg. from the hori­
zontal, depending on the material to be screened.

The advantages of stationary screens are low initial and repair costs, and 
ease and speed of installation.

The disadvantages of stationary screens are low efficiency and capacity 
in the finer sizes of screens, great tendency to blind, and the large amount of 
head room necessary.

Capacity. The capacity of stationary screens is stated to be from 1 to 5 
tons per sq. ft. per 24 hr. per mm. aperture. Woven wire screens of the 
stationary type are generally mounted at a steeper angle than stationary 
screens of the punched-plate or bar type.

Revolving Screens. Simple Trommels. Figure 4 shows a train of trom­
mels, the feed passing into the upper trommel; the undersize of the first 
passing to the second trommel and the undersize of the second passing to the
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third trommel; thus four products are made with three trommels: oversize of 
the first; undersize of the first but oversize of the second; undersize of the 
second but oversize of the third; and undersize of the third trommel.

If only one trommel is used, of course, only two products are made, over­
size and undersize.

Trommels are used for both wet and dry screening but have a small capacity 
for the finer sizes. For sizes coarser than ⅜ in., where high efficiency is not 
a necessity, trommels have been found to be satisfactory.

The slopes of trommels vary from ⅜ to 3 in. per ft., the smaller slopes being 
more common. The greater the slope the thinner the bed on the screen and, 
therefore, the better the chance for the fines to pass through the openings.

Compound trommels are trommels in which two or more concentric screening 
surfaces are mounted on the same shaft. The coarsest screening surface is 
the innermost and the finest the outermost, intermediate sizes arranging 
themselves between these two limits. Provision is made for the removal 
separately of the oversize from each screening surface, and arrangements 
are made so that the undersize of each screen becomes the feed to the screen 
of the next smaller aperture.

Conical trommels have the shape of a truncated cone and are generally 
mounted with their axes horizontal. Since the diameter of the ends of conical 
trommels are different, the inclination of the screening surface permits the 
material to flow through them by gravity without inclination of the axis.

Prismatic trommels may be of any convenient shape but are generally hexag­
onal. The screening surface consists of a multiplicity of plain surfaces which 
facilitates the application of screening mediums, particularly if woven wire 
cloth is used. The sides of the prismatic trommel may be parallel elements, in 
which case the unit is mounted with its axis slightly inclined to the horizontal ; 
or the sides may be non-parallel elements of a pyramid, in which case the 
axis is horizontal and gravity flow is obtained as in the conical trommel.

The maximum revolutions per minute for a trommel according to Simon3 
(“Ore Dressing: Principles and Practice,” p. 101, McGraw-Hill, New York, 
1924) may be obtained by the formula

Max. r.p.m. 77
√D

where D = diameter of trommel in feet; g = gravitational constant = 32.2; 
τr = 3.1416.

The above formula gives the maximum revolutions per minute of a trommel 
without resulting in material adhering to the interior screening surface and 
being carried around by it through centrifugal force. This is also the theoreti­
cal optimum speed for a trommel since capacity increases not only with the 
diameter, slope, and size of aperture, but also with the speed. It may there­
fore be stated that the efficiency and capacity increase steadily with an 
increase of speed until the point is reached where the screen substance is 
carried through a complete revolution by centrifugal force.

Taggart’s “Handbook of Ore Dressing” states that the capacity of a 
trommel is 0.6 ton per sq. ft. per 24 hr. per mm. aperture for dry screening and 
1.0 ton for wet screening. Truscott places the capacity for dry screening 
at 0.5 ton per 24 hr. per sq. ft. per mm. aperture.

Reels are trommels using very fine silk or wire cloth. Many are in use in 
flour mills. This field has recently been invaded by special types of oscillating 
screens (such as the Allis-Chalmers gyratory sifter and several others), 
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y uch are said to offer higher capacity. A stationary vertical screen with 
interior turbines (Abbe turbo-sifter) is likewise making progress.

ŋbaking Screens. Shaking screens and shaking grizzles have been 
used to a considerable extent when it is desired to make a separation and the 
ιθad room available is not sufficient to permit the use of a vibrating screen, 
ɪhe shaking motion may be such as to make the material advance across the 
screening medium when the screen is at a slope of not more than ¾ in. per ft.

Shaking screens give a fairly high efficiency in sizes coarser than ⅝ in., 
ɔut in the finer sizes the capacity is low if a high efficiency is desired.

Γhe chief disadvantage of shaking screens is the high cost of maintenance 
both of the screen and of the supporting structure. Shaking screens may be 
used both for screening and for conveying—this being particularly true in the 
anthracite-coal industry where innumerable shaking troughs with perforated 
jOttoms are used both for grading the fine anthracite particles and for convey- 

ing them to subsequent treatment steps.
Shaking screens require from 0.05 to 0.10 h.p. per sq. ft. screening surface. 

Speeds range from 60 to 400 strokes per minute with an average of about 100 
strokes. These screens are generally inclined at an angle of 18 to 20 deg. with 
an average of 14 deg., and the length of stroke ranges from 9 in. to a fraction of 
an inch. A greater number of strokes per minute is generally employed 
where length of stroke is small and vice versa. Taggart’s “ Handbook of Ore 
Dressing” is authority for the statement that capacity ranges from 2 to 8 
tons per sq. ft. per 24 hr. per mm. aperture.

Fig. 5.—The Selectro screen.

The capacity, especially in

---------------------------

⅝s ⅜ F⅛l⅛

Vibrating and Oscillating Screens
Where large capacity and high efficiency are desired, the use of vibrating 

a∙nd oscillating screens is standard practice, 
the finer sizes, is 
so much greater 
than any of the 
other screens 
that they have 
practically re­
placed all other 
types where the 
efficiency of the 
screen is an im­
portant factor. 
An advantage of 
these screens is 
that the vibra- 
tions of the
screen cloth reduce the blinding effect to a minimum. Care should be 
taken to have sufficient vibration in the coarser sizes.

Vibrating Screens. A vibrating screen consists essentially of a flat or 
slightly convex screening surface to which is applied a rapid vibration norma! 
or nearly normal to the surface. The vibrating means may be eccentric 
shafts, an unbalanced flywheel, a cam and tappet arrangement, or an electro­
magnet. There are a very great number of vibrating screens on the market, 
but they can be classified as follows:

Type 1. High-amplitude Normal Vibration. In this type screen a high- 
amplitude (about ⅜4r-in.) vibration is applied by a mechanical vibration 
source (eccentric shafts, unbalanced flywheels, or cam and tappet) operating 
at about 1200 to 1800 r,p.re>
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Vibration is supplied by a horizontal, adjustable,

One of the better known screens employing high-amplitude normal vibra­
tion is the Selectro, manufactured by the Productive Equipment Corp·, 
Chicago (see Fig. 5). 
positive eccentric.

Two popular type 
1 screens, the Tyler 
Niagara and the Ty- 
Rock, are made by 
the W. S. Tyler Co., 
Cleveland, Ohio. 
These are positive 
eccentric machines 
with the amplitude 
of vibration set at 
the factory. Im­
provements embod­
ied in the Ty-Rock 
screen are said to 
give it longer life for 
heavy work.

The type 1 vibrating screen is the only vibrating screen used for heavy work 
(above about 1-in. opening). Special heavy-duty screens are available for 
such service. In dry screening in chemical work, they are normally used 
for screening from 1 in. down to about 35 mesh. The screen usually operates 
at an angle of 
about 20 deg., with 
feed entering at 
the upper end and 
traveling down. 
For operations 
with little head 
room, low-head 
screens (Allis- 
Chalmers) and 
screens which 
carry the charge 
uphill (Aj ax Flexi­
ble Coupling Co.) 
are available.

For wet screen­
ing the type 1 
screen is very pop­
ular. A low angle 
(5 to 10 deg.) is 
used, and feed 
normally enters at the top of screen. However, in many operations it is found 
desirable to feed the slurry at the lower end of the screen and have the dried 
material discharge at the top.

Type 2. Low-amplitude Normal Vibration. This type is the electric screen. 
A low-amplitude vibration is applied normal to the screen cloth by electro­
magnets at a frequency of 1800 to 7200 vibrations per minute, the low fre­
quency for coarser screening (8 mesh) and the high for fine screening below 
about 80 mesh. A typical screen is the Hum-mer (see Fig. 6) made by the 
W. S. Tyler Co.
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These screens are not normally used for screening any coarser than about 

8 mesh. They are, however, used for separations at 100 mesh and finer. 
For such fine work two or more small screens are used in series.

Type 2 screens have been very successful in wet screening to remove 1 to 
2 per cent of a slurry. They are not recommended for heavy materials having 
high separable-solids content.

Capacity of Vibrating Screens. Table 7 shows the actual tonnage handled in 
various plants per hour per square foot of screening surface using a vibrating 
screen.

__Handwheel

7esf gap by inserting sheet of paper L aminated field core
between armature and field core
while vibrator is runnina - - Handwhpe l

Vibrafing strip iug ' 'Lower vibrating strip
Fig. 7.—Hum-mer screen.

The figures show the great variations in capacity with different materials 
as well as, in some cases, similar materials, which is the reason why many 
screen manufacturers do not publish capacity figures. It is to be noted that 
the tonnages in Table 7 are not necessarily the maximum which could be 
handled but are simply the actual tonnages put over a certain screen in plant 
operation.

Oscillating Screens. This type screen is characterized by low-speed 
(300 to 400 r.p.m.) oscillation in a plane essentially parallel to the screen cloth.

Screens in this group are usually used from ⅝ in. to 60 mesh. Some light, 
free-flowing materials, however, can be separated at 200 to 300 mesh. Silk 
cloths are often used.

Type 1. Sifters. A sifter is a boxlike machine, with a series of screen cloths 
nested atop one another. Oscillation, supplied by eccentrics or counter­
weights, is in a circular or near-circular orbit. In some machines a supple­
mentary whipping action is set up. Most devices of type 1 have an auxiliary 



1714 MECHANICAL SEPARATIONS

vibration caused by balls bouncing against the lower surface of the screen 
cloth.

The sifter is a relatively new development which is just entering the 
chemical field. It is used for dry-screening light materials. Typical machines 
are made by the Wolfe Co. and the Allis-Chalmers Co.

Type 2. Riddles. A riddle is a screen driven in an oscillating path by 
mechanism attached to the sole support of the screen, a vertical bar extending 
from the top of the screen box.

The riddle is the cheapest screen on the market. It is intended normally 
for batch screening, wet or dry. One supplier is the Great Western Manu­
facturing Co., Leavenworth, Kan.

Type 3. Reciprocating Screens. This is an important type of screen for 
chemical work. An eccentric under the screen supplies oscillation, ranging 
from gyratory (about 2-in. diameter) at the feed end to reciprocating motion 
at the discharge. Frequency is 500 to 600 r.p.m., and, since the screen is 
inclined about 5 deg., there is also set up a secondary high-amplitude normal

Table 7. Actual Tonnage Handled per Hour per Square Foot of 
Screening Surface Using a Vibrating Screen

Cement

Material Wire cloth
Capacity under­size per hr. per sq. ft of screening surface

Circu­lating load,% Mois­ture Remarks
Cement slurry.................... 20-mesh ton­cap 0.6 ton 100-150 33% Installed in closed circuit with wet ball mill, removing —20-mesh material from ball-mill dis­charge, fines to tube mill, tailings to ball-mill feedCUnker................................ .. .. 20-mesh ton­cap 2.5 bbl. 100-150 Dry Installed in closed circuit with preliminary mill, removing -20- mesh material from preliminary­mill discharge, fines to tube mill, tailings to preliminary mill feedFinished cement............... 4 mesh to 12 mesh 20 bbɪ. Installed ahead of Fuller-Kinyon pumps or babbing machines for removal of foreign material

Chemicals

Material
Wire cloth Capacity, tons per hr. per sq. ft. of screening surface in Mois­ture RemarksMesh Open­ing, in. Wire diam., in. Feed Oversize

Powdered soap.................................... 7 0.096 0.047 0.100 15 to 50% depend­ing upon weather Varies Bulky material
Trisodium phosphate.................... 20 0.0320 0.018 0.065 Oversize, ⅛ Intermediates, % Fines, ⅛ Hard to screen ;35 0.0151 0.0135 Dry therefore low capacity
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Table 7. Actual Tonnage Handled per Hour per Square Foot of 

Screening Surface Using a Vibrating Screen— (Continued)
Clay '

Material Capacity, tons per hr. per sq. ft. of screen­ing surface
Condi-

Varies

0.075 ton per hr. tailings

0.3125 ton per hr. oversize;0.3125 ton per hr. fines

About 2 % of undersize re­mains in the oversize3¼% oversize; 6⅛% fines. A considerable percentage of undersize remains in oversize0.125 ton per hr. oversize; 0.4 ton per hr. fines. Ap­proximately . 2% under­size in oversize

80% product over screen;20 % product through screen; 3% undersize re­mains in oversize

Oversize 0.25-0.275 ton per hr., fines 0.375-0.40 ton per hr. Feed is coarse, which accounts for high percentage of oversize

Varies

Varies

Coal and Coke
Material Kind of plant Separate made, in. Maximum size of feed, in.

Capacity, tons per hr. per sq. ft. of screen­ing surface
Products

% Over % Through
Coal....................................................... Tipple 1¼ 3 5.0 30 70

Coal....................................................... ⅝ 2 4.7 35 65

Coal....................................................... 1⅛ 3.0 50 50
Coal........................................................ Dry-cleaning plant ½ 2.0 30 70
Coal....................................................... ¼6 ¼ 1.5 40 60

Coke...................................................... Coke plant 1 2 1.5 60 40

Coke...................................................... Gas plant ⅝ I⅜ 1.3 50 50
Coke...................................................... ⅛ ¾ 1.0 60 40
Coke...................................................... Coke plant ¼ ' ⅝'. 0.5 50 50
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Table 7. Actual Tonnage Handled per Hour per Square Foot of 
Screening Surface Using a Vibrating Screen—(.Continued) 

Crushed Stone and Limestone

Material Mesh
Wire

Open­ing, in.
cloth

Wire diam., in. Ton cap.
Capacity, tons per sq. ft. of screening surface

Product, tons per hr. per sq. ft. of screening surface Mois­ture Remarks
Over Through

Crushed stone..................... 1½ 3∕ι rod 7.50 2.5 5.0 Dry 5% undersize remains iɑ oversizeCrushed stone..................... 310 0.2650.070 1017740 2.50 Oversize, 1.25 Intermediates, 0.625Fines, 0.625 Dry
Limestone................................ ⅝ 0.027 3.75 65% 35% Varies 5% undersize remains in oversizeHydrated gypsum........... 6 0.095 0.072 1.0-1.75 2% 98% Dry

Metallic Ores

Material
Wire cloth Capacity, tons per sq. ft. of screening surface

Product, tons per hr. per sq. ft. of screening surface Mois­ture RemarksMesh Open­ing, in. Wire diam., in. Ton cap. Over Through
Chrome ore.......................... 10 0.080 38 0.275 0.075 0.2 VariesConcentrated iron ore 0.506 0.244 3.75 1.75 2.0 DryFlue dust.................................. 1 in. 1 1455 2.5 Dry 5 to 1 % under­size remains in oversize

Minerals and Non-metallic Ores

Material
Wire cloth Capacity, tons per hr. per sq. ft. of screening surface

Product, tons per hr. per sq. ft. of screening surface Mois­ture RemarksMesh Open­ing, in. Wire diam., in. Over Through
Insulating material:1st surface.................................... 10 0.065 0.035 0.15 Varies 3 to 5% under­size remains in oversize2d surface.................................... 12 0.051 0 0323d surface.................................... 16 0.0375 0.025Powdered enamel........................ 30 0.0198 0.0135 0.4 5% 95% DryTalc......................................................... 55 0.0087 0.0095 0.5 0.3 0.2 Dry
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Table 7. Actual Tonnage Handled per Hour per Square Foot of 

Screening Surface Using a Vibrating Screen—(Concluded)
Sand and Gravel

Material
Wire cloth Capacity, tons per hr. per sq. ft. of screening surface

Product tons per hr. per sq. ft. of screening surface Mois­ture RemarksMesh Open­ing, in. Ton cap. Over Through
Sand..., 7∕ig in. 0.445 1397 2.0 0.75 1.25 VariesSand and gravel.. 6 0.151 767 0.750 0.15 0.60 VariesSand:1st surface.................................... 1420 0.0590.041 566365 0.600 50% 50% Dry2d surface.........................Foundry sand..................... 24 0.030 520 0.60-0.80 Wet Less than 1% of undersize remains in oversize

Stock Yards and Packing-house By-products

Material
Wire cloth Capacity, tons per hr. per sq. ft. of screening surface

Over­size, tons per hr.
Fines, tons per hr. Mois­ture RemarksMesh Open­ing, in. Wire diam., in. Ton cap.

Tankage............... 8 0.078 0.047 1.00-1.25 0.625-0.815 0.375-0.438 Varies
Tankage.............................. 9 % ^β-in. backing cloth 0.20-0.25 0.1-0.125 0. Ι­Ο. 125 Varies Approximately5 % undersize remains in oversizeTankage.............................. 4 0.192 1167 0.333 0.133 0.2 Greasy 5 % undersize re­mains in over- sizeMeat scrap and bone crackling. 5 0.120 0.080 0.20 0.15 0.05 Greasy 5 % undersize re­mains in over­sizeAcld phosphate............ 3 0.253 0.080 1.0-1.5 0.25-0.5 0.75-1.0 5 % undersize re­mains in over­sizeCommercial fertilizer 3 0.0253 0.080 1.75 3% 97% Varies

Sugar

Material Wire cloth Capacity, tons per hr. per sq. ft. of screening surface
Product, tons per hr. per sq. ft. of screening surfaceOver I Through RemarksMesh Open­ing, in. Wire diam., in.Sugar............................................................ 12 0.060 I 0.023 0.502 20% I 80%
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vibration of about J∙fo ɪɪɪ- Further vibration is caused by bails bouncing 
against the lower surface of the screen cloth.

This type screen is very popular in this country and England. It is used 
for a variety of chemicals, usually dry, and has been employed for very fine 
separations (300 mesh) when screening some light materials such as aluminum 
powder. A typical machine is the Rotex, made by the Orville-Simpson Co.,

Fig. 8.—Rotex screen.

Cincinnati, Ohio (see Fig. 8). Wet screening with this type machine is not 
common, but at least one manufacturer claims successful operation.

SIEVE TESTING
Many specifications now call for definite sizes of material and the use of 

test sieves is required.
Test sieves are very generally used to determine the efficiency of screening 

devices and the work of crushing and grinding machinery. However, it 
has been recently shown [Weber and Moran, Ind. Eng. Chem., anal, ed., 
10, 180 (1938). MacCalrnan, Ind,. Chemist, 13, 14, 15 (1937—1939)] that 
sieves meeting present specifications often do not give accurate analyses. 
Calibration of sieves against a standard set is one means of getting more 
accurate results.

It is essential that standard screens, with standard siz of opening, be used 
for sieve analysis. The time of screening and the method of agitating the 
material on the screen should also be standard, and in many industries the 
practice of specifying the size of opening (or a certain standard screen) and 
the time and the method of screening are specified. There are at least three 
standard screen-scale sieves in use in the United States. In 1939, the A.S.T.M. 
and the A.S. A. adopted a single standard specification, A.S.T.M. Designation 
E-ll-39, A.S.A. Z 23.1-1939.

The Tyler Standard Screen-scale Sieve. This standard has as its 
base a 200-mesh screen in which the opening is 0.0029 in. and the wire diam­
eter 0.0021 in. This screen has been adopted by the U. S. Bureau of Stand­
ards as the standard 200-mesh screen. In the Tyler standard, the width of 
opening for each succeeding screen is increased by the square root of 2 or 
1.414; thus the area of the succeeding opening is twice that of the preceding 
screen (see Fig. 2).

Table 8 shows the Tyler standard screen-scale sieves, Catalogue 48, The 
W. S. Tyler Co., Cleveland, Ohio.

Mechanical Shakers. The Ro-Tap shaker manufactured by the W. S- 
Tyler Co. is the standard machine for carrying out automatically sieve-test 
procedure with accuracy and dependability. This device consists of a
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Receptacle to hold a series of superimposed standard sieves and a motor- 

riven shaker which imparts to the sieves both a circular and a tapping 
motion.

Table 8. The Tyler Standard Screen-scale Sieves

standard screen scale √2 or 1.414 openings,
Every other sieve from 0.0029 to 0.742 in. ratio of

Every other sieve from 0.0041 to 1.050 in. ratio of
Every 4th sieve from 0.0029 to 0.742 in. ratio of

0.02320.01640.0116
0.00820.00580.00410.0029

0.03280.046

5 6 7 8 9
For closer sizing sieves from 0.0029 to Open- Opening in frac- Mesh Diam-1.050 in. ratio √2 or 1.189

ings, mm an inch (approxi­mate,)
eter of wire, in.

1.050 26.67 1 0.1480.883 22.43 ⅞ 0.1350.742 18.85 ⅜ 0.1350.624 15.85 ⅜ 0.1200.525 13.33 ¼ 0.1050.441 11.20 ¾6 0.105O.37l 9.423 ⅜ 0.0920.312 7.925 Me 2½ 0.0880.263 6.680 ¼ 3 0.0700.221 0 185 5.6134.6993.962 ⅝23zfβ 3½4 0.0650.0650.0440.156 ⅝2 50.131 3.327 ⅛ 6 0.0360.110 2.794 ⅞4 7 0.03280.093 2.362 8 0.0320.078 1.981 ⅝4 9 0.0330.065 1.651 He 10 0.0350.055 1.397 12 0.0280.046 1.168 ⅜4 14 0.0250.0390 0.991 16 0.02350.0328 0.833 ½2 20 0.01720.0276 0.701 24 0.01410.0232 0.589 28 0.01250.0195 0.495 32 0.01180.0164 0.417 ⅛4 35 0.01220.0138 0.351 42 0.01000.0116 0.295 48 0.00920.0097 0.246 60 0.00700.0082 0.208 65 0.00720.0069 0.175 80 0,00560.0058 0.147 100 0.00420.0049 0.124 115 0.00380.0041 0.104 150 0.00260.0035 0.088 170 0.00240.0029 0.074 200 0.0021
For Coarser Sizing—3 to 1 ½-in. Opening

The Ilo-Tap is equipped to handle from 1 to 13 sieves at a time and is 
equipped with a timing element which automatically terminates the test 
after any predetermined time.
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Table 9. The I. Μ. Μ. Series*

Mesh Diameter wire, in. Aperture, in. Aperture, mm. Ratio of each to one beiow Screening area, %
2.5405 0.1 0.1 1.61 25.008 .063 .062 1.574 1.24 24.601012 .05 .0417 .05 .0416 1.2701.056 1.20 25.0024.9216 .0313 .0312 0.792 1.25 24.9220 .025 .025 .635 1.25 25.0025 .02 .02 .508 l.z05 25.0030 .0167 .0166 .421 1.17 24.3035 .0143 .0142 .416 1.135 24.7040 .0125 .0125 .317 1.25 25.0050 .01 .01 .254 1.20 25.0060 .0083 .0083 .211 1.17 24.8070 .0071 .0071 .180 1.145 24.7080 .0063 .0062 .157 1.24 24.6090 .0055 .0055 .139 1.10 24.50100 .005 .005 .127 1.51 25.00120 .0041 .0042 .107 1.273 25.40150 .0033 .0033 .084 1.32 24.50200 .0025 .0025 .063 25.00

* The Institute of Mining and Metallurgy, England.
Table 10. U. S. Sieve Series

Meshes per lineal inch Sieve No. Sieve opening, in. Sieve opening, mm. Wire diameter, In. Wire diameter, mm
2.58 2½ 0.315 8.00 0.073 1.853.03 3 0.265 6.73 0.065 1.653.57 3½ 0.223 5.66 0.057 1.454.22 4 0.187 4.76 0.050 1.274.98 5 0.157 4.00 0.044 1.125.81 6 0.132 3.36 0.040 1.026.80 7 0.1H 2.83 0.036 0.927.89 8 0.0937 2.38 0.0331 0.849.21 10 0.0787 2.00 0.0299 0.7610.72 12 0.0661 1.68 0.0272 0.6912.58 14 0.0555 1.4i 0.0240 0.6114.66 16 0.0469 1.19 0.0213 0.5417.15 18 0.0394 1.00 0.0189 0.4820.16 20 0.0331 0.84 0.0165 0.4223.47 25 0.0280 0.71 0.0146 0.3727.62 30 0.0232 0.59 0.0130 0.3332.15 35 0.0197 0.50 0.0114 0.2938.02 40 0.0165 0.42 0.0098 0.2544.44 45 0.0138 0.35 0.0087 0.2252.36 50 0.0117 0.297 0.0074 0.18861.93 60 0.0098 0.250 0.0064 0.16272.46 70 0.0083 0.210 0.0055 0.14085.47 80 0.0070 0.177 0.0047 0.119101.01 100 0.0059 0.149 0.0040 0.102120.48 120 0.0049 0.125 0.0034 0.086142.86 140 0.0041 0.105 0.0029 0.074166 67 170 0.0035 0.088 0.0025 0.063200 200 0.0029 0.074 0.0021 0.053238.10 230 0.0024 0.062 0.0018 0.046270.26 270 0.0021 0.053 0.0016 0.041323 325 0.0017 0.044 0.0014 0.036
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Loncjitudinal Section Cross-Section
Fig. 9.—Harz jig.

1721 
wʌɪɪ^iɪɪθɪ ɪɪɪθehanieal shaker is the Newark End-shak, made by the Newark 

ɪre Cloth Co., Newark, N. J. Sieves used are Newark test sieves, made to 
conform with the U. S. Standard series.

Interpretation. Sieve analyses are 
most readily interpreted by plotting them 
pɪɪ special types of paper which give 
simple curves. Logarithmic-probability 
Paper is quite commonly used. A number 
θɪ methods are described by Austin [Ind. 
Fng. Chem., anal, ed., 11, 334 (1939)]. To 

11τs .list should be added the method of 
Weinig [CoZo. School Mines Quart., 28, No. 
' (1933)] and that of Roller [Jr. Franklin 
∕nβi.223, (1937)].

Uiscussions of methods of particle­
size measurement are given by Heywood 
^Engineering, 146, 192 (1938)] and Work 
lChem. & Met. Eng., 45, 247 (1938)].

JIGGING
By K. H. Donaldson and J. L. Gillson

References: Vedensky, Use of Jigs in Placer Mining, Miner, May, 1938. British 
atents 438,888 of 1936 to S. Dawson Ware; and 452,664 of 1937 to W. Ruoss. Oke, A 

Hydraulic Jig, Mining Mag., 54, 207-208 (1936). Teddy, Jigs on Tin Dredges, 
w« Dredging Assoc. Southern Malaya, rev. in Mining Mag., April, 1935, pp. 244-248. 

rIardy-Smith, Jigs, Proc. Australasian Inst. Mining & Met., No. 105, pp. 1-52 (1937).

Jigging is one of the oldest processes used in separating heavy minerals 
from lighter gangue, 
base-metal ores and 
ɪθr washing coal. 
Jigs were simple in 
oPeration, could be 
constructed locally 
with a low first cost 
a ɪɪ d low mainte­
nance. Power and 
Water consumption 
are high and tailings 
i osses are in general 
higher than in other 
Processes, as a result 
°f which the use of 
Jigs, except in placer 
gold operations and 
ɪɪɪ placer tin and 
frιngsten deposits, is 
being discontinued. ____„_________ , jc.________ v _ ______ ___ ,___ ,___
zinc district, still employ jigs as do many of the small producers of barytes 
ores in the Southeastern United States.

There are two principal types of jigs. Type 1 is where the sieve is station­
ary and water is forced up through the screen. One of these types of jigs is 
called the Harz jig and is shown in Fig. 9 (Simons, “Ore Dressing: Principles 
and Practice,” McGraw-Hill, New York, 1924).

Water

A generation ago it was used widely for concentrating

Trave of Ore

Fig. 10.—Hancock jig.
Many older mills, particularly in the Joplin, Mo., Iead-

W'∙Tailing 

m
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The lower portion of the tank is called 
K is a wooden 

C is the plunger which is given a reciprocating motion

Ball bearing 
pillow block y

screens.
jig, Wiard (“The Theory and Practice of 
New York, 1915) gives the capacity C in

Patents 
applied 

for

'rDischarge 
‘'-Removable 
! screen box

'Hutch gold/ 
product

11.—Denver mineral jig.

Right-hand 

machine 

shown

t5"×3"τg<L.t....
for belt drive
V-belt motor drive 
!5"x3"T.K,L 
pulleys for 
belt drive

Feed

i Rotafing valve 
Water

-Wafer

^'Wa/king- 
∙''i beam 

motionEccentric·'', 
drive

A is a tank the upper portion of which is divided in two sections, plunger 
and sieve, by the partition marked E. 
the “hutch.” B is the screen which supports the mineral, 
frame with crossbars, 
by the eccentric 0. 
S is the hutch spigot. 
V is the cup or sub­
merged weir under 
which the concentrate 
is allowed to pass for 
the separation of 
heavy from light min­
eral which passes out 
of the jig at T.

The second type of 
jig is where the sieve 
moves up and down in 
a tank of water, the 
one shown in Fig. 10 
being a Hancock jig.

In Fig. 10: 2 is the 
cup for concentrate or 
middlings; 5 is the 
tray to carry the 
screens; 6 and 7 are 
supports for the tray; 
8 is cam shaft; 9, 
three-point cam; 10, 
drive pulley; 11, fly­
wheel; 12, rocker arm;
13, rocker-arm shaft;
14, links connecting 
rocker arms.

The screen tray is 
given a combined 
horizontal and verti­
cal reciprocating mo­
tion which causes the 
ore to pass rapidly over the

Capacity. For the Harz 
Ore Dressing,” McGraw-Hill, 
tons per 24 hr. per sq. in. screen area as C = ʌ/d/100 tons where d — average 
diameter in millimeters of the feed to the jig.

The Hancock jig varies with feed from 100 to 500 tons per 24 hr.
Water Consumption. The Harz jig requires from 10 to 20 tons of water 

(2350 to 4700 gaɪ.) per ton of solid. Hancock jigs usually require about half 
as much water as the Harz jig.

Power. Harz jig power consumption depends on length and number of 
strokes per minute and upon the class of material being treated as well as the 
depth of bed.

Simons (“Ore Dressing: Principles and Practice,” McGraw-Hill, New York, 
1924) gives the following figures which may be taken as a preliminary estimate 
of the horse power required.
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For a one-compartment jig.. 
For a two-compartment jig.. 
For a three-compartment jig 
For a four-compartment jig.

1-2 h.p.
2 h.p.
2½ h.p.
3 h.p.

12.—Southwestern-K raut 
Hydromotor jig.

α- Flexible rubber diaphragm 
e- Valve

Jig Feed. Jigs formerly treated material from a 2-in. size down to 2 mm., 
but in modern practice the minimum usually 
would be coarser than 3 or 4 mesh. The 
fine material which was formerly treated in 
jigs would now be treated on tables.

Jigs for Placer Gold. The commercial 
utilization of jigs in the recovery of placer 
gold started about 1914 and resulted in the 
design of some new jigs which may have some 
place also in coarse roughing of other heavy 
minerals. The concentration of placer gold 
by Jigging is successful because of the extreme 
difference in specific gravity between the gold BTJ⅛g∣i 
and the gangue materials. The high capac- 
ity of these new jigs recommends them for 
treating the low-grade material that must be 
handled in tremendous quantity in most 
placer operations. The use of jigs in this field 
was described by Malozemoff [Jigging Applied 
to Gold Dredging, Eng. Mining J., 138, 34-37 
(1937)] and jigs are made by the Pan- 
American Engineering Corp., Berkeley, 
Calif., The Southwestern Engineering Co., 
Los Angeles, and the Denver Equipment Co., 
Denver. Dia­
grams showing 
the construction 
of these jigs are 
shown in Figs. 
11, 12, and 13.

Th© Denver 
ɪɪɪineral jig 
(Denver Equip­
ment Co.) has a 
number of spe­
cial features 
which have been 
particularly 
adapted to con­
ditions found in 
the grinding cir­
cuit, i.e., dilution 
control and the 
handling of 
unsized feed. 
These units are 
easy to operate 
and are built in four sizes to handle practically any tonnage.

a-Scree∩ supporting jig bedding 
b- Grid supporting screen 
C- Grid clamping down screen

Fig. 13.—Pan-American jig.
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This jig consists of two compartments and is of all-steel, welded construc­
tion, to minimize space required. In the front of the unit are the two screen 
compartments over which the entire mill discharge passes; in the rear are 
the plungers actuated by a walking beam and adjustable eccentric. The 
plungers are sealed with special rubber diaphragms to give positive displace­
ment of water or solution. A rotating valve is synchronized with the move­
ment of the walking beam so that solution is added only on one part of the 
stroke of the plungers to counteract the suction normally created. This gives 
a water action, closely approximating the perfect theoretical jigging action, 
with pulsations upward and periods of free settling between, with minimum 
suction. The speed of different jig sizes will vary according to the material 
being treated; average speed is from 300 to 350 r.p.m. and a stroke of approxi­
mately ⅝ ɪɪɪ-

The screen compartments are removable, as they must be cleaned up at 
10- to 60-day periods, similar to any jig operation. A spare compartment 
is furnished so that the change can be made without shutting down the grind­
ing circuit. A special non-blinding screen is used which practically eliminates 
clogging.

The metallic gold values and the high-grade concentrates are finer than 
the screen openings and pass into the hutch below,' which has steeply sloping 
sides, thus allowing clean discharge of this valuable high-grade material. 
The discharge plug of each hutch can be securely locked to prevent theft. 
The tonnage shown below is that of the grinding-mill initial feed, the jig 
also handling the circulating load.

Table 11. Denver Mineral Jig Dimensions and Data*

Size, in. Capacity, tons A B C D E F G H Motor h.p.
Shipping wt., lb.

Belt Motor
8× 12 15-45 2'11" 2'11" 2'10" 2'7¼" 3'3⅝" 1'6¼" 12" 8" ¾ 900 97512 × 18 50-200 4' 0" 3' 6" 3' 8⅝" 3'5⅛" 4'3⅛" 2'1 ⅛" 18" 12" 1 1500 162516 ×24 200-500 5' 0" 4' 3" 3'10⅛" 3'4⅝" 4'3⅜" 2'3⅛" 24" 16" 1½ 1950 205024 × 36 500-1200 7' ∣,, 6' 0" 5' 0" 4'5" 5'5" 3'6" 36" 24" 2 3000 3150
* Courtesy of the Denver Equipment Co.

TABLING
By K. H. Donaldson and J. L. Gillson

The use of shaking tables for concentrating heavy materials from worthless 
gangue began about 1896 with the development of the Wilfley table and 
reached its maximum development about 1910. With the introduction of 
flotation the use of tables in the concentration of base-metal sulfides rapidly 
died out. Recently, however, the requirements of beneficiation of many ores 
and chemical raw materials not amenable readily to flotation has again 
stimulated the use of tables, so that there may be as many in use today as at 
any time. Wet tables are suitable for concentration of materials in the range 
from about 6 mesh down to nearly 300 mesh, and, on coal, coarser material 
is treated. Ordinarily the treatment of material finer than 48 mesh is not so 
economical as flotation. The objection to tables as a method of concentration 
lies in the large area required for the installation of the necessary number of 
tables to treat fine material in a mill of large capacity and because differential 
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separation of the several heavy minerals that occur together in many of the 
base metal ores is not possible.

Except where there is a large difference between the specific gravities of 
the materials to be separated (galena and limestone or galena, sphalerite, 
and limestone), it is not possible to produce both a clean concentrate and a

i'ɪɑ. 14.—Deister-Overstrom diagonal deck table. Center, diagonal deck with pool riffle system for sand. Bottom, diagonal deck with pool riffle system for fine sand and ɛliɪne.
clean tailing. Under ordinary conditions tables can be operated to produce 
either a clean concentrate and a middling or a rough concentrate and a clean 
tailing. Where the table is used to produce a clean concentrate, not over a 
50 per cent recovery of the valuable mineral may be expected if only one 
tabling operation is used.

In many plants classifiers are used to prepare the feed for the tables, but 
in some plants a deslimed but unclassified feed is used to produce either a 
ɪnedium-grade concentrate or a clean tailing which may markedly reduce the 
necessary crushing and/or grinding.

The heaviest grains are least affected by the cross current of water being 
trapped behind the riffles, lighter minerals are washed over the riffles and are 
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discharged either at the side of the table or at the end near the low side. 
Launders are distributed along the side and end of the table to catch the dis­
charge; usually a concentrate, a middlings, and a tailings are collected 
separately.

The shape of the deck varies with the design of the manufacturer, and few 
are exactly rectangular. The Deister-Overstrom table is elongated diagonally 
to the direction of shake of the table, but in general with the path of move­
ment of the majority of the grains, thus increasing the effective length of 
the table. The Plat-O table, made by the Deister Machine Co., has a 
plateau toward the discharge end of the table on which the concentrate .must 
climb, because of which more effective gangue separation is claimed.

The deck in most tables is covered with linoleum but some operators prefer 
a redwood or cement deck. The longitudinal movement is adjustable in 
most cases between limits of a fraction of an inch to over an inch. The 
number of vibrations or shakes per minute is between 150 to 375. In one 
English table, the Sherwen, which is vibrated by an electromagnetic device, 
the vibration is at a much higher rate with a very short stroke. The riffles 
in most tables are cleats, usually made of sugar pine tacked on the deck. 
In most tables these have a rectangular cross section, but other shapes are 
used; in some tables not covered with linoleum, grooves are cut into the 
wooden deck. The movement of the table is such that the deck reverses

Table 12. Data on Wilfley Tables

Table 
No.

Capac­ity, tons per 24 hr.
Oper­ating horse power Usual speeds Water, gal. per min.

Pulleys, diam­eter and face, in.
Weight, heaviest piece or pieces packed for ex­port, lb.

Strokes, in. Size of deck Type of under structure
6 15 -50 ½- ¾ 240-290 5 -20 14 × 4 835 ½-l 5'1 ɪ'' × 14'9" Steel frameSteel frameSteel frameConcrete

6 (special) 10 -40 ¼- ¾ 240-290 5 -20 14X4 675 ½-l 5' 3" X 12'10½"9 20 -80 1 -l½ 235-250 10 -40 18×4 1.130 ½-l 5' 3" X 12'l0½"Il-D (Type 6) 12 15 -50 ½-¾ 240-290 5 -20 14 X 4 850 ½-l 5'11" × 14'9"5 -15 ⅛- ¼ 240-290 3 -15 14X4 300 ½-l 3' 6" X 7' Timber13 ½- 2 ¼- J∙β 300-375 ½- 4 6×1 220 ¼- ¼ 1' 1¼' × 2'6" frame Steelframe14 15 -50 ½- ¾ 240-290 5 -20 14X4 890 ¼-1 5'11" × 14'9" Timber frame
its direction with a maximum velocity at one end and a minimum velocity 
at the other end of the stroke. It is the quickness of the return which causes 
the material on the table to migrate toward the discharge end. This motion 
is given by a pitman and toggles, running in oil in a dust-tight box, except in 
the case of the electrically vibrated Sherwen table.

The tables used most generally in commercial work have a deck from 10 
to 15 ft- in length and have a capacity varying from 2 to 5 tons per hr. with 
coarse material (and up to 10 tons per hr. on coal) and ⅜ to 1 ton per hr. with 
finer material. The installed horse power is between 1 to 3 but the running 
load is, in general, only half of the starting load. Water requirements 
average 10 and 15 gal. per min. per table.
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The approximate direct cost of treating ores by tabling varies from a 

minimum of about 2⅜ cts. per ton to about 5 cts. per ton of feed, depending 
upon labor and power rates and the number of cleanings necessary. The 
installed cost of a table of standard size will run between $1000 and $2000 
Per table, depending upon location and the complexity of the equipment 
installed to handle feeds and discharges.

vanners were extensively used in concentrating plants treating sulfide 
Ininerals before the advent of flotation, but in sulfide mills they have been 
aygely replaced by flotation. They are used to some extent to recover 

minerals which are not recovered by the flotation process such as oxidized 
minerals of copper, lead, and zinc.

ŋɪɪ Tables. A relatively recent development is the Sutton, Steele, and 
bteele dry table (U. S. Patents 1,574,637; 1,632,520; and 2,137,678), which 
ɛ8 a shaking motion somewhat similar to that of a wet table, except that 
he direction of motion is inclined upward from the horizontal and, instead 

θɪ water acting as the medium of distribution, a blast of air is driven through a 
perforated deck. The table has application in cases where it is desirable to 
treat material dry, either because of water shortage or because it is undesirable 
o wet the materials. The table supplements other dry methods of con­

centration such as electrostatic and electromagnetic methods. An advantage 
of the table is the ability to handle material coarser than that treated on 
most wet tables. Ores as coarse as ⅝ ɪɪɪ- an^ coal as coarse as 3 in. can be 
treated.

Close sizing is necessary to give good results, and until recently this has 
militated against adoption of the table for fine sizes, owing to the difficulties 
of screening most ores dry below about 40 mesh. The development of dry 
methods of. sizing with the wind tunnel or Schramm system should promote 
adoption of the table to the treatment of many ores and materials now handled 
by other equipment.

Dry tables are used commercially in the separation of many types of 
minerals and in the cleaning of industrial materials such as seeds, cork, 
bagasse, fiber, nuts, wood chips, coffee, etc. One interesting use is in the 
sorting of silicon carbide by grain shapes. Flat and splintery grains are 
removed from others of more nearly equal dimensions.

AGGLOMERATION TABLING
By O. C. Ralston

References: Ralston, Flotation and Agglomerate Concentration of Non-nιetallic 
Minerals, U. S. Bur. Mines, Rept. Investigations 3397, May, 1938, pp. 42-48. Diener, 
.pɪθɪnmer, and Cooke, Beneficiating Cement Raw Materials by Agglomeration and 
ɪabhng, U. S. Bur. Mines, Rept. Investigations 3247, 1935, 6 pp. Coghill, DeVaney, 
yemmer. and Cooke, Concentration of Potash Ores of Carlsbad, N. Μ., by Ore Dressing 
Methods, U. S.[Bur. Mines, Rept. Investigations 3271, 1935, 13 pp. Part 2, Lawrence and 
⅛, Flotation of Low-grade Phosphate Ores, U. S. Bur. Mines, Rept. Investigations 3105, 
P uu∖θ PP' Selective Oiling and Table Concentration of Phosphatic Sands in the Land 
∣ebble District of Florida, U. S. Bur. Mines, Rept. Investigations 3195, 1932, 6 pp. 
■laboratory Studies of the Trent Process, U. S. Bur. Mines, Rept. Investigations 2263, 
Hnn ’ ɪɛ Pfl' RaIston- Comparison of Froth with Trent Process, Coal Age, 22, 911-914 
vl922). O’Meara, Norman, and Hammond, Froth Flotation and Agglomerate Tabling 
ɑɪ Feldspars, Bull. Am. Ceramic Soc., 18, 286-292, (1939).

Agglomeration tabling is a process whereby selective flocculation or 
agglomeration of grains of one mineral in an aggregate is caused by the 
addition of an agglomerating agent in a conditioning cell or in the ball-mill 
circuit, the slurry containing the agglomerated grains then being fed across 
gravity tables. The larger size and feathery texture of the Aoccules cause 
them to be washed over the side of the table by the current of cross water, 
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while the unflocculated discrete particles remain on the table and are carried 
off the end in the position followed normally by the concentrate in the usual 
table feed. An oiled particle will tend to ride on the surface of the water 
and thus is more readily carried across the side of the table than an unoiled 
particle. Agglomeration tabling has had more application in the concentra­
tion of phosphate minerals than in any other field, although successful tests 
have been run on limestone, potash, and other ores. The process is appli­
cable to materials of coarser sizes (20 to 100 mesh) than can be concentrated 
by froth flotation (60 to 500 mesh). Another advantage over flotation is 
in the cases where the mineral that can be readily agglomerated is the domi­
nant mineral in the crude slurry. If the bulk of the material has to be 
lifted by flotation, there is a tendency to degrade the concentrate by entrain­
ment of gangue in the bulky concentrate. Such entrainment does not occur 
so readily in agglomeration tabling, and, by filming the dominant mineral, 
the capacity of tables can be greatly increased. The process is not adaptable 
to selective concentration of more than one produce in a mixture. Oil 
is used as one of the principal agglomerating agents and the film of oil remain' 
ing on the product is objectionable in some industries.

ELUTRIATION
By K. H. Donaldson and J. Ł. Gillson

Wet Elutriation. Elutriation is a term applied usually to complete 
hydraulic classification of a weighed quantity of material done for the pur­
pose of determining accurately the grain sizes, particularly in the range 
below the finest screen size. 
Three types of elutriation appa­
ratus are illustrated.

The Andrews kinetic elutri­
ator is slightly more complicated 
than the other two but is said to 
be extremely accurate.

Elutriation is continued for a 
number of hours until no par­
ticles can be seen in the overflow 
tubes from one vessel to the 
next. The vessels are then 
emptied and the contents filter­
ed, dried, weighed, and then 
examined microscopically for 
size, using a calibrated grid 
ocular or an ocular with an ac­
curate scale reading to hun­
dredths of a millimeter. It may 
be unnecessary to describe the
grain sizes, referring simply to the fractions collected with a given hydraulic 
velocity. The weight of the several fractions collected shows the size distri­
bution in the sample tested. Any fraction that is lost in the final overflow is 
recognized by the difference in total weight of the fractions as compared with 
the original weight.

A study of elutriation and a description of equipment, particularly of an 
accurate and extremely slow feeding device, are described by Clemmer and 
Coghill [Improved Laboratory Elutriator and Its Application to Ores,
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-δO0∙ Mining J., 129, 551-554 (1930)]. Further results of investigations 
fo ∙ ⅛u^r∖a*̂ on are described by Cooke [Short-column Hydraulic Elutriator 
ɑɪ bubsieve Sizes, U. S. Bur. Mines, Rept. Investigations 3333, pp. 39-51 

eludes a bibliography)]. A description of the Andrews kinetic elutriator
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to be handled.
thDry Elutriation and Dry Classification by Air. Equipment for and 

e theory of dry elutriation are described by Traxler and Baum (Determina­
ron of Particle Size Distribution in Mineral Powders by Air Elutriation, Rock 

^oducts, 37, 44-47 (1934)). It is necessary in the size analysis of materials 
Object to hydration, such as cement, lime, or solution in the case of water 
°luble materials. For dry elutriation, complete dispersion of the particles 

*Oust be accomplished, which in the Traxler and Baum apparatus is done by 
rπθans of an air jet. Temperature and humidity conditions are controlled and 
1Oaintained constant throughout each test.

Roller Particle-size Analyzer. An instrument very good for free- 
owing material in the range 5-80μ is the Boiler particle size analyzer, made

Elutriator, Mining Mag. (London) May,
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∖λ±'Flush water 
u —Feed 6"D.

Overflow

Nipple threaded

by the American Instrument Co., Silver Spring, Md. [see Roller, U. S. Bur- 
Mines, Tech. Paper 490 (1931)]. By a controlled stream of dried air the 
device separates a given sample into fractions having predetermined particle­
size ranges, such as 0 to 10μ, 10 to 20μ, 
20 to 40μ, and 40 to 80μ. It has been 
used with success in at least one labora­
tory.

Air classification in connection with 
fine grinding and dust collecting systems 
has been used in commercial plants for 
many years and the subject is described 
on p. 1932. The sizing by air of materials 
in the range from 30 to 150 mesh has 
become of importance in the preparation 
of materials for dry tabling and electro­
static methods of concentration of min­
eral and chemical products, as a 
substitute for screening. The screening 
of materials dry, in the range below 40 
mesh, is slow because of the relative low 
capacity of screen of fine meshes and 
relatively expensive because of the cost 
of screen cloth. Furthermore, for dry 
tabling, the screening process sizes mate­
rials by maximum grain diameters, 
whereas sizing by mass is preferred. 
Superior concentration results are ob­
tained on dry tabling with a feed pre­
pared, so that the grains of the heavy 
minerals have the same mass as (¾.e., are 
finer than) the grains of the lighter 
minerals. When the grains fed to the 
tables are of the same size, complete 
separation is more difficult.

Two methods have been developed 
(Schramm System of Ore Concentration, , ___  _________________
Ltd.) employs a number of vertical columns in which the material fed fall# 
against a rising current of air. The material settling in the first column i≡ 
fed through the second against a slightly stronger air current. Very close 
sizing is claimed, and, when used on feeds sized closely by previous screening» 
concentration as well as sizing occurs.

Adaptation of the wind tunnel to air sizing has been made recently in the 
soil-analysis laboratory of the California Institute of Technology. Although 
designed originally for analysis of size distribution in soils, it is built for 
continuous operation.

forrreducing „ Hydraulic ¿
connections to⅛ water pipe

'Spigofdischarge
Fig. 17.—Laboratory elutriator fθr 

making two products, using dry or damp 
feed. Designed by J. L. Gillson, E. I» 
du Pont de Nemours & Co.

recently. The Schramm syste∏*  
Bull. 22, New York Concentrators»

MAGNETIC SEPARATION
By J. L. Gillson

The separation, by magnetic methods, of minerals, metals, and other 
materials is a highly developed art. There are many machines designed 
specifically for particular kinds of feeds. An outline of the types of machines 
that are in common use is as follows:
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I. For removal of ferromagnetic or other strongly magnetic materials.

A. When the amount of strongly magnetic material forms only a small part of the 
feed.

1. Dry Methods. Magnetic pulleys, or suspended poles over moving belts 
or inclined chutes to remove “tramp iron,” magnetite, or other magnetic 
materials present in the product, or purposely, or unavoidably intro­
duced. Permanent or electromagnets are placed below chutes in some 
installations, as in flour mills to cause stray bits of iron fragments to 
remain on the chutes, which are cleaned periodically. Some agricul­
tural products are cleaned by mixing them with iron filings. Seeds with 
rough surfaces to which the filings adhere are removed from others with 
smooth surfaces.

2. Wet Methods. The removal of small amounts of iron-bearing impurities 
from slurries of ceramic products, pigments, dyes, flotation feeds, etc., is 
one of the most important applications of magnetic methods to the 
chemical industry. There are several machines on the market. One 
made by the S. G. Frantz Company of New York is called a Ferro- 
Filter. The Ding’s Company of Milwaukee makes one known as the 
De-ironer. These machines have an electromagnet. Screens through 
which the slurry flows are magnetized, and the iron particles adhere to 
the screens. To avoid interrupting the flow of the slurry when the 
screens are cleaned, the installations are made in duplicate or triplicate. 
The slurry feeds for a given interval through one unit and is then 
switched automatically to the second unit. The current is interrupted 
from the first and the screens are cleaned by flushing water through them 
which is run to waste. The Magnetic Products Company of Trenton, 
N. J. makes a unit called a Separmag. The “screen” is a box of tacks, 
or stainless steel attractors, which are magnetized by an Alnico per­
manent magnet.

B. When the amount of strongly magnetic material is a relatively large propor­
tion of the feed.

1. Dry Methods. Belt machines are used for dry separation of magnetite 
(Fe3O4) from gangue but the large volume of such a strongly magnetic 
material jumping toward the poles causes so much entrainment of 
non-magnetic grains that clean products are difficult to produce, and 
dry methods are to be avoided if possible.

2. Wet Methods. Suspended belt machines, such as the Crockett, made 
by the Ding’s Magnetic Separator Company of Milwaukee, and mag­
netic “log washers” are used in the concentrating plants of many mines 
producing magnetic ores. In the Crockett machine the material is fed 
into a tank in the upper part of which a belt is moving parallel to the 
length of the tank. A number of magnets are placed above the belt. 
The material in the feed is well dispersed in the water and the magnetic 
grains adhere to the underside of the belt and are moved along into 
another division of the tank and beyond the action of the magnets. The 
non-magnetic material flows out through a discharge in the bottom of 
the first section of the tank.

These machines have very large capacities per unit, up to 35 or more 
tons per hour per machine. They are suitable only for separating very 
strongly magnetic materials.

II. For removal of moderately magnetic or weakly magnetic materials.
A. Dry Methods. There are two types of machines available. A belt-type 

machine, such as the Wetherill, is adapted only to the separation of minerals 
that are moderately magnetic such as ilmenite, franklinite, and pyrrhotite. 
Some operators prefer the belt machines for these separations, particularly in 
cases where the desired mineral is associated with another mineral that is 
itself magnetic. They believe the selectivity is greater.

The material is fed into the machine on a belt and under successive magnets. 
Cross belts run under these magnets and above the feed belt. The magnetic 
grains are lifted against the force of gravity and adhere to the underside of 
the cross belt which carries them laterally out of the field of the magnet.
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These belt machines have a low capacity per dollar of installed cost and are 
not used in many plants. A large machine with an installed cost of $10,000 
will handle only about one ton of feed per hour.

Rotor type machines have large capacities and can remove grains with a 
very low magnetic permeability, such as mica from feldspar, iron-stained 
grains from sands or fluorspar, rutile from zircon, etc.

Rotor-type machines are made ordinarily with a multiplicity of rotors in a 
tier. The upper rotors are in a field of very weak magnetism while a much 
stronger field is applied on the lower rotors. The capacity of these machines 
depends on the length of the rotor, on the grain size of the material and the 
degree of selectivity required. On feeds of material of plus 100 mesh, a 
machine with 30-in. rotors will handle from 2 to 3 tons per hr. Most machines 
are made with a double tier of rotors, the magnets being activated by the 
same coils. Such machines are made by the Ding’s Magnetic Separator 
Company and by the Stearns Company, both of Milwaukee, and by the 
Exolon Company of Blasdell, N. Y.

B. Wet Methods. Magnetic ring-and-drum machines for wet feeds have been 
built in Germany and Sweden but are not used to any extent in the United 
States. In fact, as yet there seems to be no satisfactory wet separator for 
continuous operation on the United States market for treating only moder­
ately strong magnetic materials.

III. For extremely weak paramagnetic or for “diamagnetic materials.”
Only one machine has been built for separating exceedingly weakly magnetic materials 

from grains that are diamagnetic. This is the Frantz Isodynamic Magnetic Separator, 
made by the S. G. Frantz Company of New York; the present models of this separator 
have capacities of only 50 to perhaps 200 lb. per hr. Nevertheless, the separations of 
supposedly “ non-magnetic ” materials that can be made on this machine are rather 
remarkable. The machine is essentially a laboratory unit and has not yet been brought 
to commercial development.
IV. Special magnetic machines and processes.

Hundreds of special machines have been built, among which those operating with an 
alternating current are perhaps the most interesting. Few, if any, are in commercial 
use.

In general, it may be said that wet methods are applicable to material of finer grain 
size than are dry methods, but then only for the separation of strongly magnetic grains. 
Dry feeds must be granular, free flowing, and dust free.

There is probably no material that is truly non-magnetic, i.e., with absolutely zero 
magnetic permeability. Methods and equipment of magnetic separation through a 
wide range of permeabilities and grain sizes are available. The limiting factor is that 
the magnetic forces must be strong enough to overcome other forces acting on the same 
grains, such as gravity, air currents, and surface tension.

FROTH FLOTATION

By J. L. Gillson
Generał References: Buchanan, Chemical Tools of Flotation, Mining Met., 11, 

565-570 (1930). Taggart, Taylor, and Ince, Experiments with Flotation Reagents, 
Trans. Am. Inst. Mining Eng., 87, (1930); Am. Inst. Mining Eng., Tech. Pub. 204, 75 
pp. Sproule, Some Fundamentals of Flotation, Can. Mining J., 57, 582—588 (1936). 
Whiting, Modern Flotation Reagents, Their Classes and Uses, Mining Met., 19, 185-188, 
(1938). Bassett, A Review of Recent Flotation Patents, Can. Mining J., 58, 185—187 
(1937); May, 1937, pp. 255-256; June, 1937, pp. 304-306; July, 1937, pp. 356-359. 
Shorey, Patek, and Roland, Desliming Ore Pulps with Sodium Silicate as a Deflocculator, 
Am. Inst. Mining Eng., Tech. Pub. 559, Sept. 15, 1934, 14 pp. Gillies, The Story of the 
Bubble, Can. Inst. Mining Met., 1935, pp. 349-354. Wark, Principles of Flotation, 
Australasian Inst. Mining Met., 103, 346 (1938). Gaudin, “Flotation,” McGraw- 
Hill, pp. 552, 1932. Giudice, Depressors and Protective Agents in Conditioning for 
Flotation, Eng. Mining J., 135, 350-353 (1934). Giudice, Fundamentals of Flotation 
in the Light of Recent Research, Eng. Mining J., 135, 152-155 (1934). Giudice, Col­
lection in Flotation, Eng. Mining J., 135, 213-217 (1934). Flotation Reagents, Eastman 
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Jiodak Co., Synthetic Organic Chemicals, 17 (1931). Taggart, Taylor, and Knoll, 
Lhemical Reactions in Flotation, Am. Inst. Mining Eng., Tech. Pub. 312, February, 1930, 
½? pp. Wark and Cox, An Experimental Study of the Influence of Cyanide, Alkalis and 
γθPPer Sulfate on the Effect of Sulfur-bearing Collectors at Mineral Surfaces, Am. Inst. 
M^mng Eng., Tech. Pub. 574, October, 1934, 38 pp.; Conception of Adsorption Applied to 
Rotation Reagents, Am. Inst. Mining Eng., Tech. Pub. 732, February, 1937, 16 pp. 
Wark and Sutherland, Influence of the Anion on Air-mineral Contact in Presence of 
Lollectors of Xanthate Type, Mining Tech., November, 1939, 23 pp. Welsch, Chemical 
Activity the Cause of Flotation, Eng. Mining J., 133, 529—532 (1932). Shepard, Experi­
ments on the Cause of Bubble Attachment in Flotation, Mining Met., 17, 339 (1936). 
Oaudin, Groh, and Henderson, Effect of Particle Size on Flotation, Am. Inst. Mining 
⅛n9∙> Tech. Pub. 414, May, 1931, 23 pp. Brighton, Burgener, and Gross, Depression by 
Cyanide in Flotation Circuits, Eng. Mining J., 133, 276—278 (1932). Ince, A Study of 
differential Flotation, Am. Inst. Mining Eng., Tech. Pub. 195, February, 1929, 23 pp. 
Wark and Cox, An Experimental Study of the Effect of Xanthates on Contact Angles at 
Mineral Surfaces, Am. Inst. Mining Eng., Tech. Pub. 461, February, 1932,48 pp. Ral­
ston and Hunter, Activation of Sphalerite for Flotation, Am. Inst. Mining Eng., Tech, 
↑.ub∙ 248, October, 1929, 15 pp. Ralston, King, and Tartaron, Copper Sulfate as Flota­
tion Activator for Sphalerite, Am. Inst. Mining Eng., Tech. Pub. 247, October, 1929, 113 
Pp. Weinig and Carpenter, The Trend of Flotation, Colo. School Mines Quart., 32, 189 
pP∙ (1937). Kraeber and Boppel, Über die Wirkung von Metallsalzen beider Schwimm­
aufbereitung Oxydischer Mineralien, Metall Erz, 31, 417—427 (1934). Weinig and 
Larpenter, The Trend of Flotation, Colo. School Mines Quart., 32 (No. 40), 60-γ64 (1937). 
Norman and Ralston, Conditioning Surfaces for Froth Flotation, Am. Inst. Mining Eng., 
'ʃ e⅛∙ ^ub∙ 1074, published in Mining Tech., May, 1939, 16 pp.

Non-Sulphide Flotation: Clemmer and O’Meara, Flotation and Depression of 
Non-Sulphides—Calcite, Silica and Silicates, Fluorspar, Baxite, Apatite and Tungsten 
Minerals, U. S. Bur. Mines, Rept. Investigations 3239, pp. 9—26, June, 1934. Dean, 
Llemmer, and Cooke, Use of Wetting Agents in Flotation, U. S. Bur. Mines, Rept. 
Investigations 3333, pp. 3-20, February, 1937. Halbich, Über Neuartige Schwimmittel, 
Metall Erz, 30 (No. 21), 1-4 (1933) (use of alcohol sulfates). Growing Use of Flotation 
ɪθr Non-metallic Minerals, Mining Met., March, 1935, pp. 129—130. Beitrag zur flota­
tion Nicht sulfidischer Mineralien, Metall Erz, 27, 527 (1930). Coghill and Clemmer, 
^oap Flotation of the Non-sulfides, Am. Inst. Mining Met. Eng., Tech. Pub. 445, 1932, 
ɪð PP.; Eng. Mining J., 133, 136-137 (1932). Cullen and Lavers, Flotation as Applied 
to the Chemical Industry, Trans. Inst. Chem. Eng. (London), Jan. 15, 1936, reviewed in 
Mining J. (London), 192, 65-67, 85-86, 104-105, (1936). Dean and Hersberger, New 
Motation Reagents, Am. Inst. Mining Eng., Tech. Pub. 605, 1935. Patek, Relative 
Motability of the Silicate Minerals, Trans. Am. Inst. Mining Eng., 112, 486-508 (1934); 
Am. Inst. Mining Met. Eng., Tech. Pub. 564, 22 pp. Patek, Colloidal Depressors in Soap 
!dotation, Eng. Mining J., 137, 558 (1936). Dean, Clemmer, and Cooke, Use of Wet- 
Lug Agentsdn Flotation, U. S. Bur. Mines, Rept. Investigations 3333, pp. 3—19, February, 
1937. Taggart, Flotation Application to Non-Hietallics, Eng. Mining J., 137, 90-91 
(1936). Ralston, Flotation and Agglomerate Concentration of Nonmetallic Minerals,
C. S. Bur. Mines, Rept. Investigations 3397, May, 1938.

Alunite: Ishikawa, Flotation of Alunite, Japanese Patent 100,390, April 4, 1933.
ɑ Apatite: Luyken and Bierbrauer, Flotative Recovery of Apatite, Metall Erz, 26, 197- 
202, 202-203 (1929): Mitt. Kaiser-Wilhelm Inst. Eisenforsch. Düsseldorf, 10, 317-321 
(1928).

Arsenic: Yasyukevich and Kahn, Experiments on Scorodite Flotation, Tzvetnuie 
Metall, 1934, No. 7, pp. 26-35. _ ττ 1
τ Barite: Timm, et al., Barite-bearing Mill Tailing from Kamloops Homestake Mine, 
Ltd., Jamieson Creek, B. C., Can. Dept. Mines, Geol. Branch, Rept. 774, pp. 8(U86, 1937. 
Lhe Flotative Separation of a Mixture of Barite and Dolomite—the Differential Flota­
tion of Earth Alkali Minerals, Berg- u. Hüttenmänn. Jahrb., 81, 139—146 (1933). Ham- 
ɪɪɪann, Flotation of Heavy Spar—ά Preview, Metall Erz, 30, 455—457 (1933). O Meara 
a∏d Coe, Froth Flotation of Southern Barite Ores, Am. Inst. Mining Eng., Tech. Pub. 
678, 1936, 6 pp. Glembotskii, Flotation of Barite at the Salair Dressing Plant, Gorno- 
Obogatitel. Zhur., No. 5, 1937, pp. 13-18. Rankin, Laurence, Davis, Houston, and 
McMurray, Concentration Tests on Tennessee Valley Barite, Am. Inst. Mvnvng Eng., 
Tech. Pub. 880, 1938, 13 pp. . „ t llιr. i ,

Barite and Dolomite: Ringe and Bierbrauger, The Flotative Spearation of a Mixture of 
Barite and Dolomite—the Differential Flotation of Earth Alkali Minerals, Berg- u. 
Hüttenmänn. Jahrb., 81, 139-146 (1933). .

Bauxite: Lottermoser and Rumpelt, Studies on the Flotation of Bauxite from Near 
Bodayk (Hungary), Kolloid Beihefte, 35, 372-412 (1932). Ganrud and DeVaney. 
Bauxite: Sink-and-float Fractionations and Flotation Experiments, Bur. Mvnes, Bull. 
312, 1929, 101 pp. Preliminary Examination of Low-grade Bauxite, with Particular 
Reference to Flotation, Bur. Mines, Rept. Investigations 2906, 1928, 6 pp.
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Beryl: Gisler, Selective Flotation of Beryl, Master’s Thesis, University of Utah, MaX 
15, 1936.

Borax: Flotation of Boric Acid and Borax from the Products of Treatment of the 
Indera Boracite, J. Applied Chem. (U.S.S.R.), 10, 845-852 (1937). A Flotation Process 
for the Separation of Borax and Boric Acid from a Mixture of Salts, J. Chem. Ind- 
(U.S.S.R.), 12, 277-279 (1935).

Calcium Carbonate: See Limestone.
Cassiterite: Flotation of Cassiterite, Arch. Erzbergbau Erzaufbereit. Metallhiittenw., 2» 

1-20 (1932). Pol’kin and Boldyrev, The Flotation of Cassiterite, Gorno-ObogatiteL 
Zhur., No. 6, 1936, pp. 38-39.

Clays: Sommer, Die Flotation von Kaolin, Ber., deut, keram. Ges., 15, 317—323 (1934). 
Weinhardt, Flotation of Clay, Ceram. Age, 24, 79 (1934). Shaw, Kefining of Clay by 
Film Flotation, Ceram. Age, 24, 43-44 (1934); Clay Refining by Flotation Methods, 
Bull. Am. Ceram. Soc., 16, 291-294 (1937).

Coal: Yanceyand Taylor, Froth Flotation of Coal, U. S. Bur. Mines, Rept. Investigation8 
3263, 1934, 20 pp. Ergebnisse der selektiven Kohlen flotation auf Kohlenchemischer 
Grundlage, Glückauf, 71, 101-105 (1935). Goette, Grundlage der Steinkohl flotation» 
Glückauf, 70, 293-297 (1934). Why and When to Use a Flotation Process, Coal Ago< 
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Menardi, Modern Flotation Plant for Graphite, Rock Products, 31, 74-77 (1928). ɑaɪɪ' 
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Tinstone: See Cassiterite.
Tourmaline: Bayula, Concentration of Tourmaline from the Tailings of Kluchevskii 

Ores, Novosti Tekhniki, Ser. Gornorudnaya Prom., 3 (No. 22), 11—12 (1935).
Tungsten: Gorodetskii, The Flotation of Scheelite, Gorno-Obogatitel. Zhur., 1937 (No. 4)» 

pp. 37-38.
Wolframite: Winkler, Flotation of Tinstone and Wolframite, Metall Erz, 32, 181-183 

(1935).
Zircon Ores: Corbett, Concentrating Zircon Ores, British Patent 416,018, Feb. 12» 

1934; British Patent 406,043, Feb. 12, 1934; U. S. Patent 2,082,383, June 1, 1937.

General Principles. Flotation, is a process whereby the grains of onθ 
or more minerals, or chemical compounds in a pulp or slurry, are selectively 
caused to rise to the surface in a cell or tank by the action of bubbles of air- 
The grains are caught in a froth formed on the surface of the tank and are 
removed with the froth, while the grains which do not rise remain in the slurry 
and are drawn off the bottom of the cell or tank.

Floatability is a property of solids and some solids are more easily flotable 
than others. Sulfur, graphite, sulfides of the metals are easily floatable, 
whereas oxides, silica, and silicates are not as readily floatable. Floatabilitjr 
is a surface phenomenon. The nature of the film on the outside of the particle 
is the controlling factor. The selective filming of grains of one mineral 
in an aggregate by a specific reagent promotes floatability of these grains in 
preference to the others.

Reagents which will film certain minerals are known as collectors, those 
that induce a froth are frothers, those that assist in the selective separation 
of one solid from another by depressing one, or inhibiting its flotation, arɛ 
depressers. Reagents which disperse slime coatings on grains, thus favoring 
filming, are deflocculating agents. Acids and alkalies are added to control the 
pH. Various inorganic reagents are used for special purposes, particularly 
for activating or assisting other reagents.

Collectors. The collectors used most commonly in the flotation of the 
native metals such as gold or copper, the sulfides, arsenides, tellurides, sul- 
fosalts, etc., are the xanthates, dio-thio-phosphates, alpha naphthylamine, 
thio-carbamates, etc. A curious fact is that many rubber accelerators are 
collectors of sulfide minerals in froth flotation.

Collectors used for non-sulfide minerals are oleic and other fatty acids and 
soaps, fatty alcohol sulfates, and mineral and coal oils (usually added in an 
emulsified form) ; and for the oxides and silicates the collectors are the so-called 
“cationic” reagents. Kerosene and coal oils are used as collectors in coal 
flotation.

Cationic Reagents. Since the development of cationic reagents is new’, a 
description is pertinent.

Lenher in U. S. Patent 2,132,902 of Oct. 11, 1938, recognized that reagents 
that have the surface-active constituent in the positive ion will flocculate 
and collect minerals that are not flocculated by the reagents such as oleic 
acid or soaps, in which the surface active ingredient is the negative ion. In 
the patent a large number of such chemicals were disclosed, principally 
quaternary ammonium compounds.

This permitted a classification of the minerals into two groups, positive 
and negative. Those that are positive presumably carry a positive electric 
charge on the mineral surfaces, wτhile those that are negative carry a negative 
charge. The character of the charge is probably relative to the charge of the 
collecting reagent and is affected by acidity of the pulp and other factors. 
One of the most important minerals that is negative is the mineral quartz, 
which in all previous work had been floated, if at all, only with the greatest 
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difficulty. Minerals that are negatively charged may occur together but 
one⅛hat has a stronger charge can be collected away from the other.
T ɪ/ ɪʃ*  S’. Bureau °f Mines took up the investigation shortly after the 

enher application was filed and found a large number of uses for these 
so-called cationic reagents. Norman found that short-chain amines such as 
ι-n-butyl amine is an effective collector of minerals containing 5 per cent 

θr more of water. Such minerals are talc, pyrophyllite, sericite, clays, and 
Weathered mica. Anhydrous minerals and those with little water require a 
θɪɪger chain compound such as lauryl or stearyl amine hydrochloride, or 

s earyl or cetyl tri-methyl-ammonium bromide. In a more recent paper, 
orman, O’Meara, and Baumert list a number of reagents in the order of 

heir effectiveness on talc. Results of tests on concentration of magnesite 
ʌɪ θ with lauryl amine hydrochloride are described by Doerner and Harris.

long list of reagents, some of which are cationic, was described by Dean 
a∏d Hersberger. These reagents are now in commercial use or in pilot-mill 
θsting on the flotation of talc, of quartz from feldspar, of quartz and mica 
ɪom limestone, of quartz and other minerals from magnesite, etc.

Kirby found that an amine hydrochloride with about eight carbon atoms 
ɪs effective on potash ore.

Cleaning mineral surfaces by attrition or by the use of hydrofluoric acid 
was investigated by Norman and found to improve the degree of separation 
by flotation. The addition of some inorganic compounds such as sodium 
heχa-meta-phosphate or tetra-sodium phosphate also improve selectivity.

Frothers. Agents used to produce a foam are cresylic acid, pine oil, and 
other soft and hardwood oils, and a series of branch-chain alcohols sold under 
the designation of the “B series” by duPont. They are actually mixtures of 
aIcohols and ketones.

Depressers. Sodium cyanide is used to prevent the flotation of sphalerite 
(ZnS) and pyrite during the flotation of galena (PbS) in mixed lead and zinc 
ores. Lime is added also to depress the pyrite; in copper-lead separations, 
cyanide and lime depress the copper sulfides. Chromate salts are used to 
depress galena and to permit copper minerals to be floated away from lead.

Deflocculating Agents. Caustic soda or sodium silicate serve to defloccu­
late slime and clean mineral surfaces.

Activation and Miscellaneous Reagents. Lime is the most common 
rθagent used in sulfide mineral flotation to raise the pH and sulfuric acid 

The consumption of lime for this purpose 
Soda ash is used in the flotation of galena 
- 1------L Copper sulfate is added in zinc
After the lead has been removed, copper 
-*  VXXZ vddwd. In non-sulfide flotation a

when an acid circuit is desired, 
exceeds 50,000,000 lb. per year, 
unless pyrite is present, when lime is used, 
sulfide flotation as a promoter. / 11__ ___
sulfate and an additional collector are added. lɪɪ iivu u√JLL ʃlʊe,ɑ,ulʊɪɪ 
ɪarge number of reagents have been used, including glue, starches, gums, 
tannins, various phosphates, sodium fluoride, and silico-fluorides. Solvents 
for some water-insoluble reagents are employed, as are emulsifying reagents 
for oils, fatty acids, etc. The alcohol sulfates are suitable for this purpose.

Flotation Machines. A large number of machines of many types have 
been designed. Some are pneumatic, others entirely mechanical, still others 
are mechanical with compressed air introduced through a porous diaphragm 
in the bottom of the cell or at the base of a rapidly revolving impeller.

Types of four machines in common use are illustrated.
General Operations. Ores must be ground to a point of complete or 

nearly complete liberation, and, even though this can be accomplished by 
coarse crushing, grinding to finer than 20 mesh is necessary in all cases and
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finer than 48 mesh in most. Grinding is done in closed circuit in ball or rod 
mills in series with classifiers. Pulp density is important and requires close 
control. In a few cases warm water 
is used. The character of the water is 
important and usually better re­
sults are obtained with purer water. 
Hard water causes slime flocculation 
and in flotation with soaps and oleic 
acids increases greatly the reagent con­
sumption. In the flotation of potash 
salts and other water-soluble chemicals 
requiring the use of brines, salt-water 
soaps and brine-resistant reagents, 
such as Avirol (sodium octyl sulfate), 
are used as are also certain of the 
cationic reagents such as lauryl amine 
hydrochloride.

In some cases conditioning or mix­
ing of reagents and ore is necessary. 
Usually one or more of the reagents 
are added in the ball mill to promote 
thorough mixing, but specially designed 
“conditioners” are used in some mills.

Flotation machines are built in 
multiple units and the flow of the pulp 
through various units is adjusted for 
the best results. Common practice is 
to feed the pulp to several cells known 
as “ roughers” which produce a barren tailing and a low-grade concentrate. 
The concentrate is treated, sometimes after regrinding, in “cleaner” cells and 
“recleaner” cells for 
final concentration. 
The tailings from the 
cleaner and recleaner 
cells are recirculated 
back through the sys­
tem or concentrated 
separately in addi­
tional cells. Re- 
grinding of these 
middlings is necessary 
in many ores. The 
concentrate is usually, 
but not always, col­
lected in the froth 
from the cells. In a 
few cases it is the flo­
tation tailings which 
is the concentrate de­
sired.

Flotation costs vary enormously with the type of feed. In most cases of 
sulfide mineral flotation the grinding is the principal item of expense. In 
large mills, treating thousands of tons per day, the total mill cost varies 
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between 35 to 75 cts. per ton. In small mills, treating more limited tonnages’ 
costs are higher. In non-sulfide flotation the reagent cost may be an item of 
major expense. The proportion of mineral floated in fluorspar, talc, clay ores, 
0r c°als is much larger than in most sulfide ores where the proportion of 
valuable mineral to gangue is generally very low. Thus the consumption 
οι reagent is greater. Many of the special chemicals required for such 
purposes are more expensive than the sulfide collectors such as the xanthates 
and Aerofloats.

Γhe cost of a concentrating plant using flotation of a capacity of 500 tons 
per day is roughly $750 per ton of daily capacity—smaller mills cost more in 
proportion and larger mills less. The grinding equipment costs half or more 
of the total in most mills.

Booth Agitair Flotation Machine (Fig. 20). Air at low pressure is 
Plown into the cell at 9 and must pass between the prongs of the rapidly

Elevation Unit . 5 End

Connection

Fig. 20.—Booth Agitair flotation machine. {Booth-Thompson Division, The Galigher 
Company.)

revolving impeller, causing the air to be divided into extremely fine bubbles. 
The stabilizer reduces to a minimum any wave action and gives an even 
distribution of the air throughout the cell area. The advantages of this 
machine are that a large amount of air is admitted to the pulp with a very 
small power consumption per cubic foot of air and that there is no porous 
medium to become clogged with sands or precipitated salts.

Denver Sub-A (Fahrenwald) Flotation Machine—Operation of the 
Denver Sub-A Cell (Fig. 21). 1. Mixing and Aeration Zone. The pulp
flows into the cell by gravity through the feed pipe, dropping directly on top of 
the rotating impeller below the stationary hood. As the pulp cascades over 
the impeller blades, it is thrown outward and upward by the centrifugal force 
of the impeller. The space between the rotating blades of the impeller and 
the stationary hood permits part of the pulp to cascade over the impeller 
blades. This creates a positive suction through the ejector principle, drawing 
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Fig. 21.—Section of a Denver 
Sub-A cell, showing three zones- 
(Denver Equipment Company.)

large and controlled quantities of air down the standpipe into the heart of the 
cell. This action thoroughly mixes the pulp and air, producing a live pulp 
fully aerated with very small air bubbles. These exceedingly small, inti­
mately diffused air bubbles support the largest number of mineral particles-

2. Separation Zone. In locating the impeller below the stationary hood at 
the bottom of the cell, agitating and mixing 
are confined to this zone. In the central or 
separation zone the action is quiet and cross 
currents are eliminated, thus preventing the 
dropping or knocking of the mineral load 
from the supporting air bubble, which is very 
important. In this zone the mineral-laden 
air bubbles separate from the worthless 
gangue, and the middling product finds its 
way back into the agitation zone through the 
recirculation holes in the top of the stationary 
hood.

3. Concentrate Zone. In the concentrate or 
top zone, the material being enriched is 
partially separated by a baffle from the spitz 
or concentrate discharge side of the machine. 
The cell action at this point is very quiet,
and the mineral-laden concentrate moves forward and is quickly removed by 
the paddle shaft (note direct path of mineral).

ELECTROSTATIC METHODS OF CONCENTRATION
By J. L. Gillson

References: Johnson, Electrostatic Separation, Am. Inst. Mining Eng., Tech. Paper 
877, February, 1938; Eng. Mining'J., 138, September, 1938, pp. 37-41, 51; October, 1938, 
pp. 42, 43, 52; December, 1938, pp. 41-45. U. S. Patents 1,020,063, Mar. 12, 1912, 
Process of Electrostatic Separation; 1,017,701, Feb. 20, 1912, Electrostatic Separator, 
both issued to Sutton, Steele, and Steele. Fraas and Ralston, Discussion of Electro­
static Separation at Meeting of Am. Inst. Mining Eng., Trans. Am. Inst. Mining Eng·> 
134, 419-421 (1939).

Electrostatic methods of concentration were developed and used moderately 
prior to 1900, but the method and particularly the generating equipment were 
sensitive to humidity conditions and results were erratic, although the reason 
for such variations was not appreciated generally until much later. In 
the meantime a great deal of experience on electrostatic equipment was built 
up through the use of the Cottrell process for dust precipitation, and there 
was much improvement of electrostatic generators for other uses requiring 
high voltage. A number of plants concentrating lead and zinc ores employed 
the process until differential flotation was developed about 1914. The 
rejuvenation of the process occurred first with applications to the food 
industry, in which the process finds some application for cleaning and separat­
ing seeds.

The principle of electrostatic separation is based on the fact that, if one 
or more minerals in a mineral aggregate or ore can receive a surface charge 
in an electrostatic field, the grains will be repelled from the electrode or 
attracted toward it, depending upon the sign of the charge. By causing such 
grains to fall into separate chutes from other grains not so affected, a separa­
tion or concentration results.

H. B. Johnson has published a list of the conditions of 90 common ore 
minerals. He classified these into three groups; those which behave the same 
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irrespective of the polarity of the electrode, those which will reverse their own 
c large in a negative field, and those which will reverse their charge in a posi­
tive field. Patents issued in 1912 covered these features, but actually, as 
pointed out by Fraas and Ralston, this tabulation confuses contact potential 
oɪ frictional electricity with electrical conductivity. Those that are reversible 
positive and reversible negative are all non-conductors, whereas those classed 
as non-reversible are conductors or have such a low contact potential with the 
metal of the rotor that any slight existing electrical conductivity is the 
controlling factor. Those that are reversible positive are positive as a result 
οι contact potential, while those that are negative are negative with respect 
o the conveying roll. Films of organic matter, or coatings of iron oxide or 

other compounds may change the conductivity of the grains or may affect 
the contact potential.

Most electrostatic separators consist of a rotor to serve both as the feeding 
device and as the separating electrode, and one or more charged electrodes 
(placed in front of the curtain of feed discharged from the rotor), which put 
a charge on the grains of the feed and the charged grains, are attracted toward 
the rotor or are repelled from it.

The critical factors in differential separation of grain in electrostatic fields 
ɑɪ`e the conductivity of the grains and the voltage required for grains of a 
definite species to take a charge, or, having been charged, the rapidity with 
Phich they will lose it. When a grain takes on a positive charge, it is 
attracted toward a negative electrode and adheres to it until it has lost its 
charge. If it takes on a negative charge, it is repelled from a negative 
electrode.

Grains must not adhere to the charging electrode, since this would distort 
and eventually insulate the field, and, of course, they must not adhere to 
the rotor or separating electrode. Thus the charging electrodes, if made of 
ι∏etal, rotate with a brush behind the electrode to clean them, or, as in one 
machine, consist of a glass tube (which is an insulator) in which is a gas 
conducting the current, as in a neon sign.

Grains which are attracted toward the rotor or separating electrode, 
adhere closely to it if they retain their charge, and a brush is provided also 
behind the rotor to remove such grains. If the grains fail to become charged 
θr quickly lose their charge, they fall directly from the rotor. The grains 
repelled from the rotor fall in a path in front of that followed by the normal 
trajectory from the rotor. The forces involved are the force of gravity, the 
tangential velocity given to the grains by the rotation of the rotor, and the 
actions of the grains in the electrostatic field. It is obvious that the relative 
mass of the individual grains must be within fairly close limits, therefore 
moderately close sizing of the feeds to electrostatic machines is necessary. 
Furthermore, material so fine as to float in air or to be blown about by air 
currents or material that becomes compacted cannot be treated, i.e., the 
feed must be free flowing. The size and speed of rotation of the rotor is impor­
tant since these factors control the length of time the grains are in the electro­
static field and the trajectory of the grains from the rotor.

The wave form of the rectified current is also important. In vacuum­
tube rectification the primary circuit must be 50 or 60 cycle; 25 cycle gives a 
pulsating effect.

The contact potential is important. In one machine a needle-point 
electrode is used in order to impress a charge so strongly on grains that the 
initial frictional charge is unimportant. The U. S. Bureau of Mines is work­
ing on methods of taking advantage of the contact potential in machines so
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designed. Ignoring it explains why electrostatic methods have not been 
so successful on non-conductors as on conductors.

There are three machines now on the United States market which differ 
in detail. The Ritter Products Co. machine, of Rochester, N. Y., resembles 
the original Huff machine and consists of a series of rotors superimposed in a 
tier. Material not rejected by the first electrode passes to the second rotor 
and is again exposed to the 
field with the same or reversed 
polarity. The Sutton machine 
has two electrodes (Fig. 22), one 
a needle-point electrode that is 
designed to impress a strong 
charge on the mineral grains and 
a second gas-filled glass-tube 
electrode having the same polar­
ity as the needle-point electrode 
that enlarges the electrostatic 
field. The third machine 
marketed by the Feldspathic 
Research Co. preconditions the 
feed by passing it quickly 
through a chamber in which it 
is exposed to a warm atmosphere 
of HF of about 1 per cent 
strength. The electrostatic 
separator itself is similar to that 
of the old Huff machine. Pre­
sumably the HF cleans the min­
eral surfaces of inhibiting films 
and may give the grain surfaces a positive or negative charge. Tests have 
proved that the subsequent attraction or repulsion of the grains so treated is 
more marked.

To control humidity conditions, which is important, the machines may be 
operated in an air-conditioned atmosphere. Tests on some ores showed that 
a relative humidity below 35 per cent was necessary for effective separation. 
The Sutton machine employs a heater so that the feed is raised above 150oF., 
at which temperature the relative humidity at the electrode is reduced. The 
feed from the HF preconditioner in the Feldspathic Research Co. machine 
is also warmed above the point of critical humidity.

Electrostatic machines are effective on ores in the range from about 10 
mesh to 200 mesh (but feeds must be dust free), and for clean separation the 
mineral grains must be free, i.e., individual particles of a single mineral. 
The inability of handling material finer than about 200 mesh restricts the 
application of the method. Most ores, must be ground to 20 to 60 mesh to 
cause nearly complete liberation of the particles, by which grinding from 20 
to 40 per cent of feed is unnecessarily, but inevitably, ground finer than 200 
mesh. Fine particles fly about in the air. Some tests have been conducted 
on equipment to conduct the separation of fines in reduced atmospheres, 
but this increases the tendency for arcing across from electrode to ground, 
which would inhibit separation. Voltages used vary from 10,000 to 30,000, 
but the amperage is very low, from ⅜o to ⅜ milliamp.

High voltages are developed by d.c. generator sets with mechanical rectifica­
tion with a cross-arm rectifier or by vacuum tubes. A simple and unique 
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generator is the McCutcheon (made by the Communications Measurement 
Laboratory of New York) ,in which a transformer steps up a primary plant 
circuit and rectifies it by means of four R,.C.A. No. 878 tubes.

The principal application of electrostatic methods so far is on agricultural 
products, but a number of ores are being treated by the method. The separa­
tion of zircon and rutile is difficult by other means because of similar physical 
properties of the minerals, and two operations are being conducted abroad 
using electrostatic equipment. The separation of feldspar and quartz for 
the ceramic industry is being done electrostatically by one of the large 
domestic feldspar companies; the advantage of the process over froth flotation 
is that it avoids subsequent drying. In general, it can be said that electro­
static methods are applicable as an adjunct to other dry methods of con­
centration where it is desirable or necessary to keep feeds dry throughout 
the concentration process and in a few special cases where other methods 
are not successful.

Electrostatic machines have capacities varying from 100 to 150 lb. per 
hr. per ft. of rotor length on material of 100 mesh, and 350 to 500 lb. per hr. 
per ft. of rotor length on material of 10 to 20 mesh. The horse power required 
is low, running from 1 to 2 hp. per machine, depending upon the number of 
rotors required. The floor space is small but the working height of an eight- 
to twelve- rotor machine will run from 12 to 20 ft. With a multiple-rotor 
machine the upper rotors are used for roughing, intermediate rotors for 
scavenging, and lower rotors for cleaning. The passage of material from 
rotor to rotor must therefore be adaptable, permitting either the discharge 
from the front or the back of the machine to reach the next, or a succeeding 
rotor. A single operator can handle three to six machines, depending upon 
whether feeds are continuous or whether units are installed to handle succes­
sively batches of different products accumulating in surge bins.

High voltages present physical hazards and an electrostatic machine should 
be enclosed so that body contact with electrodes and terminals is impossible.

CONCENTRATION OF ORES BY SINK-AND-FLOAT METHODS

By Robert Ammon*
For many years beneficiation of coal has been practiced in this country 

by modified sink-and-float processes such as those invented by Chance, 
Hheolaveur, and others. The beneficiation of ores has not been carried out 
on a practical scale in the United States by sink-and-float methods until 
very recent years. At the present time there are two outstanding develop­
ments in this field, namely, the process using heavy-density liquids such as 
halogenated hydrocarbons for the separating medium and the process using a 
heavy-density mixture of water or other liquid with a comminuted solid 
as the separating medium.

These processes have their limitations in that ores amenable thereto must 
be of such nature as to liberate in crushing a goodly portion of gangue, free, 
or practically free, of valuable mineral, and, moreover, ore treated by these 
processes must have the fines removed, but the upper range of size of materials 
treated is almost entirely dependent upon the liberation of the valuable 
mineral in crushing. These processes, from a practical standpoint, should 
handle any ore amenable to jigging, but in a much more efficient way metal- 
Iurgically and with a larger range of sizes of feed.

* Chief Metallurgist, American Zinc, Lead & Smelting Co.
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There· has been put into practical operation in recent years three large- 
scale plants for the treatment of ores by the sink-and-float method of using a 
heavy-density separating medium composed of comminuted solids and water. 
Various solids may be used such as ground jig galena concentrates, flotation 
galena concentrates, or other solids.

This process is covered by patents [U. S. Patents Nos. 1,895,504, 1,895,505, 
2,176,189. Other patents pending] and the American Zinc, Lead & Smelting 
Co. of St. Louis, Mo., is the exclusive agency for the licensing of the use of 
this process in the United States, Canada, and Mexico. During the past 
year approximately 1,000,000 tons of lead-free zinc ore have been treated at
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16.
17.

1. Sized washed feed.
2. Differential density cone.
3. Concentrate air lift.
4. Agitator rake.
5. Concentrate drainage screen.
6. Return medium, concentrate drainage.
7. Concentrate wash screen.
8. Tailing drainage screen.
9. Tailing drainage air lift.

Fig. 23.—Mascot sink-and-float process.
Tailing drainage overflow.
Return medium, tailing drainage.
Tailing wash screen. 
Medium make-up. 
Air to air lifts.
Air for auxiliary agitation. 
Washed drained concentrates. 
Washed drained tailings.

Mascot, Tenn., by the American Zinc Co. of Tennessee, a wholly owned 
subsidiary of American Zinc, Lead & Smelting Co.; approximately 2,000,000 
tons of lead-zine ores have been treated in the Tri-State District; and on the 
Mesabi iron range approximately 1,000,000 tons of iron ore have been treated 
for the production of commercial ore. The three units are now treating 
between 4,000,000 and 5,000,000 tons of crude ore annually. Details of 
the Mascot, Tenn., operation are quoted as an example of the practicability 
of this process.

At Mascot, Tenn., a lead-free zinc ore (gangue chiefly dolomitic limestone) 
is treated at the rate of 3000 tons per day by the sink-and-float process, 
known as the differential density (D.D.) process. Prior to the advent of 
this process the flow sheet included jigging and flotation; 50 per cent of the 
original ore being rejected as ⅜-in. jig tailings. A striking contrast exists 
today at Mascot in that more than 60 per cent of the mine ore is being 
rejected as D.D. tailing, with the ore being crushed to 1 ⅜ in. Approximately 
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25 per cent of the mine ore is removed as ⅜-in. fines, and the tailing from the 
D.D. process operating on the remaining 75 per cent of the crude ore assays 
0.35 per cent zinc as against 0.65 per cent zinc formerly made on the jigs. 
This indicates one advantage of this D.D. process, namely, the production 
θf a large tonnage of coarse tailings, which in certain localities is an asset for 
sale as a by-product.

The diagram of Fig. 23 illustrates the separatory mechanism of the process. 
At Mascot the ore is crushed to 1½ in. and about 25 per cent thereof removed 
as fines, and the remainder is thoroughly washed to remove slimes. In 
the illustration, 1 indicates the ore being fed to the cone, which is filled 
with the separating medium composed of crushed galena and water. At the 
top of the liquid mass, the gravity of the medium is maintained for the Mascot 
ore at 2.80 and at the bottom at 2.95. From the top to the bottom of the 
cone the specific gravity of the medium shows a constantly increasing 
differential.

The D.D. process is a true sink-and-float separation; the surface of the 
liquid mass in the cone is quiescent. No agitator is used, and only a very 
slow rotary motion is imparted to the mass in the cone by the slowly revolving 
paddles (4). Separation is accomplished by the particles of feed of greater 
than 2.80 specific gravity immediately sinking and particles of lighter gravity 
floating and being carried off in the weir overflow to the drainage screen (8).

The air lift (3) constantly removes the particles (principally mineral 
bearing) settling in or near the bottom of the cone, along with a portion of 
the medium, which medium is returned to the top of the cone after having 
been drained through drainage screen (5). The medium overflowing with 
the floated tailing is drained and returned to the top of the cone at (11) 
through an air lift equipped with a surge cone (9). Any deficiency in the 
specific gravity of the medium caused by loss of galena in the process or by 
the entrance of moisture with the new feed is made up through a heavy­
density medium reserve supply (13) shown in the illustration. The screens 
(12) and (7) are washing screens for removing adhering fine galena after 
drainage. The galena (medium) thus removed is extremely diluted and is 
sent through appropriate equipment for removing colloidal slimes and sands; 
ɪt is then densified and reused for make-up medium (13) along with additions 
of new galena required.

At Mascot the cost of operating this D.D. plant is slightly less than the 
cost of jigging as formerly practiced, while the recovery of zinc has been 
increased approximately 4 per cent over the recovery by jigging. The cost 
of crushing has been materially reduced in the order of 1⅜ in. from ⅜ in. 
About 1.6 lb. of galena are added peι∙ ton of mine ore treated, of which 
50 per cent thereof is reclaimed, so that the net cost of galena is approximately 
θ.8 lb. per ton of mine ore, or 3 cts. per ton of mine ore. Water is in closed 
circuit so that practically no new water is needed. Power and labor are 
each approximately 1 ct. per ton of mine ore treated, so that the total operat­
ing costs are not in excess of 8 cts. per ton when operated on the basis of 
3000 tons per day. Intermittent operations can be conducted, provided 
provision be made to keep the medium in circulation to prevent excessive 
settling in both the cone and the tanks.

The purification of the medium washed from the tailings and concentrates 
is carried out at Mascot by tabling for the removal of sands and classification 
by decantation for disposing of the colloidal slimes entering with the feed.

Capital costs are not high, approximately $35 per ton-day for complete 
installation, excluding ore crushing but including building. This cost is 
based on 2000 to 3000 tons per day capacity.
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Sampling is the process of obtaining a small amount of material which 
shall be as nearly representative as possible of the whole mass of material 
which is being considered. This process usually is made up of several separate 
steps: (1) the collection of a comparatively large amount of material which 
has been selected in a systematic manner from different parts of the mass; 
(2) if the material is composed of solid particles, the crushing and grinding 
of the portion collected as described under (1) in order to reduce the size of 
aggregates and to provide a certain amount of mixing; and (3) the separation 
of this comparatively large portion into two parts by subdivision, such as by 
quartering, so that one part provides sufficient material for the required analy­
sis or test and at the same time has the same average composition as the large 
portion before subdivision.

Since the final sample is in most cases to be used for test purposes the 
results of which will determine the use to which the entire mass may be put, 
it is obvious that all precautions which aid in making this sample representa- 
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ti ve of the original material are thoroughly justified. An analysis or test, 
however efficiently it is carried out, will be rendered valueless if the sample 
has been improperly taken or prepared. Methods of sampling have been 
devised with due consideration for the laws of probability and of averages. 
They should be applied by someone who understands the scientific aspects of 
sampling and who comprehends the objectives of the analysis or test to be 
ɪnade on the sample. Any directions which are given here are intended to 
supplement the experience of the sampler and guide him in selecting methods 
which are applicable.

In taking the gross sample, careful consideration should be given to the 
present condition of the material. Such questions as the following should be 
answered and will decide the number and location of portions to be taken to 
provide the gross sample:

Is the surface layer the same as the mass underneath or has it been changed 
hy exposure to the weather or other external conditions? Has there been 
segregation of coarse and fine particles or of materials of different specific 
gravities? If the material has been transported has there been segregation? 
When the material is a mixture of liquids, or of liquids and solids, there is a 
tendency to segregation.

These questions call attention to some of the difficulties which have to be 
overcome in sampling heterogeneous materials. Only homogeneous materials 
ŋf which very few are met in practice can be sampled at random and a repre­
sentative portion obtained.

Once the gross sample has been collected, the amount of material actually 
required for the analysis determines the extent to which grinding, mixing, 
a-∏d subdivision shall be carried. Just as much care is required in these 
operations as for assembling the gross sample.

Where materials are bought and sold on specification, both buyer and 
seller are interested in obtaining an estimate of the material with respect 
to its specified properties. It is the customary practice to have the sampling 
done under conditions set by agreement. At one time, samples are taken for 
the buyer and seller and one or two extra portions are retained for referee 
samples in case of disagreement between the buyer and seller. It simplifies 
ɪuatters in such cases to take one gross sample and then prepare the necessary 
small portions at the same time and under identical conditions.

As has already been mentioned, it is easy to sample only in the case of 
homogeneous materials such as gases, true solutions, and finely divided solids. 
The difficult problems of sampling are encountered with solid materials which 
arθ practically always heterogeneous in nature, and hence this general discus­
sion is concerned mainly with solids. Liquids and gases will be taken up in 
special paragraphs below. If a material can be rendered homogeneous by 
thorough mixing, then any part of it can be taken as a representative sample. 
Usually, however, with solid particles the attainment of homogeneity is 
difficult if not impossible, and, for that reason, in practice the different meth- ' 
°ds of sampling described below are necessary.

During the transportation of material in railroad cars, trucks, and the 
ɪike, the finer materials tend to settle to the bottom leaving the larger particles 
θ∏ top. Certain materials are subject to oxidation when exposed to the air. 
The resulting oxide will, of course, be greater in amount on the surface of the 
mass of material. At the same time, if this oxide is a fine powder which is 
easily removed, it will penetrate to a greater or less extent into the pile of 
material as the result of erosion. These examples are typical of many heter­
ogeneous materials which are encountered in practice, and the methods of 
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sampling must be so designed that as far as possible the relative proportions 
of coarse and fine, of metal and oxide, etc., will be the same in the gross sample 
and in the mass of material. Once having collected the gross sample it can 
be crushed, ground, shredded, etc., to provide a more homogeneous mass for 
subdivision to the final sample. The greater the difference in size or other 
characteristics between the components of the material, the larger should bθ 
the gross sample taken.

When it is necessary to combine samples to make a representative com­
posite sample, weights of the portions entering into the composite must bear 
the same ratio to each other as do the weights of the initial materials sampled.

Methods of Sampling
Sampling is carried out according to two general methods: hand sampling 

and mechanical or automatic sampling. The former, as its name implies, 
involves the taking of the sample by an operator using a simple tool for the 
purpose. On large lots this method is slow and expensive and in all cases 
puts great responsibility on the individual operator. In mechanical sampling 
a certain predetermined portion of the material is taken continuously or at 
regular intervals.

Grab Sampling. Grab sampling is the simplest method of sampling and 
is subject to the greatest inaccuracy. It consists in taking small equal por­
tions, either at random or at regular intervals, by hand or with a scoop or 
shovel. The advantages of grab sampling are its economy and the speed with 
which it may be carried out. The disadvantage is that it is difficult to have 
all components truly represented when small portions are taken, especially 
if the material is lumpy or the sizes of particles are not uniform. The smaller 
the particles of the material to be sampled by this method the more accurate 
will be the sample. In general, grab sampling should be applied only when 
the material is as homogeneous as possible and only when approximate accu­
racy is required. The following typical examples of grab sampling may be 
indicative of the usefulness of this method: (1) In unloading a tank car of acid, 
a side-arm outlet from the main unloading pipe is opened, say every 2 min.» 
and a small portion of 50 to 100 cc. allowed to run out into a container. This 
method will give for an ordinary tank car a gross sample of approximately 
5 gal. which may be thoroughly mixed and reduced to the proper amount foι 
analysis. (2) As a mixed fertilizer, ready for bagging, passes down a chute 
to a bin, a portion may be taken periodically with a scoop and the accumulate<! 
sample for the day mixed and worked up for analysis. (3) A large pile of 
material may be sampled by taking a shovel or scoop full at different parts 
of the entire exposed surface of the pile. The points where portions are taken 
should be spaced at regular intervals and one method of laying out a pile for 
sampling is to use a rope with knots tied in it at regular intervals correspond­
ing to the distance between locations for sampling. The rope is thrown 
across the pile and a portion taken from directly below each knot. If the 
character of the material in the pile varies with the depth, a better plan is to 
take samples at regular intervals over the new face of the pile which is formed 
as the material is being moved away. The resulting gross sample is sub­
divided in the usual way.

The following methods of grab sampling are abstracted from the Journal 
of Industrial and Engineering Chemistry, 1, 107 (1909) and describe methods 
employed by the U. S. Steel Corporation.

Car Sampling. Samples must be taken uniformly over the surface of 
cars by selecting a minimum of 15 places at regular intervals. These may
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be selected according to the parallel or zigzag system. If the former is 
adopted, a convenient method is to use a net with the intersecting ropes 
knotted at the desired locations for sampling. A sample is taken below each 
knot. In the zigzag system, samples are taken at regular intervals along a 
lɪne drawn from one corner of the car across to a point on the opposite side 
about one-third of the car length from the starting point, then back to the 
other side at a point about two-thirds of the car length from the starting point, 
and then across the car to the corner diagonally opposite the first corner.

When lumps are encountered at the designated points where samples are 
to be taken, small portions of each lump must be chipped off. When rock 
occurs it must also be sampled as ore, i.e., a proportionate amount of it must 
be taken, representing the area for which the sample is taken, together with 
an amount of adjacent material to bring the whole to the amount taken at 
each sampling point. A gross sample is taken for each 10 cars or less.

Boat Sampling. If the material is located in cone-shaped piles, portions 
arθ taken at regular intervals (about one shovel length apart) starting at a 
Point about two shovel lengths from the side of the boat and proceeding along 
a line up across the apex of the cone and down the opposite side.

When a certain amount of material has been unloaded leaving the remainder 
Jv,t'h a newly exposed face, samples can be taken at regular intervals on this 
ace. Starting at a distance of two shovel lengths from the side of the boat, 
he sampler proceeds up the face of the pile taking a sample at every shovel 
θngth up to the top. The next vertical line is measured four shovel lengths 
r°to1 ^ɪɪθ ^rs^’ and ɪɪɪ a similar manner the whole face is covered.

Nound Sampling. In round sampling, one-third of the gross sample is 
aken, after 5 or 6 ft. of the face of the material has been exposed, in the 

ɪnanner described in the above paragraph. When the grabs have removed 
all of the material which can be reached, a second round of portions comprising 
ʌvo-thirds of the gross sample is taken along the face or faces which remain.

Coning and Quartering. Coning and quartering is one of the most 
aɪniliar forms of hand sampling and is used generally in subdividing a gross 

sample to give the retained portion. It may be used on lots of material 
^mounting to not more than 50 tons in which the particles do not exceed 2 
ɪɪɪ' ɪn diameter. The method may be described as follows: The material 
0 be sampled is piled into a conical heap and then spread out into a circular 

cake. The cake is divided into quarters, and two of the diagonally opposite 
Quarters are taken as the sample while the two remaining quarters are 
ɪejected. The two quarters taken as a sample are collected together and 

θ procedure of coning and quartering repeated until a lot of the material 
0 the desired size is obtained. A complete discussion of the application of 
coning and quartering together with illustrations of the different steps is given 
m Fig. 1 and p. 1753.

During these operations care should be taken that the material is not 
contaminated by anything on the floor or that part of the sample is not lost 

rough cracks or openings in the floor. Preferably the floor should be swept 
c ean and the operation of coning and quartering carried out with the floor 
covered with paper or some other suitable material. The advantages of 
coning and quartering are that few tools are required to carry out the method 
ð? the procedure is applicable to all kinds of solid materials. Among the
Isadvantages of this method are that it is expensive because frequent hail­
ing of the material is required and that it does not give an accurately repre­

sen atιve sample. The larger sizes of material roll down the sides of the 
- one and collect around the base, while pieces of intermediate size arrange
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Fig. 1.—Diagram showing sampiiní
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themselves on the slope of the pile according to their size with the large 
particles nearer the bottom and the small particles nearer the top. Extreme 
care must be taken in flattening the cone and in quartering the cake so that 
the resulting material is representative of the mass and that one size has not 
been segregated.

Shovel Sampling. Shovel sampling is applied when a material is being 
shipped or is being moved from one location to another. The method con­
sists in taking for the sample every alternate or third, fourth, fifth, etc., 
shovelful. Common practice is to take the fifth or the tenth shovelful as the 
sample. This method can also be used for subdividing the gross sample to 
obtain the proper size for analysis. In the description of the sampling of 
coal, given below, illustrations show the combined application of shovel 
sampling, and coning and quartering.

The advantages of shovel sampling are that it can be applied to large lots 
of material. It is cheaper, quicker, and requires less space than coning and 
quartering. It tends to be more accurate through taking more portions in 
collecting the gross sample. Its disadvantages are that it is subject to manip­
ulation by the sampler and it cannot be used if the lumps exceed 2 in. in 
diameter.

Pipe Sampling. A pipe or metal tube is used for pipe sampling and is 
forced down into the mass of material and, on being removed, brings out a 
core of the material for the sample. It is applicable only to finely divided 
materials which will permit the pipe to be driven into the mass. A typical 
tool of this class is the grain sampler. It consists of two metal tubes, one of 
which fits tightly inside the other. The tubes have slits about one-half inch 
wide on one side for the whole length. By rotating the inner tube, the slits 
can be opened or closed at will. The sampler is pointed at the lower end 
and is inserted into the mass of material with the slits closed. After having 
reached the desired depth, the slits are opened and the material flows in. 
The slits are closed and the sampler is removed carrying a cross-section sample 
of the material.

Mechanical Sampling. It is not possible here to describe the devices 
which are available for the automatic sampling of materials. Mechanical 
sampling is an advantage where large amounts of materials of one kind are 
being continually handled. The usual method of mechanical sampling is to 
take all of the material part of the time rather than part of the material all 
of the time because of lack of uniformity in the stream of material.

One type of apparatus has a narrow-mouth bucket pass through the stream 
of material at a uniform speed. The number of times that the bucket should 
cut the stream per hour depends upon the uniformity of the material and the 
size of sample desired. If the size of sample is to be reduced by further 
splitting, the material should be crushed and mixed between each split unless 
it is fine before starting to sample.

The above methods of sampling apply in general to solid materials, and in 
addition to these we have the following methods which apply to the sampling 
of liquids:

Bottle or Beaker Sampling. A bottle or larger container called a beaker 
are used for the type of sampling known by their names. The opening in 
the bottle is closed by a tight-fitting stopper which can be removed by means 
of a wire when the container is submerged in the liquid. The bottle is fas­
tened to a pole and dipped into the liquid to the desired level when the stopper
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is removed and the liquid flows in. This method is applicable to tanks, tank 
ars, tank trucks, ship tanks, etc.

I’ ɑɪɪ^ɪɪɪɪɪθɪɪs Liquid Sampling. Continuous sampling is applied to pipe 
lne.s, filling lines, transfer lines, etc. A pipe of small bore with a spigot 

θn its outer end is inserted through the wall of the pipe line and in this way 
small part of the liquid stream is diverted for a sample. Since the flow 

o a stream is not uniform at different points along the cross section of the 
pl.pθ,. ɪt is customary to insert three small pipes each for a different distance 
/ɪ oɪɪiɪɪ ^ɪɪθ pιpe, ^us obtaining a more uniform sample. A sample amounting 
o ∙1 per cent of the material flowing in the pipe should be taken, but the 

gross sample should not be over 40 gal.
ιpper Sampling. Dipper sampling is applied where there is a free flow 

or open discharge of a stream. By the grab-sampling method the full cross 
section of the stream is collected at intervals with a dipper which should hold 

T,¼∙ ʌ^θ'ɪɪɪ gross sample should amount to 0.1 per cent of the flow.
Thief Sampling. In sampling liquids a long tube or “thief” is often 

used. A typical thief is 3 ft. long, lj⅛ in. in diameter, and tapered at the 
ower end to an opening ⅜ in. in diameter. It may be constructed of glass 

łb m.etab ɪɪɪe thief is introduced into the container for the full depth of 
e liquid with the upper opening of the tube closed by the thumb. The 

,-ŋjɪɪb released and the liquid flows into the thief. Closing the tube again 
^ ith the thumb, the thief is withdrawn with the sample. This method of 
sampling is applicable to cans, drums, barrels, tanks, etc. For large tanks a 
special sampler similar to a thief sampler may be used. This has a valve 
ʒ^nieh closes the lower end of the tube and which is opened when the sampler 
ouches the bottom of the tank and is closed when the sampler is raised.

Practical Methods Employed in Different Industries
It is not possible here to discuss adequately the sampling of every material 

or even to give the best method of carrying out any particular sampling opera­
ron. The materials for which sampling procedures are outlined below are 
selected as being typical of those met in practice, and the procedures will serve 
as guides for use under similar conditions.

Coal. The sampling of this commodity will be described in some detail 
because it still is one of the essential raw materials.

A¿ the Mine. The U. S. Bureau of Mines recommends the following 
procedure :

Clean away all foreign material from the face to be sampled for a width of 5 ft. Cut 
away the coal from floor to roof for a width of 1 ft. and to a depth of 1 in. Discard 
ŋhe cuttings. In taking the sample, everything should go into it that would go into 
ordinary production. In the same way exclude anything ordinarily discarded. Sam­
pling cut: Perpendicular cut 2 in. deep and 6 in. wide (or 3 in. deep and 4 in. wide in soft 
ɑoals) from roof to floor down the center of the cut previously made. The cut should 
be uniform in width and depth, and enough coal should be cut to give a sample weighing 
o lb. for each foot of seam thickness. Sample is then crushed and screened, mixed, 
c°nedt and quartered.

As Delivered. The following is abstracted from the A.S.T.M. procedure 
ʃθr sampling coal:

Gross samples of the quantities designated must be taken whether the coal to be 
sampled consists of a few tons or several hundred tons because of the following cardinal 
Principle in sampling coal that must be recognized and understood; that is, the effect 
of the chance inclusion or exclusion, of too many or too few pieces of slate or other 
ɪɪnpurities in what or from what would otherwise have been a representative sample 
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will cause the analysis to be in error accordingly, regardless of the tonnage sampled. 
For example, the chance inclusion or exclusion of 10 lb. too much or too little of impu­
rities in or from an otherwise representative sample of 100 lb. would cause the analysis 
to show an error in ash content and in heat units of approximately 10 per cent where 
for a 1000-lb. sample the effect would be approximately only 1 per cent, being the same 
whether the sample is collected from a one-ton lot or from a lot consisting of several 
hundred tons.

Coal should be sampled as it is being loaded or unloaded from railroad cars 
or other conveyances, or when discharged from bins, etc. Samples from thθ 
surface of piles or bins are generally unreliable. To collect samples, a shovel 
or similar tool shall be used to take equal portions. For small sizes of coal, 
increments of 5 to 10 lb. may be taken, but, with lump or run-of-the-mine coal, 
increments should be at least 10 to 30 Γb. The increments shall be regularly 
and systematically collected so that the entire quantity of coal sampled will 
be represented proportionately in the gross sample, and with such frequency 
that a gross sample of the required amount shall be collected. The standard 
gross sample shall be not less than 1000 lb. except that for slack coal and small 
sizes of anthracite, when impurities are not present in abnormal quantities, 
a gross sample of approximately 500 lb. shall be considered sufficient. If the 
coal contains an unusual amount of impurities, a gross sample of 1500 lb. 
or more shall be collected. The gross sample should contain the same pro­
portion of lump coal, fine coal, and impurities as contained in the mass. A 
gross sample should be taken for every 500 tons or less unless special agree­
ment is made otherwise.

After the gross sample has been collected, it shall be systematically crushed, 
mixed, and reduced in quantity to convenient size for the transmission to the 
laboratory. The sample should be protected from loss or contamination 
during these operations. The progressive reduction in the weight of the 
sample to the quantities given in Table 1 shall be carried out according to 
the steps which are illustrated in Fig. 1 (Plate V, U. S. Bur. Mines, Bull· 
116).

Table 1

Weight of Sample to 
Be Divided, Lb.

1000, or over

Largest Size of Coal 
and Impurities 

Allowable in Sample
before Division, In.

500
250
125
60
30 ⅜6, OΓ to

pass a 4760-micron 
(No. 4) sieve.

1

⅝ 
⅛

If it is necessary to sample a carload of coal before it is unloaded, cut a 
trench 2 ft. wide by 2 ft. deep along the two center axes of the car. The 
sample is then taken at intervals along the newly exposed faces and bottoms 
of the trenches.

Sampling of Coal Which Is Classified According to Ash Content- 
Statistical studies of the sampling of coal have shown that it is not always 
necessary to take as large gross samples as are specified above in order to 
obtain a reasonable accuracy in the test to be made. These studies have also 
shown that the ash content is a satisfactory criterion for the classification 
of coals. The Brit. Standards Inst, and the A.S.T.M. (D 492-38T) have 
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set up tables showing the size of gross sample to be taken for different coals 
classified according to ash content and according to size. The A.S.T.M. 
method provides two procedures, one for special accuracy and one which in 
Jo cases out of 100 will give an accuracy of ±10 per cent in the ash content. 
ʌs this new method of selecting the size of sample becomes familiar, it will 
no doubt displace the older method described above.

Iron Ore. Piles. Divide surface of pile into equal areas and select equal 
volume of material from each area. From all fines, select portion from center 
of area. From all lumps break off small pieces. From lumps and fines take 
proper proportion of both. Pile should be sampled at intervals of 2 to 10 ft. 
As suggested above, a rope with knots tied in it is convenient for locating 
sampling spots.

Cars. A minimum of 24 samples should be taken. Composites may be 
made to include up to 10 cars.

Pools. One-half pound samples may be taken at several points below and 
at equal distance from the apex of conical piles; or at intervals along newly 
exposed faces as ore is unloaded.

Pig Iron.. In Furnace. Sampled while molten with spoon or ladle and 
poured into mold or on an iron plate. A sample is taken from the middle 
of each ladle of iron in the cast. Equal quantities from each portion are 
combined into one sample. Test pieces may be drilled or crushed.

From Car or Storage. One pig is taken for every 4 tons iron. If sows or 
scraggy pieces go into the steel-making furnace, they should be sampled in 
correct proportion. Otherwise they are not taken. The surface is cleaned 
by grinding and drilled with ⅜-in. drill through a metal cover to prevent 
contamination. The drillings are combined, weighed, and sieved through 
80- and 120-mesh screens. The sample when weighed out is taken from the 
three sizes, classified by the sieves in proportion to their total weight.

Steel. One sample per heat is taken at a time when one-half has been 
poured by holding a spoon under the stream from the ladle while it is slack­
ened. The sample is poured into a mold and drilled with ⅜-in. drill. All 
drillings are discarded until the outer edge of the drill is buried.

Metals and Alloys. In general, metals and alloys are sampled by drilling 
with a ⅜-in. drill, using no lubricant. Any surface contamination should be 
removed and discarded before the sample is collected. It is often convenient 
to use a template in order that the peice can be drilled in a systematic manner.

Cement. According to the A.S.T.M. recommendations:
For Individual Samples. If sampled in cars, one test sample shall be taken from 

each 50 bbl. or less. If sampled in bins, one sample shall represent each 200 bbl.
For Composite Samples. If sampled in cars, one sample shall be taken from one 

sack in each 40 sacks (or 1 bbl. in each 10 bbl.) and combined to form one test sample. 
If sampled in bins or warehouses, one test sample shall represent not more than 200 bbl.

Soft Solids. Three sets of borings %-in. in diameter are taken through 
the depth of the material.

Lumpy Solids. Sample taken by the grab method taking approximately 
0.1 per cent of the lot but not less than 50 lb. nor more than 1000 lb.

Petroleum Products. * ForTanksandTankCars. Fourtypesofliquid 
samples are recognized: all-level sample, upper sample, middle sample, and 
lower sample. An all-level sample is obtained when a bottle unstoppered 
is lowered through the liquid to the bottom and back to the surface at such a 
rate that the bottle is just filled when it reaches the surface. Samples at 
the different levels are taken by lowering a stoppered bottle to the desired

* Abstracted from recommendations of the A.S.T.M. D 270-33. 
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level releasing the stopper and allowing the liquid at that level to fill the 
bottle. A sample taken at a point 10 per cent below the top is an upper 
sample and a sample taken at a point 10 per cent above the bottom is a lower 
sample. The middle sample is taken at a depth of 50 per cent.

In making a composite sample for a tank, samples from the different levels 
should be combined as shown in Table 2.

Table 2

Sample
Vessels of 
uniform 

cross section

Horizontal 
cylindrical 
tanks (full)

Upper............................................ 1 part
3 parts
1 part

1 part
8 parts 
I part

Middle....................................
Lower............................................

Individual samples taken with a beaker, bottle, or dipper should amount 
to 1 qt. Composite samples should be 5 qt. for vessels of uniform cross section 
and 10 qt. for horizontal cylindrical tanks. Gross liquid mixed-cargo samples 
are taken from the various ship’s tanks in multiples of 5 or 10 qt. depending 
upon the shape of the tank. Liquid samples taken by the continuous or 
dipper method should be 0.1 per cent of the amount shipped but not less than 
5 gal. nor more than 40 gal.

For Pipe Lines. The method of continuous sampling described on p. 1753 
JS used most frequently in the petroleum industry for the sampling of materials 
flowing in pipe lines. If the material to be sampled is semiliquid, the lines 
and receiver are warmed to keep the material just above the liquefying 
temperature. The gross continuous sample, as collected and amounting to 
not over 40 gal. as specified above, is thoroughly mixed and sampled with a 
thief to get a 1 qt. sample.

Lacquer Solvents. From a tank car, a ⅛-gal. gross sample in small 
portions of not over 1 qt. each is taken from near the top and near the bottom 
using the bottle method.

From drums, at least 5 per cent of the packages are sampled using a thief 
at center of the drum and taking not less than ⅜ pt. from each drum. Gross 
sample should be not less than 1 qt.

Water. Resenoir. A stoppered bottle is submerged to the required 
depth and the stopper released. The bottle should be rinsed several times 
before the sample is taken.

Stream. Immerse the bottle in the stream making an effort not to disturb 
silt or other solid material on bottom or sides.

For bacteriological tests the sample should be collected in a bottle which 
has been thoroughly sterilized by steaming, and special precautions should 
be taken that the sample is not contaminated.

Molten Metal. Dip the sample with a ladle, breaking through the slag 
and holding the ladle until it reaches the temperature of the mass.

Gases. The sampling of gases is comparatively easy, as in many cases 
they are homogeneous. Two kinds of samples are recognized: accumulative, 
which is taken continuously over a period of time (⅛ hr. to 24 hr.) ; and con­
trol, which is taken for less than ⅜ hr.

Where a gas is known to be homogeneous in the cross section, the sample 
may be withdrawn through a pet cock inserted in the wall of the container. 
If the gas is under pressure, the sample may be released through the pet cock. 
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Otherwise it may be withdrawn, by means of an aspirator bottle, filled with 
water, mercury, or other suitable liquid.

Flue Gas. If one constituent of flue gas, as for example CO2, is to be 
determined continuously and automatically, a permanent fixture is con­
nected in the flue to conduct the gas to the CO2 recorder.

ɪf a complete analysis of the gas is to be made, consideration must be given 
to the fact that the gases move with different velocities at different points in 
the cross section of the flue. For sampling the gas under such conditions, a 
perforated pipe is used which enters the flue with an air-tight connection 
and extends entirely across the flue. Perforations in the pipe should be equal 
distances apart and to obtain an equal flow through all openings, their com­
bined area should be less than the cross-sectional area of the pipe—3:4 being 
considered a safe ratio. The gas is then withdrawn through the pipe by 
means of suction until the desired sample has been collected.

Air or Gas in Confined Space. Fill a 2-oz. bottle with mercury, let 
l⅛nd ^or ɪɪɪiɪɪ-, and then pour the mercùry back into the stock bottle thus 
filling the bottle with air at that spot.

In special cases where an instantaneous undiluted sample is required, an 
evacuated tube is used. The tube is pumped out and the stopcock is opened 
where the sample is to be taken.

Dust- or Fume-Iaden Air. The air is filtered through a specially pre­
pared filter such as a Gooch crucible containing filter paper, and the residue 
obtained from a known volume of air is weighed. Or the air may be projected 
°n a glass slide with some means of causing the dust to adhere with suitable 
provision for observing the increase in the deposit.

GENERAL RULES FOR SAMPLING
1. Sample to be taken by or under direct supervision of a person qualified 

oy experience to recognize that sample is satisfactory for the subsequent test 
to be made.

φ 2. Select the most appropriate method of sampling with due regard to the 
kind of material and the conditions of storage or handling.

3. Watch for special conditions which make for non-homogeneity in the 
material such as weathering of the outside of a pile of material, segregation 
of sizes, or more than one layer in liquids.

4. Take all necessary precautions to avoid contamination of sample after 
ɪt has been taken.

5. Label the sample clearly with all necessary information to designate th«> 
source from which it was taken.



CRYSTALLIZATION
BY WARREN L. McCABE

Crystallization, as an industrial process, is important because of the great 
variety of materials that are marketed in the crystalline form. Its wide use 
is due basically to the fact that a crystal forming from an impure solution­
is itself pure (except when mixed crystals form), and crystallization affords 
a practical method of obtaining concentrated chemical substances in a form 
both pure and attractive and in satisfactory condition for packaging, handling, 
and storing.

Commercial Importance of Crystal Size and Shape. It is obvious 
that yield and purity are of importance in operating a crystallization process, 
but these two factors are not the only factors to be considered. The size, 
and often the shape, of the crystals is important; it is especially necessary 
that the crystals be of uniform size. Uniformity of size is important for 
satisfactory appearance and tends to prevent caking, allows easy washing, 
and results in uniform behavior in use. Large crystals are often demanded, 
although such demands are not usually justified by any real advantage of 
large crystals as compared to medium sized ones. In some cases a definite 
shape is also required (⅛.e., needles rather than plates or cubes).

THEORY OF CRYSTALLIZATION
A crystal is the most highly organized type of non-living matter. It is 

characterized by the fact that its constituent parts (atoms or ions) are 
arranged in orderly array in so-called space lattices. The interatomic 
distances in a crystal of any definite material are constant and characteristic 
of the material.

Crystal Forms. Law of Haiiy. As a result of the space-lattice arrange­
ment of the atoms composing them, crystals, if allowed to form without 
hindrance from outside bodies, appear in definite polyhedral shapes and 
exhibit varying degrees of symmetry. It has been found that, although the 
relative development of the different faces of two crystals of the same material 
may be widely different, the interfacial angles of corresponding faces of the 
two crystals are all equal and characteristic of that substance. This is the 
Law of Haüy.

Isomorphism. A generalization that for some time seemed at variance 
with Haüy’s law is the law of isomorphism, which states that in certain series 
of chemically similar substances the crystals are of the same crystalline 
form. Until refined methods were available for the measurement of crystal 
angles it was thought that isomorphic materials gave crystals with the same - 
angles. It has been established, however, that there are small but regular 
differences in the corresponding angles of isomorphous substances. These 
differences are of the same sort that exist among other properties of elements 
in the same periodic group.

Crystallographic Systems. Since the crystals of a definite substance 
all show the same interfacial angles in spite of wide differences in the extent of 
development of the faces, crystal forms are classified on the basis of the 
angles. For example, consider a definite crystal. Take a point and draw 
lines through this point normal to the faces of the crystal, or to the faces 
produced. The resulting sheaf of lines is a function of the crystal angles, 
and the form of the crystal is reflected in the orientation of the lines in this

1758
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sheaf. Choose three important faces as axial planes. These faces are always 
taken parallel to planes of symmetry, if there be such. The three inter­
sections of the axial planes determine three non-parallel lines, and the three 
mes parallel to these intersections drawn through an arbitrary point of 
intersection are called the axes of the crystal. These axes may be all mutually 
perpendicular; two of them may be perpendicular to the third, but not 
perpendicular to each other; they may be equally inclined to each other, 
with the angle of inclination different from 90 or 60 deg. ; or they may be 
mutually inclined with three different angles, all differing from 90 or 60 deg.

In addition to the three axial faces, a fourth fundamental face, intersecting 
the three axes, is chosen. The lengths of the segments so cut off from the 
three axes are expressed as ratios, the length of one of them being taken as 
umty. The lengths of the axes so determined may be equal for all axes; 
equal for two axes, but unequal for the third; or unequal for all three.

One class of crystals, showing a hexagonal cross section with 60-deg. angles 
between normals to the hexagonal sides, is most conveniently referred to 
four axes instead of the usual three. Three of the axes are at 60 deg. to each 
other and in the same plane, and the fourth is perpendicular to the plane of 
the other three.

The combinations of angles and lengths of the axes give rise to seven 
classes of crystals. These classes are:

1. The Triclinic System. Three mutually inclined and unequal axes, all three 
angles unequal, and other than 90, 60, or 30 deg.

2. The Monoclinic System. Three unequal axes, two of which are inclined, but 
the third is perpendicular to the other two.

3. The Orthorhombic System. Three unequal rectangular axes.
4. The Tetragonal System. Three rectangular axes, two of which are equal and 

different in length from the third.
5. The Trigonal System. Three equal and equally inclined axes.
6. The Hexagonal System. Three equal coplanar axes, inclined to 60 deg. to 

each other, and a fourth axis different in length from the other three and perpendicular 
to them.

7. The Cubic System. Three equal rectangular axes.

Liquid Crystals. While most substances are obtained in one (or more) 
crystalline forms, as liquid, and as vapor, some organic substances form 
another phase intermediate between crystal and liquid. This new phase is 
called the liquid-crystal phase. [See Friedel, Ann. phys., (9), 18, 272 
(1922) and also Alexander, “Colloid Chemistry,” Chap. 3, Reinhold Publish­
ing Corp., New York, 1926.] Materials forming this phase melt at a definite 
temperature from a solid state to a cloudy viscous liquid, which, when 
further heated to some higher definite temperature, is transformed to a clear 
limpid liquid, which is regarded as the true liquid phase. The liquid-crystal 
phase is biréfringent, t.e., is anisotropic. The following substances are 
among the more than 250 substances which form liquid crystals: ethyl 
ρara-azoxybenzoate, ammonium oleate, par a-azoxy phene tol, cholesteryl 
acetate.

Yield of a Crystallization Process. In many cases the process of 
crystallization is slow and the final mother liquor is in contact with a suffi­
ciently large crystal surface so that the concentration of the mother liquor is 
substantially that of a saturated solution at the final temperature of the 
process. In such a case the yield of the process is calculated from the com­
position of the initial solution and the solubility of the material at the final 
temperature. If appreciable evaporation has taken place during the process, 
this must, of course, be known or estimated.
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Solubility data are ordinarily given as parts by weight of anhydrous 
material per 100 parts by weight of total solvent, whether the crop contains 
water of crystallization or not.

When the rate of crystal growth is slow, a considerable time may be required 
to reach equilibrium. This is especially true where the solution is very 
viscous, or where the crystals collect in the bottom of the vessel so there is 
little crystal surface exposed to the supersaturated solution. In such cases 
the final mother liquor from the process may retain appreciable supersatura­
tion, and the actual yield will be less than that calculated from the solubility 
curve unless considerable time is allowed for equilibrium to be reached. At 
any rate, the assumption that the mother liquor is a saturated solution gives 
the maximum yield of crystals that can be expected. The actual crop, after 
removal from the crystallizer, will in general retain some adhering mother 
liquor, which will give an increased weight.

In case the solid product is in the anhydrous form, the calculation of the 
yield is simple since the solid phase contains no water.

When the crop is hydrated, account must be taken of the water of crystal­
lization in the crystals, since this water is withdrawn from the mother liquor 
and is not available for retaining the solute in solution.

The following formula can be used to calculate the theoretical yield of a 
crystallization process. It is valid for either hydrated or anhydrous crystals 
and assumes only that the mother liquor is saturated with solute at the final 
temperature, though this last restriction is removed if S (see below) is taken 
as the actual concentration of solute in the mother liquor at the end of the 
process. Equation (1) gives the weight of crystals as they exist in the final 
magma.

C = ⅞100wθ - S(^H^ -
100 - S(Λ - 1) (I)

where C ≈ weight of crystals in final magma.
_ molecular weight of hydrated solute 

męlecular weight of anhydrous solute
<S = solubility (parts by weight anhydrous solute per 100 parts by 

weight total solvent) of material at final temperature. 
wo = weight of anhydrous solute in original batch. 
Ho = total weight of solvent in batch at the beginning of the process. 
E = evaporation during the process.

Example 1. A 30 per cent solution of Na2CO3 weighing 10,000 lb. is cooled slowly 
to 20oC. The crystals formed are sal-soda (Na2CO3.lOH2O). The solubility of 
Na2CO3 at 20oC. is 21.5 parts of anhydrous salt per 100 parts of water. During cooling 
3 per cent of the weight of the original solution is lost by evaporation. What is the 
weight of Na2CO3.lOH2O formed?

Solution. Since the molecular weight of Na2CO3.lOH2O is 286.2, and that of Na2CO3 
is 106, Ä = 286.2/106.0 = 2.70. Also, wo = (0.30)(10,000) == 3000 lb. ; the evaporation 
is (0.03) (10,000) ≈ 300 lb.; and, therefore, Ho - E = 10,000 - 3000 - 300 = 6700 lb. 
The weight of the crop is, by Eq. (1)

Γ100 × 3000 - 21.5 × 6700 Ί
C - 2.70|_ 1θ0 _ 21.5(2.70 - 1.0) J

= 6540 lb.

The solubility data available in the literature are often old and inexact, 
even for pure substances. Solubilities may be influenced by impurities and 
by variations in the pH of the solution. Slight errors in the solubility of 
heavily hydrated solutes are sometimes magnified into larger errors in the
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calculated yields of such salts. If the yield of a crystallization process must 

e known with considerable precision, it is desirable to determine the solu- 
ɪɪʤr CxPcriiTientally for the actual solute and solvent involved.
Funty of the Product. Although a crystal itself is necessarily pure, 
retains mother liquor when removed from the final magma, and the adhering 

IOtner liquor will carry its share of the impurities present in the mother 
1Quor. If the retained mother liquor is dried on the crystal, contamination 

xvιll result.
In practice, crystals usually are centrifuged or filtered. Centrifuging 

eaves mother liquor amounting to 2 to 5 per cent of the weight of the crystals, 
arge, uniform crystals from low-viscosity mother liquors will retain a mini­

mum proportion of mother liquor, while non-uniform, small crystals from 
viscous solutions will retain a considerably larger proportion. Comparable 
statements apply to the filtration of crystals. It is common practice to 
Vash the crystals on the centrifuge or filter with fresh solvent; in principle 
ɔɪɑh washing can reduce impurities to below almost any arbitrary figure.

Unty can also be improved by recrystallization, but this method is not 
Qeually as satisfactory as that of properly washing the crystals.

Heat Effects in a Crystallization Process. Theheateffectofacrystal- 
ization process is calculated by means of a heat balance. Such a balance 
ŋan be computed by two methods: the individual heat effects, such as sensible 
ɪɪeats, latent heats, and heats of crystallization, can be computed and com- 
Pjned ɪɪɪlθ a balance equation, or an enthalpy balance can be taken in which 
t∏e total enthalpy of all leaving streams minus the total enthalpy of all 
entering streams is equal to the heat absorbed from external sources by the 
Process.

In the first method, the heat removed from the crystallizing solution by 
external means is equal to the sum of the sensible heat lost by the cooling 
solution and the heat evolved in the formation of the crystalline crop (heat 
cf -- ∙ *-  - - -. . - - . . -
Iion of solvent evaporated during the process.

Γr ∙ ‘ ~ _ ___ ___ _;
Processes the heat of crystallization is usually important, 
crystallization is the latent heat accompanying the precipitation of crystals 
ɪrom a saturated solution. Ordinarily the heat of crystallization is exother­
mic; it varies with both concentration and temperature. Rigorously the 
hθat of crystallization is related to the heat of dilution of the solution and the 
heat of solution of the crystal. The heat of solution is the heat evolved 
ʌvhen a unit mass of solid is dissolved in a very large amount of water, and 
such data are quite plentiful. A table of heats of solution is given on p. 1800. 
Heats of dilution, on the other hand, are scarce, especially for concentrated 
solutions, and it is usual to use the negative value of the heat of solution for 
Ihe heat of crystallization. This is equivalent to neglecting heats of dilution. 
Ordinarily, the heat of dilution is small in comparison with that of solution, 
a∩d the approximation is justified. Furthermore, the neglect of the heat of 
dilution leads to a conservative result because the heat of dilution is usually 
a heat evolution by the solution.

Example 2. The heat absorbed when 1 g. mol of MgSO4.7H2O is dissolved isothermally 
at, 18oC. in a large amount of water is 3180 cal. (p. 1802). What is the heat of crystalliza­
tion of 1 lb. of MgSO4.7H2O if heat of solution effects are negligible?

Solution. The molecular weight of MgSO4.7H2O is 246.5. Since 1 cal. per g. mol 
, o . (3180) (1.8)

e= 1.8 B.t.u. per lb.-mol, the heat of crystallization of MgSO4.7H2O is ---- 246 5

fc≡ 23 B.t.u. per lb.

external means is equal to the sum of the sensible heat lost by the cooling

of crystallization) minus the radiation losses and minus the heat of vaporiza-

Heat of Crystallization. In heat-balance calculations on crystallization 
The heat of
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crystallization processes is facilitated by the use of the
E Iithalpy-cone entration Chart. The enthalpy method of calculating 

heat balances over 
en thalpy-c oncen- 
tration chart so 
constructed as to 
show the solid 
phases [Bosnjako- 
vie, Z. ges. KtiLte- 
Ind., 39, 182 
(1932)]. This 
method rigorously 
accounts for the 
heats of dilution 
and is very simple 
arithmetically, 
once the chart has 
been constructed. 
The disadvantages 
of the enthalpy- 
con centration 
chart are as fol­
lows: (1) consider­
able data are 
required for its 
construction, and 
these data are of­
ten not available; 
(2) the initial con­
struction of the 
chart is time con­
suming and not 
justified for a sin­
gle c al culation. 
For substances 
commonly crystal­
lized and for which 
adequate data are 
available, the en­
thalpy-concen­
tration chart 
has considerable 
utility.

A n enthalpy - 
concentration 
chart for the sys­
tem MgSO4.H2O is 
shown in Fig. 1. 
The use of the 
chart in heat-balance 
[McCabe, Trans. Am. 
enthalpies of the solid phases from zero to 50 per cent MgSO4 are 
shown, and the diagram can be correlated with the ordinary phase dia­
gram shown in Fig. 2. The line pa represents the freezing points of ice

0.05 0.10 0.15 Q20 0.25 0.30 0.35 0.40 0.45 0.50
Concentration - Weight fraction Mg SO4

Fig. 1.—Enthalpy-concentration chart for MgSO4.H2O.
For remainder of legend see page 1763. 

calculations involving solutions has been described 
Inst. Chem. Engrs., 31, 129 (1935)]. In Fig. 1 the
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MgSO <. Point a is the eutectic, and line abcdq is the

solidified eutectic. Area abfg contains the enthalpy-

from solutions of 
solubility curve of 
various hydrates. 
Line ab is the solu­
bility curve for 
MgS(⅛12H2O, be 
is the solubility 
curve for MgSO4.- 
7H2O, cd is the 
solubility curve 
for MgSO4.βH2O, 
and dq is a portion 
of the curve for 
MgSO4-H2O. The 
area aep of Fig. 1 
represents the en- 
thalpies of all 
equilibrium mix­
tures of ice and 
MgSO4 solution. 
The isothermal 
(2δoF.) triangle 
αffe gives the en­
thalpies of all com­
binations of ice 
and partially so­
lidified eutectic 
and of MgSO4.-
12H2O and partially 
concentration coordinates of all magmas consisting of MgSO4.12H2O 
crystals and its mother· liquor. The isothermal (35.7oF.) area bhf repre­
sents the isothermal transformation of MgSO4.7H2O to MgSO4.12H2O, 
and this area represents mixtures consisting of a saturated solution of con­
centration 21 per cent, solid MgSO4.7H2O, and solid MgSO4.12H2O. The 
area cihb represents all magmas of MgSO4.7H2O (Epsom salt) and its mother 
liquor. The isothermal (118.8oF.) area cji represents mixtures consisting 
°f a saturated solution containing 35 per cent MgSO4, solid MgSO4.6H2O, 
and solid MgSO4.7H2O. Area dljc represents magmas of MgSO4.6H2O and 
ɪts mother liquor. The isothermal (154.4oF.) area dkl represents mixtures 
consisting of a saturated solution containing 37 per cent MgSO4, solid MgSO4.- 
H2O, and solid MgSO4.6H2O. Area qrkd is a part of the field representing

Legend for Figure 1.
pae = ice + solution
age = ice + eutectic solution, or MgSO4.12H2O -}- eutectic solution 

abfg — MgSO4.i2H2O ÷ solution
bhf = solution + MgSO4.7H2O + MgSO4.12H2O 

bcih = MgSO4.7H2O + solution
cji = solution + MgSO4.6H2O + MgSO4.7H2O
dkl ≈ solution + MgSO4.H2O + MgSO4-GH2O 

dljc = MgSO4.6H2O + solution
dkrq = MgSO4-H2O + solution

above pabcdq = solution only
below eg ≈ ice + eutectic, or eutectic + MgSO4.12H2O
below fh ≈ MgSO4.12 H2O + MgSO4.7H2O
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saturated solutions in equilibrium with MgSO4.H2O. Except for the iso­
therms in the liquid solution field and the solubility and freezing point curves, 
all lines on the enthalpy-concentration chart are straight.

A useful basic construction applicable to all enthalpy-concentration 
charts is shown in Fig. 3. If the materials represented by points A and B
in the chart are combined to form 
the material represented by C, the heat 
absorbed per unit weight of C is repre­
sented by the vertical line segment Cd, 
measured above the straight line AB 
[Merkel, Z. υ. deut. Ing., 72, 109 (1928)].

Example 3. 10,000. lb. of a 32.5 per cent
MgSOi solution at 120oF. is cooled without 
appreciable evaporation to 70oF. in a crys­
tallizer. How much heat must be removed 
from the solution, and what weight of 
MgSO4.7H2O crystals will form?

Solution. The crystals and mother liquor 
are represented by terminals of the straight 
isothermal line for 70oF. in the field cihb of 
Fig. 1. The initial solution is represented 
by the point in the undersaturated solution 
field on the 120oF. isotherm at a concentra­
tion of 0.325. The magma must have an 
average concentration of 0.325 and a tem­
perature of 70oF. From Fig. 1, the coordi­
nates of the four points are as follows:

Fig. 3.—Basic construction, enthalpy­
concentration chart.

Temp., oF. Cone. Enthalpy

Original solution.
Crystals.....................
Mother liquor... 
Magma.......................

120707070
0.325.488.259.325

—33.0-51.0-47.3-78.4
The heat, removed from the solution is

10,000(-33.0 + 78.4) = 454,000 B.t.u.
The same result is obtained if the “basic construction” is used. The original solution 
can be considered the result of a combination of mother Iiqiior and crystals, and the 
vertical distance to the point of the original solutions above the line connecting the 
points representing the mother liquor and crystals is the heat absorbed due to such a 
combination, or the heat evolved from the separation of solution into crystals and mother 
liquor.

The yield of crystals is easily obtained by applying the “lever-arm principle” com­
monly used in calculations involving equilibrium diagrams.

θ 325 _  0.259
Weight of crystals = 10,000 ɑ 488 _ θ 259 = 2880 ɪɪɔ*

Fractional Crystallization. When two or more solutes are present in 
a solution, it is often possible to crystallize one of the solutes and leave the 
others in solution. Usually, such fractional crystallization methods are 
based on differences in the solubilities of the solutes.

It is a highly important fact that the solubility of a material in a solution 
of another solute is, in general, quite widely different from its solubility in 
the pure solvent. Thus, the solubility of sodium chloride at 20oC. is 36 parts



Coordinoites of Poinfs
Point Na Cl NaNO3

A 36 0
B 0 SS
C 25 59
D 40 0
E 17 160
F 0 176
G 17 68

Parts-Na NO3 per 100 pts H2O
Fractional crystallization of NaCl 

and NaNO3.
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Per 100 parts water, and that of sodium nitrate is 88 parts per 100 parts

S.er, θu* a solution saturated at 20oC. with respect to both of these salts 
ι∩o c°ntain only 25 parts sodium chloride and 59 parts sodium nitrate per 
100 parts water.

ɪɪɪθ mutual solubilities of the above two salts can be shown dɪagrammati- 
ca xy as in Fig. 4. The solubilities are plotted for two different temperatures: 
ɪɪne DEF is f0r 100°C., at which tem­
perature the solubility of NaCl is 40 
Parts per 100 parts water, and that 
o NaNO3 is 176 parts per 100 parts 
πνίθΛ 4 sθɪɪɪtɪθɪ1 saturated at 

ɑ- with both salts contains 17
NaC1 and 160 Parts NaNO3 per 

ɪθθ parts water. Points D, E, and F 
aɪe plotted from these data, and, in 
he absence of more detailed data, 
e lines DE and EF are considered 

straight. The line ACB is the corre­
sponding solubility curve for 20oC., 
aɪɪd the line EC shows the variation 
with temperature of the composition 
o a solution saturated with both 
components. (Badger and Baker 

ɪnorganie Chemical Technology,” 
P∙ 82, McGraw-Hill, New York, 
1928.)

ɪf a solution at 100oC. has a com­
position represented by a point on the 
me f,iɪθ solution is saturated with respect to NaCl but not with respect 
0 NaNO3; while, if the composition of the solution is represented by a point 

°h ɪɪne EF, the solution is saturated with NaNO3 but not with NaCL (For 
a detailed treatment of such solubility relationships, see Blasdale “Equilibria 
ɪɪɪ Saturated Salt Solutions,” Keinhold, New York, 1927.)

πf ʌ8 an illustration of fractional crystallization, consider the separation
NaNO3 and NaCl from a solution saturated at 100oC. with both salts and therefore 

by P°iut E. If a basis of 100 lb. of water is taken, the solution contains 17 
∙ NaCl and 160 lb. NaNO3. Suppose the solution is cooled to 20oC. The solution 

oecomes supersaturated with respect to NaNO3, and crystallization of the latter should 
ake place. The composition of the solution moves along the path EG. At 20oC., if 

θ9uuibrium is reached, the composition of the solution is that represented by point G.
ιne CB is considered straight, the abscissa of G can be calculated from similar triangles 

as follows:

Parts NaNO3 = 59 + <88 ~ 59><25 ~ ɪŋ _ 68.325
0" ≡θoling along the line EG, there will separate 160 - 68.3 = 91.7 lb. NaNO3, and 
th t⅛ NaC1 wil' remain in solution. If the solution is now evaporated at 100°C. until 
the NaNO3 concentration is brought back to 160 parts per 100 parts water, NaCl will 
be precipitated during the evaporation and can be removed. The concentration of the 
zq,i1°n wil' aκain be represented by point E, and the cycle repeated. On each cooling, 
(91.7/160) (100) = 57.3 per cent of the nitrate in solution will crystallize, and, on each 
evaporation, the same percentage of the chloride will be precipitated. Various modifi­
cations of the method can be used. For example, the amount of water in the batch 
can be kept constant and the solution resaturated at 100oC. with fresh NaNO3 after 
each cooling. The hot solvent will act as a selective solvent for the nitrate, since it is 



1766 MECHANICAL SEPARATIONS

impoverished in NaNO3, but saturated with respect to NaCI. Nitrate can therefore 
be dissolved and chloride left behind. The dissolved nitrate is recovered in the cooling 
part of the cycle.

Another method of fractional crystallization is sometimes used, where 
advantage is taken of different crystallization rates. Thus, a solution 
saturated with borax and potassium chloride will, in the absence of borax 
seed crystals, precipitate only potassium chloride on rapid cooling. The 
borax remains behind as a supersaturated solution, and the potassium 
chloride crystals can be removed before the slower borax crystallization 
starts.

CRYSTAL FORMATION
There are obviously two steps involved in the preparation of crystalline 

matter from a solution. The crystals must first form and then grow. The 
theory can therefore be conveniently considered under three heads: (1) the 
formation of crystalline nuclei, (2) their resulting growth, and (3) the inter­
relation between formation and growth.

Certain qualitative facts are apparent. If the concentrations of the 
initial solution and of the final mother liquor are fixed the total weight of 
the crystalline crop is also fixed. The distribution of this weight, however, 
will depend on the relationship of the two processes of formation and of 
growth. If new crystals form continuously and rapidly during the process, 
the crop will consist of many small crystals, while if but a few nuclei form at 
the start, and if the resulting precipitation occurs uniformly on these nuclei 
without secondary nucleus formation, a crop of large uniform crystals 
must result. Intermediate cases of simultaneous formation and growth 
will of course, result in intermediate average size and also a non-uniform 
grain, since the older crystals will be larger than the younger ones.

If the laws and data for crystal formation and growth were completely 
known, it should be possible to predict the size range of the crystals produced 
in a crystallization process. Such information is, however, at present 
incomplete. The following discussion is an attempt to summarize the existing 
knowledge that is of value in attacking problems of industrial crystallization 
and in analysing the operating principles of industrial crystallizers.

Supersaturation. Both crystal formation and crystal growth have a 
common driving force, namely, supersaturation. Unless a solution is super­
saturated, crystals can neither form nor grow. The supersaturation required 
in a given case may be so small that it is scarcely measurable, or it may be so 
large that the solution is as much as 30 per cent more concentrated than 
called for by the solubility curve. Supersaturation affects the formation 
of crystals in a radically different manner than it does crystal growth, and the 
action of supersaturation will be discussed separately for the two processes.

Seeded vs. Unseeded Crystallization. Crystal formation can occur 
under either of two circumstances. The first case is where crystals form in a 
solution that has been carefully freed of all solid particles. Crystallization 
from such a solution is said to take place from an unseeded solution. The 
presence of dust particles, small solute crystals, or in some cases crystals of 
other materials, may lead to a second type of crystal formation, namely» 
that from seeded solutions. In practice, the seeded case is the more impor­
tant. Except for closed batch crystallizers in which the solutions are heated 
well above the saturation temperatures before being sent to the crystallizers, 
completely unseeded solutions are not usually encountered. Batch vacuum 
crystallizers and special crystallizers, such as sugar-boiling apparatus, fall 
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ability to stay in super­

following an earlier sug-

Iemperature
Fig. 5.—Diagrammatic 

representation of Miers’ 
theory.

into the category of equipment that operates on unseeded solutions. On 
ɪ other hand, crystallizers in which the solution has access to the atmos­

phere of the plant will in all probability be seeded by the plant dust which 
invariably will carry tiny crystals and dust particles and which will inoculate 

ɪθ solution. Even a solution that is unseeded at the start of the process 
becomes seeded the moment crystals form, and at all stages beyond the initial 
nucleation the process is of the seeded type.

In the case of an unseeded solution, it is possible in viscous solutions of 
ɪ datively high molecular weight, such as those of sugars, to maintain a highly 
supersaturated solution indefinitely without the formation of nuclei. To 
obtain this result the solution must be carefully prepared, must be entirely 
ɪee from dust particles, and must be “sterilized” or heated well above its 

saturation temperature for a time in a completely air-tight container. Mate- 
iials of low molecular weight which form solutions of moderate viscosities 
cannot usually support supersaturations of any great magnitude for an 
Uidefinite period. There are undoubtedly borderline solutes to which a 

θnnite answer cannot be given concerning their 
saturated solutions indefinitely.

Mierss Theory. Miers and his collaborators, 
gestion by Ostwald, have elaborated the theory 
that there is a definite relationship between the 
concentration and the temperature at which crys- 
als will spontaneously form in an initially unseed­

ed solution. This relationship takes the form of a 
so-called Bupersolubility curve which is roughly 
parallel to the usual solubility curve and is located 
ɪɪɪ the supersaturated field. The Miers theory, 
Jvhich has considerable experimental support, states 
hat under normal conditions appreciable spon- 

' aneous formation of crystals will not occur in the 
area between the solubility curve and the super­
solubility curve but that, whenever the concen­
tration is brought into the labile field in which 
concentrations are higher than those corresponding 
to the supersolubility curve, sudden and copious nucleation will occur.

Ihese relationships are shown diagrammatically in Fig. 5 wherein concen­
tration is plotted against temperature. The normal solubility curve is 
shown as line AB, and the supersolubility curve is the dotted line CD. A 
solution at such a temperature and concentration that it is represented by a 
Point below AB (point E, for example) is undersaturated. A solution repre­
sented by point F is metastable and will drop to concentration H if seed 
crystals are added to it, but it will remain at F unless seeds are present. A 
solution represented by point G will spontaneously crystallize, as its concen­
tration will fall to that of point H.

In spite of considerable controversy concerning such questions as to the 
effects of mechanical stimulation and the effect of probability, the Miers 
type of supersolubility curve has been a useful concept in the analysis of 
crystal formation problems from unseeded solutions.

Most of Miers’ work was carried out on solutions that were initially 
unseeded. Since most industrial cases concern seeded solutions, it is impor­
tant to determine whether or not seeded solutions can be maintained for 
appreciable lengths of time under such conditions that nuclei other than the 
seeds themselves do not form. Work carried out on the supersolubility
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relationships of seeded solutions has shown that, if a solution initially without 
seeds is cooled at a definite rate and if definite quantities of a definite size of 
seeds are added when the concentration of the solution reaches saturation, 
there is a definite degree of undercooling corresponding to the formation of 
new nuclei. Other reproducible supersaturation curves are found at which
the rate formation 
of crystals becomes 
a maximum. Re­
sults of such ex­
periments on 
MgSO4∙7H2O are 
shown in Fig. 6. 
The Zi curves show 
where new nuclei 
first formed, and 
the Z2 curves show 
where the rate of 
formation reaches 
a maximum. Su­
persaturated solu­
tions of KCl show 
the same type of 
behavior. Curves

Fig. Qa.—Supersaturation curves, seeded solutions. Effect of 
weight of seed crystals. Grams seeds per 1000 g. solution.

Temperature, Deg.C.
Fig. 6&.—Supersaturation curves, seeded solutions. Effect of 

size of seed crystals.

.2.i. t! Curves 6 >32

4,5,6, t2 Curves
IΛ
2.5.

-⅛0 mesn seeas
14 mesh seeds

5,⅛ 2Í me sh eeds

/Solubility

of the type shown 
in the figure are 
quite readily 
reproducible, 
whereas the super­
saturation curves 
of the Miers type 
are very difficult to 
reproduce except 
under very care­
fully controlled 
conditions, as it is 
very difficult to 
prevent the effects 
of fortuitous 
seeding. The su­
persaturations 
obtained in seeded 
solutions are defi­
nitely considera­
bly less than those 
found in crystal­
lizing unseeded solutions.

These results indicate that the ability of crystals to inoculate a solution and 
to cause the formation of new crystals is an important fundamental factor 
in crystallization.

Curves such as those of Fig. 6 suggest the question whether or not it is 
possible to maintain a supersaturated solution in contact with seed crystals 
for an indefinite period without the formation of new nuclei. Experimental 
results indicate that it is not possible, even at low supersaturations, to sup-
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Fig. 6c.—Supersaturation curves, seeded solutions. Effect of 
cooling rate.

press crystal formation indefinitely in a seeded solution. The lower the 
supersaturation, the slower will be the formation of new nuclei, and the 
longer will be the time that will elapse before new nuclei are formed, but, 
if time enough is allowed, present knowledge indicates that sooner or later 
new nuclei will form. At very low supersaturations, where the material 
available for crys­
tal formation is 
small, but few 
nuclei c an be 
formed before the 
solution reaches 
equilibrium.

If the rate of 
nucleus formation 
ɪs very low and if 
the rate of growth 
is reasonably high 
in comparison 
with the formation 
rate, it is possible 
to maintain a seed­
ed supersaturated 
solution without 
nucleation long 
enough so that the 
original seeds will 
grow to the desired 
size before the new 
nuclei appear. 
The crystalliza­
tion of sugar is an 
example of such a 
case. In sugar 
Crystallization the 
nuclei are formed 
almost instantly 
t>y a sudden in­
crease in super­
saturation. Once 
the initial batch of 
nuclei is formed, 
Supersaturation is 
maintained at a 
point low enough 
that the formation 
θf additional nuclei does not take place before the original crystals have been 
allowed to grow to the desired size. Apparently, this method is not possible 
ɪɪɪ the case where nucleation tends to be too rapid to allow time enough for 
the original seeds to grow to the desired size.

Methods of Forming Crystals in Solutions. In any Ciystallization 
process the nuclei formation should be under control. In a batch process, 
if uniform crystals are desired, it is advisable to form as large a proportion 
as possible of the crystals at the same time, even if additional nucleation 

Fig. 6d.—Supersaturation curves, seeded solutions. Effect of 
stirring rate.

1
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cannot be altogether prevented. Otherwise, a non-uniform crop will be 
obtained. In a continuous process the number of nuclei formed per unit time 
will be continuous and uniform and must equal the number of crystals that 
are withdrawn per unit time from the crystallizer. In a continuous crystal­
lizer either most of the nuclei should form within a narrow zone in the unit 
so that all nuclei can receive the same time of growth (the method applicable 
to the Swenson-Walker crystallizer, p. 1783, for example) or there must be a 
classifying action in the crystallizer which will retain the small crystals 
under treatment until they have grown to the proper size before they are 
removed from the unit (as is done in the continuous vacuum crystallizer, 
p. 1787, for example).

New nuclei may originate in one or more of the following ways:
1. By spontaneous nucleation from unseeded solutions. In this case an 

unseeded solution must be cooled into the labile region as shown by the Miers 
curves.

2. By attrition of existing crystals. If crystals are agitated vigorously, 
small corners and fragments may be broken from existing crystals; such 
fragments and mutilated crystals quickly repair themselves and the fragments 
become new nuclei.

3. Mechanical impact. Mechanical impact in a supersaturated solution 
has been shown to cause nucleation [Young, J. Am. Chem. Soc., 33, 148, 
162 (1911)]. Vigorous stirring, the collision of crystals in the solution, with 
each other or with the walls of the crystallizers, may cause the formation of 
some new nuclei. This formation is over and above that resulting from the 
mechanical fracture of existing crystals. Its importance in industrial 
crystallization is questionable.

4. New crystals are formed due to the inoculating influence of crystals 
already present. This method of crystal formation is probably the most 
important single method and is the method that is subject to the most 
accurato control.

5. Local variations in the concentration of the solution may cause nuclea­
tion in restricted zones. For example, the withdrawal of heat through the 
containing wall will cause temperature gradients near the wall which can 
increase the supersaturation enough to accelerate nucleation. Evaporation 
from the surface may result in abnormally high concentrations in the solution 
at the surface and lead to nucleation. Even surfaces at solution temperature 
sometimes appear to catalyze nucleation near them.

In general, the above causes of nucleation are inextricably interwoven, 
and it is usually not possible to separate them completely in any given case. 
It is possible, however, to emphasize or to suppress individual nucleation 
effects and thereby to facilitate control.

Thus, method 1 is essentially an uncontrolled formation method. In 
general, it is preferable to use method 4 if possible, rather than method 1. 
Figure 16 [Seavoy and Caldwell, Ind. Eng. Chem., 32, 633 (1940)] shows the 
temperature-concentration history'of a batch crystallizer operated two ways: 
first, with an unseeded solution and, second, with a seeded solution. In the 
second case a high supersaturation, characterized by uncontrolled nucleation, 
is prevented.

The formation of crystals by attrition (method 2) should be suppressed 
as much as possible. Such formation occurs at the expense of existing perfect 
crystals and is not subject to adequate control. For practical control 
purposes, methods 3 and 4 can be considered as equivalent. The mechanical 
impact of stirrers or of crystals on each other accounts for only a small 
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pɪoportion of the total nucleation and depends on stirring rate and the 
number and size of crystals existing in the equipment at any given time, 

he much more important inoculating effect is determined by these same 
variables. Increased stirring rate, for example, brings about more uniform 
ɑɪstribution of crystals in the crystallizing solution, which will increase their 
Jnoculating influence. Such effects increase nucleation rate more than they 
ɑo growth rate and are the logical explanation of the general observation 
hat stirring tends to cause small crystals.

Nucleation by method 5 depends largely on the design of the crystallizer 
and the rate at which it is operated. For best control it is advisable to 
suppress this method by reducing as much as possible local variations in the 
temperature or concentration of the solution.

Efiects of Impurities. Impurities in the solution may inhibit the forma­
tion of new nuclei.
must ^
seem

____ The effect of a given impurity cannot be predicted and 
be found by experiment. In general, high molecular-weight materials 
to be the most effective inhibitors.

GEOMETRY OF CRYSTAL GROWTH
As a preliminary to the questions involving the rate of growth of crystals, 

certain facts regarding the geometry of crystal growth are important.

Parallel Displacement of Faces. Translation Velocities
Geometrically, a crystal is a solid bounded by planes. The shape and size 

θf such a solid are a function of the interfacial angles and of the linear dimen­
sions of the faces. As a result of the constancy of its interfacial angles, each 
face of a growing or dissolving crystal, as it moves away from or toward the 
center of the crystali is always parallel to its original position. This fact is 
known as the principle of the parallel displacement of faces. The rate at which 
a face moves in a direction perpendicular to its original position is called the 
translation velocity of that face.

Crystal Habit. From an industrial point of view, the term “crystal 
nabit” refers to the relative sizes of the faces of a crystal. No general law 
controlling crystal habit has been discovered. This property is easily affected 
by conditions of crystal formation and growth. It is very difficult to prepare 
perfect crystals with all faces of the same form equally developed. Small 
amounts of foreign substances wńll often completely change the crystal habit 
°f a material. For example, sodium chloride crystallizes as cubes from a 
pure solution but forms octahedra if precipitated from a solution containing 
urea. The selective adsorption of dyes by the different faces of a crystal 
can greatly modify the habit of the crystal (see France, “Colloid Symposium 
Annual,” vol. 7, pp. 59-87, Wiley, New York, 1930). Phenomena of this 
kind are so general that the prediction of crystal habit is difficult.

Invariant Crystals. Although it is impossible at present to predict the 
crystal habit of a definite material, it is reasonable to assume that under 
constant external conditions the relative translation velocities of the different 
faces of a crystal do not vary during the growth of the crystal. Such a 
crystal is known as an invariant crystal.

The most important property of an invariant crystal is the fact that such 
a crystal remains geometrically similar to its original shape as it grows or 
dissolves.

Overlapping Principle. Since the relative sizes of the individual faces 
of a crystal vary between wide limits, it follows that different faces must 
have different translation velocities. A geometric law of crystal growth
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—Overlap· 
ping principle.

known as the overlapping principle is based on these velocity differences 
and may be stated as follows: In the growing of a crystal, only those faces 
having the lowest translation velocities survive, and, in the dissolving of a 
crystal, only those faces having the highest translation velocities survive. 
For example, consider cross sections of a growing crystal, as in Fig. 7. The 
polygons shown in the figure represent varying stages 
in the growth of the crystal. The faces marked A are 
slow-growing faces (low translation velocities), and the 
faces marked B are fast growing (high translation veloci­
ties). It is apparent from Fig. 7 that the faster B faces 
tend to disappear, as they are “overlapped” by the slower 
A faces.

It has been shown [Valeton, Z. Kryst., 59, 135-169 
(1923)] that the overlapping principle, if combined with 
the principle of the parallel displacement of faces, makes 
it possible to predict the final shape of a crystal when the 
initial shape and the relative translation velocities of the 
faces are known.

Variation of Translation Velocities. The translation 
velocities of the faces of an invariant crystal are not all 
equal, unless the crystal is a regular geometric solid. The smaller faces have 
greater rates of growth, measured in weight per unit area per unit time, than 
have the larger faces. This difference in rate has been found experimentally·

CRYSTAL GROWTH
The earliest theory of crystal shape was the thermodynamic theory of 

Gibbs and Curie. This theory stated that a crystal, as it grows, chooses 
that form compatible with the symmetry of the crystal that gives the mini­
mum surface energy. For commercial sizes, however, the surface-energy 
differences between a thermodynamically stable crystal and one that is 
unstable because of its shape are too small to be of importance.

Rate of Solution. The first theories of the rate of crystal growth con­
sisted of attempts to consider crystallization as the reverse of solution. 
Earlier work by Noyes and Whitney [Z. physik. Chem., 23, 689 (1897)] and 
others led to the establishment of a theory of the rate of solution that has 
been applied to a number of other heterogeneous reaction-velocity problems. 
The theory assumes that such reactions are controlled by the rate of diffusion 
of the reactants and products to and from the solid-liquid interface. Any 
reactions taking place at the interface are very rapid in comparison with 
the diffusion rates. The diffusional resistance is confined to a comparatively 
thin film surrounding the solid, since convection currents equalize the con­
centrations in the bulk of the liquid. Low viscosity and vigorous stirring 
attenuate the film, decrease the diffusional resistance, and increase the 
reaction rate; while high viscosity and poor agitation decrease the reaction 
rate because the films are then relatively thick and the diffusion process is 
slow.

The Berthoud-Valeton Theory [Jr. chim. phys., 10, 625 (1912). Z- 
Kryst., 59, 335-365 (1923); 60, 1-38 (1924)]. This theory assumes that the 
diffusional process is followed in series with a first-order interfacial reaction 
and the net rate of crystallization depends on both reactions. If the con­
centration of a saturated solution is Co, that of the bulk of the solution is C, 
and that of the solution in contact with the crystal surface is C', the rate of 
material deposition is
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dW kS
— = k'S(C' - Co) ≈ ɪ(ɑ " ɑ') (2)

Hhere W is the weight, θ is the time, k is the diffusion coefficient, k, is the 
rate of reaction constant of the interfacial reaction, £ is the surface area, and 
L is the effective film thickness.

ɪf C is eliminated from Eq. (2), the result may be written:

rtTF _ S{C - C0)
(3)d0 ɪ L 

k' + k

There are three corollaries of Eq. (3) :
1. Γhe over-all reaction is of the first order, since for any particular face 

a constant temperature l/(l/7c' + L∕k} is a constant. (This will not be true, 
however, if the interface reaction is not first order.)

2. Although the reaction is one of first order, the value of k, varies from 
ace to face, and so the rates of growth of the individual faces of the same

crystal can vary, in spite of the fact that k (the diffusion film coefficient) is 
constant for all the faces.
. 3. The relative magnitudes of k, and k may vary in different cases. If fc 
ɪs large in comparison with k,, diffusion is an unimportant factor and the 
surface reaction controls the process of crystallization. If k' is large in com- 
Panson with k, the surface reaction has but little influence on the rate, and 
'he diffusion then is the controlling factor. If k' is very large in comparison 

W1 ^ɪɪθ theory becomes identical with the Noyes-Whitney theory.
Effect of Impurities on Crystal Growth. Small amounts of impurities 

Jhay have an important effect on the rate of crystal growth, just as they do on 
ɪhe rate of crystal formation. Apparently, the inhibition of growth is due to 
the adsorption of the impurity on the crystal face. No general rule governing 
■hese phenomena has been discovered. The amount of impurity adsorbed 

depends not only on the material and the impurity but varies from face to 
ace of the same crystal. The face that adsorbs the greatest amount of 

ph purity will have the lowest translation velocities and hence will increase 
1,1L8ιze rθlative to the other faces, in accordance with the overlapping principle 
(France, “Colloid Symposium Annual,” vol. 7, pp. 59-87, Wiley, New' York, 
1930).

The AL Law. It has been shown [McCabe, Ind. Eng. Chem., 21, 30, 112, 
(1929)] that all geometrically similar crystals of the same material suspended 
ɪ? saɪne solution grow at the same rate, if the growth is measured as 
’he increase in length of geometrically corresponding distances on all of the 
crystals. If AL is the increase in linear dimension of one crystal, it is at the 
same time equal to the increase in the corresponding dimension of each of 
rhe other crystals and is independent of the initial size of any of the original 
crystals, provided all crystals in the suspension are treated exactly alike.

Calculation of Screen Analysis of Product from That of Seeds. 
Γhe AL law gives a solution to the following problem:

Problem. Given a saturated solution in which is suspended a known weight of seed 
crystals of known screen analysis, and assuming this solution to be cooled under known 
conditions, what.will be the weight and screen analysis of the crystals at the end of the 
Process, it there is negligible formation of new nuclei?

Ihe weight of material precipitated is calculated in the same manner as is the yield 
ŋɪ a crystallization process (see p. 1760). The distribution of the precipitating material 
ɪakes place in accordance with the ΔL law. If D is the size of the opening óf a sieve that 
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will just pass a given crystal, then D and L can be considered proportional, or
aD = L (4)

and
a AD = AL (5)

where a is a proportionality constant, that is identical for all crystals of the batch. 
Ii ΔL is the same for all crystals, AD is also the same for ail crystals. It has been shown 
that 

where Wp is the weight of product obtained from Ws g. seed crystals, D3 and Wa are the 
coordinates of the cumulative screen analysis curve (where W3 is total weight retained 
on the screen of opening size Ds), and AD is defined in Eq. (5).

The steps in the calculation of the yield and screen analysis of the product of 
a crystal-growth process are:

1. Calculate the theoretical yield from the ratio of seeds to solution and the solu­
bility change of the material during the process.

2. Assume a value of AD, and calculate the weight of the product that corresponds 
to this assumed value by integrating Eq. (6) over the range W3 = 0 to W3 = 100.

3. If the value of Wp calculated in step 2 does not check that calculated in step 1» 
adjust AD by trial and error, until fair agreement is reached between the weights of 
product calculated by the two methods.

4. Using the correct value of AD as determined in step 3, plot the integral curve of 
Eq. (6).

5. Plot Wp against Dp. This plot can be constructed from the data at hand at this 
point, since the integral curve, plotted in step 4, gives the relationship between Wp and 
Ws; the screen-analysis curve of the seeds exhibits D3 as a function of W3: and Dp ≡a 
D3 ÷ AD.

6. From the curve of Wp against Dp that was plotted in step 5, read off the values 
of Wp that correspond to the sizes of the various screen openings, and convert the values 
to percentages of the entire product. The result is the cumulative screen analysis of 
the product. The differential analysis is easily derived from the cumulative analysis 
by subtraction.

Example 5. A Swenson-Walker (see p. 1783) crystallizer is cooling a potassium chlor­
ide solution. It discharges a saturated solution at 60oC. The discharge consists of 1750 
lb. saturated solution and 165 lb. crystals per hour. The screen analysis of the crystals 
is as follows:

Table 1. Screen Analysis of Seeds

Meshes per inch Size of screen opening, cm. Screen analysis, %
Differential Cumulative

On 12 0.¡397 0.0 0.014 0.1168 0.1 0.116 0.0991 2.9 3.020 0.0833 12.7 15.724 0.0701 13.0 28.728 0.0589 25.8 54.532 0.0495 19.6 74.135 0.0417 13.3 87.442 0.0351 6.3 93.748 0.0295 3.6 97.360 0.0246 1.0 98.365 0.0208 1.2 99.5Through 100 (0.0175) * 0.5 100.0



Fig. 8.—Example 5: Screen analyses.
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What would be (α) the weight and (b) the screen analysis of the product if additional 

'sec*on8 wer? added to the crystallizer to cool the above product from 60o to 30oC.?
ι ɪɪθ 8oIubility ɑf potassium chloride at 60oC. is 45.0 parts per 100 parts water, and the 

s° Ubility at 30oC. is 37.35 parts per 100 parts water.
AoLution. The answer to question a, namely the new crop weight, is computed from 

f e solubility data. Since the potassium chloride that precipitates is in the anhydrous 
ɪorrn, and since the 
solubilities given above 
are based on weight of 
water, the increased 
yield due to the cooling 
from 60o to 30oC. is 
45.0 - 37.35 = 7.65 lb. 
Per 100 lb. water, 
bιnce the crystallizer 
dandles (100/145) 
(175 0) = 1206 lb. 
water, the increase in 
vɪeld is (12.06)(7.65)

02.3 lb. The prod­
uct from the new sec­
tion will then be 92.3 
+ 165 = 257.3 lb. 
Vjs*als per ɪɪour. 

‘ his is the answer to 
Question α.

ɪn order to deter­
rui ne the screen analy­
sis of the new product 
(question b), the pro­
cedure of pp. 1773 
Th1774 ÍS applied∙

θ screen analysis of the seed crystals is given in the data of the problem. The second 
nd fourth columns of Table 2 are Dg and Ws, respectively, based on 100 lb. seed crys- 
as∙ The product is (257.3/165)(100) ≡ 156 lb. on this same basis. Step 1 of the 

Piocedure has been completed.
ɪ he second step is the trial-and-error determination of the correct value of ∆Z> that 

corresponds to the required weight increase of 56 lb. per 100 lb. seeds. This is done 
y assigning a value to AD, evaluating the integral of Eq. (6) between the limits W9 =
ɑ and W9 = 0, and thereby calculating a corresponding value of Wp. The required 

va∑uθ °f ʌɪ> ɪ8 *,dat value that gives a value of Wp of 156.
Without reproducing the preliminary trials, it is found that if AD is 0.009, the yield 

requirement is closely met. This value will be shown to be correct in the next step.

Table 2. Coordinates of Ws vs. (1 + 0.009∕Z>β)3 Curve

W, Da
(1+o≡y W. D. (1+0≡)≈

0.0 0.1397 1.21 50 0.0611 1.510.1 .1168 1.25 60 •0563 1.565.0 .0960 1.301.31 80 .0466 1.7010.0 .0901 1.33 90 .0391 1.8620.0 .0789 1.38 95 .0330 2.0630.0 .0695 1.44 98 .0270 2.3740.0 .0653 1.47 100 .0175 3.47
The third step is to substitute AD = 0.009 in Eq. (6) and to calculate the integral 

curve of the equation. This is done by plotting values of (1 + 0.009/Ds)3 as ordinates
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against values of Ws as abscissas. The relationship between Ds and Ws is obtained by 
plotting the second column of the screen-analysis table (Table 1) against the fourth 
column. This curve is curve A of Fig. 8. The coordinates of the (1 + 0.009∕D8)3 vs∙ 
Ws curve are as shown above and the curve is shown in Fig. 9.

The integral 
curve of Eq. (6) is 
obtained by deter­
mining the area 
bounded by the 
curve of Fig. 9, the 
X-axis, the ordinate 
X ≈ 0, and the 
ordinate X = Ws, 
where Ws varies 
from 0 to 100. For 
example, the point 
on the integral 
curve with an ab­
scissa of Ws = 50 is 
equal to the area 
abcda of Fig. 9.

The coordinates 
of points on the 
integral curve, 
which are corre­
sponding values of 
Wp and Ws, are 
shown in Table 3.

It will be seen 
that when AD = 
0.009, Wp = 157.4, 
which is a satisfac- 
tory check with the theoretical yield of 156. The plot of Wr os. ψs is shown in Fig. 10.

Ihe next step, the determination of Wr vs. Dr (the size distribution of the product), 
can now be carnea out. It is convenient to assign values of Dp equal to the actual sizes 
ot openings of the screens, obtain the corresponding values of Ds by subtracting 0.009 
from taese Dp values, read the corresponding values of Ws from curve A of Fig. 8, and 
then read the values of Wp from Fig. 10. The cumulative and differential analyses are 
then readily calculated. The procedure is shown in Table 5.

14ig. 9. Example 5: Graphical integration.

Table 3. Relation between Wr and Ws
Ws Wp

10 6.4 7013.0 8020 26.6 8530 40.8 9040 55.450 70.3 97.560 85.7 100
Limitations of ΔZ Law. It must be understood that the above analysis 

fads completely in any case where crystals are given preferential treatment 
based on size. If larger crystals have a higher velocity relative to the solu­
tion than do smaller ones, the larger crystals will grow more and the smaller 
crystals less, than is called, for by the ΔL law. If there is a classifying action 
ɪn the crystallizer by which small crystals are retained longer than large 
crystals, the ΔL law does not apply. It is applicable only if all crystals,



Fig. 10.—Example 5: Weight of product (Wp) vs. 
weight of seeds (Bzs).
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regardless of size, are treated exactly alike, both as to conditions of growth 
and time of growth. It also 
applies only to the growth of 
existing crystals and is not 
concerned with nucleation.

Surnmary of Work on 
rystal Growth. In spite 

oɪ the considerable disagree­
ment among the published 
Iesearches on crystal growth 
and crystal geometry, certain 
conclusions can be drawn that 
have much evidence in their 
ɪavor:

1. A crystal that grows un­
er constant external con-

ɑitions remains very nearly 
geometrically similar to its 
original shape but relatively 
s*ιght  changes in conditions 
may alter the shape.

2. The addition of small 
amounts of foreign substances 
may profoundly affect the 
«nape of a growing crystal and 
Its rate of growth.

ɜ. Different faces of the 
same crystal usually have 
ɑɪɪɪerent translation velocities.

4. Although the exact mech­
anism and the order of reac- 
ɪon of the growing process are 

ɪɪθt definitely known, the rate 
θ growth of any particular
ace in grams per square centimeter is a function of the supersaturation of the 
ɪɪlk of the solution in contact with that face.

Table 4. Screen Analysis of Product

Meshes per inch D, D8 ½
Dp -0.009 W. Wp

Screen analysis of product
Cumulative Differential

Oa 12 0.1397 0.1307 0.0 0.0 0.0 0.014 .1168 .1078 0.6 1.0 0.6 0.616 .0991 .0901 10.0 13.0 8.3 7.720 .0833 .0743 23.7 32.4 20.8 12.524 .0701 .0611 49.9 70.3 44.6 23.828 .0589 .0499 73.2 107.3 68.2 23.632 .0495 .0405 88.5 134.0 85.1 16.935 .0417 .0327 95.1 145.7 92.5 7.442 .0351 .0261 96.2 152.5 96.8 4.348 .0295 .0205 99.5 156.2 99.2 2.460 .0246 .0156 100.0 157.4 100.0 0.8
The cumulative analysis of the product is shown as curve B, Fig. 8.
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5. It is very doubtful that the differences in solubility of the various faces 
of a single crystal, or of different size particles of the same material, are 
large enough to influence crystal growth unless the crystals are less than 
about 0.002 mm. in diameter.

6. The screen analysis of the product of a crystallization process can be 
calculated from the screen analysis of the seeds and the total yield if the 
formation of new nuclei is neglected during the process and if all crystals are 
subjected to exactly the same conditions of growth.

Simultaneous Growth and Formation of Crystals. In most indus-
trial crystallizations 
growth and nuclea­
tion occur s' 
taneously. The ~ 
result of the com- b 
bined process on the 
size distribution of 
the crystals depends 
on the relative rates 
o f formation and 
growth. Actual ex- § 
perimental data for 
such rates are prac­
tically non-existent 
and at present only 
qualitative reason­
ing can be applied.

simul- ⅛
i c P

Supersaturation

Ą,

C
Q

Suchreasoningmay, rta- Il--Hypotheticalrate curves. Curve A, growth rate; 
. , - i curve B, nucleation rate.however, be useful
in analyzing the effects of the crystallization factors in industrial processes.

For aid in such an analysis, hypothetical curves such as those shown in 
Fig. 11 are useful. Figure 11 shows two rate curves, both plotted against 
supersaturation. Curve A shows the growth rate ⅛ expressed as a coefficient 
giving the rate of increase of linear dimension per unit time. Curve B shows 
the nucleation rate expressed as a coefficient fc.v defined as the number of new 
crystals produced per unit time per existing crystal. On the assumption 
that growth is approximately a first-order reaction, curve A is straight; 
on the other hand, the work of Miers and Ting and others indicates that the 
nucleation rate curve B will start low and remain low in the metastable region 
but will rise sharply at supersaturations corresponding roughly to the point 
where the supersaturation curves found by Ting are located. As men­
tioned above, however, the nucleation rate is not necessarily zero at low' 
Supersaturations.

Figure 11 shows that at low supersaturations growth will tend to pre­
dominate over nucleation, although both rates will be low. At high super­
saturations, especially those in which the nucleation rate has passed the break 
point in the curve, nucleation will predominate strongly over growth.

The positions of curves such as those shown in Fig. 11 will undoubtedly 
vary considerably with changes in such operating variables as stirring rate, 
temperature, concentration, and size and number of crystals present in the 
solution. For example, the position of curve A can be expected to depend 
primarily on viscosity and stirring conditions and, perhaps to some extent, 
on concentration. The position of curve B will undoubtedly be influenced 
by the number of nuclei present in a unit volume of solution, probably by 
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the area of the crystals present, perhaps by the relative motion of the crystals 
o the various sizes through the solution, and possibly by the rate of stirring, 

nucleation at vapor-liquid interfaces or in other localities in a crystallizer 
occurs, curve B will also be affected by such nucleation. Both curves can 
Oe strongly influenced by the presence of impurities.
, ɪɪ1 a batch crystallization wherein the supersaturation varies with time, 
he final result of the crystallization process would depend upon an integrated 

e∏ect along curves such as those shown in Fig. 11. Present knowledge of 
WystalUzation is not sufficient to provide a quantitative basis for such an 
ɪntegration. In a continuous crystallizer, where conditions are constant 
at any given point in the apparatus, the rates at this point will be constant 
and correspond to a definite abscissa on Fig. 11. The higher the Supersatura- 

1°n at a given point, the more will crystal formation tend to predominate 
over crystal growth, whereas at low supersaturations growth will predominate 
over formation, but, in general, it may not be possible to eliminate nucleation 
entirely.

ɪn general, except for such factors as local concentration gradients, the 
∣aie curves of Fig. 11 are independent of the type of apparatus used. If 
ar≡e crystals are desired, low supersaturations must be used or too many 

nuclei will form, regardless of the type of crystallizer used. Low super­
saturations necessarily mean low rates of deposition and large crystals can 

e made only at the expense of low volumetric crystallizer capacity. Certain 
Vpes of equipment tend to produce low Bupersaturations and retain crystals 

under growth conditions for extended times and therefore give relatively 
ar≡e crystals at low capacity.

. The interpretation, of the performance of actual crystallization equipment 
ɪn terms of hypothetical rate curves will be given later.

CRYSTALLIZATION APPARATUS
. To force crystallization, it is necessary to maintain the crystallizing solution 
*n a supersaturated condition. The means chosen for producing and main­
taining Supersaturation usually depend on the solubility-temperature 
relation of the substance to be crystallized [Svanoe, Ind. Eng. Chem., 32, 637 
11940)]. Some solutes, such as sodium chloride, have a very small positive 
temperature coefficient of solubility. Others, such as anhydrous sodium 
Sulfate and sodium carbonate monohydrate, have negative coefficients and 
become less soluble as the temperature is increased. In such cases super­
saturation must be developed by evaporation. Other solutes, e.g., Glauber’s 
salt, Epsom salt, copperas, and hypo, have large positive temperature coeffi­
cients of solubility, and cooling without evaporation can produce the required 
SUpersaturation. In intermediate cases some evaporation in addition to 
cooling may be advisable to build up supersaturation.

The application of cooling as compared with evaporation is also important 
With respect to the yield of the process. If the solubility curve is such that 
the concentration of the final mother liquor is low in comparison with that 
Of the initial solution, cooling without substantial evaporation will give a 
satisfactory yield per pass, and the amount of mother liquor recycled will 
be small. If, however, there is but little solubility change with temperature, 
the yield per pass through the crystallizer will be small if there is no evapora­
tion and a large quantity of mother liquor must be recycled per unit weight of 
Product. In such a case evaporation should be used, either as such or in 
combination with cooling. If the water balance of the entire process requires
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an evaporation step somewhere in the cycle, any evaporation accomplished 
in the crystallizer also reduces the evaporator load.

A classification of crystallization equipment based on the means used to 
develop supersaturation and to control yield per pass is

1. Supersaturation produced by cooling without substantial evaporation:
a. Atmospheric cooling by natural convection. Examples: tank crystal­

lizers, Wulff-Bock crystallizer.
b. Cooling by liquid cooling medium, absorbing heat through metal 

surface. Examples: agitated batch crystallizer, Howard crystallizer, double­
pipe crystallizer, Swenson-Walker crystallizer, Krystal cooling crystallizer.

2. Supersaturation produced by evaporation without substantial cooling, 
where the heat for the evaporation is transferred to the solution through 
metal surfaces. Examples: crystallizing evaporators, Krystal evaporator 
crystallizer.

3. Supersaturation produced by adiabatic evaporation and cooling. 
Example: vacuum crystallizers.

Crystallizers may also be classified in the following manners: batch vs. 
continuous, agitated or non-agitated, classifying or non-classifying. Classi­
fying crystallizers function in such a manner that crystals are retained in 
the crystallizer until they have reached a minimum size before discharge.

Tank Crystallization. Common practice in producing crystals has 
been to prepare hot, nearly saturated solutions and to cool them, by natural 
convection, in open rectangular tanks. Little or no attempt is made to seed 
these tanks, to provide agitation, or to control the crystallization during the 
process. Sometimes rods or strings are hung in the tanks to give the crystals 
additional surface on which to grow and to keep at least a part of the product 
out of the sediment that might collect in the bottom.

When the tanks have cooled sufficiently, which is usually a matter of several 
days, any remaining mother liquor is drained off and the crystals are removed 
by hand. This involves much labor and often results in the inclusion, with 
the crystals, of any impurities that have settled to the bottom of the tank. 
The floor space and labor required and the amount of material tied up in the 
process are large. For moderate capacities, ordinary bathtubs of cheap 
quality are often very satisfactory for batch crystallizers.

The following data from a typical batch crystallization are available 
(G. Μ. Darby, Dorr Co., New York, private communication). The material 
crystallized was copperas (FeSO4YH2O). The concentrated liquor was 
placed in rectangular crystallization tanks about 21 ft. 6 in. long, 10 ft. 8 in. 
wide, and 1 ft. deep. The solution was allowed to cool for from 48 to 96 
hr., and the crystals removed. About 6 hr. were required to drain a tank, 
remove the crystals, and refill. The following data pertain to this process:

Table 5. Tank Crystallization of Copperas

Total time of cycle, hr.* Solution received, gal. Sp. gr. of solution received FeSO4JH2O in solution, lb. Crop, lb. Mother liquor, gal. Sp. gr. of mother liquor
48 1,630 1.400 at 62oC. 11,171 7,275 835 1.240 at l5oC.60 1,630 1.395 at 60oC. 11,085 7,365 945 1.247 at l90C.72 1,630 1.935 at 53oC. 10,994 8,550 815 1.210 at 10°C.96 1,660 1.400 at 51 oC. 11,254 8,787 950 1.201 at 9oC.

* Time of cooling = total time—6 hr. (approx.).
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The mechanism of crystallization in a tank crystallizer can be visualized 

as follows: Ordinarily such crystallizers are open to the atmosphere. They 
lose a considerable proportion of their heat by evaporation and by convection 
at the surface. In all probability such crystallizers are seeded to some 
extent by the atmosphere which will contain seeds and dust from previous 
crystallizations of the same materiał. The evaporation at the surface 
develops local supersaturation at the surface and nucleation tends to occur 
at that point. Nucleation may also occur near the wall of the crystallizer 
because there will be some heat transfer through the walls to the surroundings. 
The loss of heat at the surface and boundaries of the crystallizer causes slow 
convection currents through the solution, and seed crystals are carried with 
Buch currents and grow slowly. Since there is no agitation, as soon as crystals 
are of any appreciable size, they settle in the bottom of the crystallizer and 
ɪnost of the growth occurs in the bottom of the vessel. The convection 
currents coming down from the top and sides of the vessel bring supersatu­
rated solution in contact with the crystals at the bottom and provide a driving 
force for the growth. Since the contact between crystals and solution is 
Poor and the cooling rate is low, the nucleation rate is relatively small, and 
growth predominates over formation. The crystals are usually large and 
tend to interlock. This interlocking may result in the occlusion of mother 
liquor and the introduction of impurities. The size of the individual crystals 
is variable because of the lack of control of the convection currents and the 
lack of agitation. The capacity of such a crystallizer is low because of the 
lew rate, of heat transfer obtainable by atmospheric cooling. The evapora­
tion from the surface is sensitive to the relative humidity of the air, and at 
times in summer weather, when the relative humidity and air temperature 
are both high, production from such equipment may be very low.

In the operation of naturally cooled tank crystallizers, there is no way to 
control either nucleation nor growth except by using suitable lagging, or by 
varying the ratio of tank surface to tank volume. The size of the unit can 
be so chosen that the rate of heat loss corresponds roughly to the cooling 
time necessary to give the desired crystal size.

The Wulfi-Bock Crystallizer. The Wulff-Bock [Griffiths, J. Soc. 
Chem. Ind., 44, 77’ (1925)] type crystallizer has been widely used in Germany 
and in England but has not been used extensively in the United States. It 
consists of a shallow trough set at a slight inclination and mounted on rollers 
bo that it can be rocked from side to side. At frequent intervals along its 
length are partitions extending part way across, so that the liquid, instead of 
flowing directly from one end to the other, flows in a zigzag path. Cooling is 
by natural convection, and the crystallizer is continuously operated.

The slow rate of cooling inherent in the Wulff-Bock crystallizer results 
ɪn a. relatively low capacity, but this crystallizer gives uniform crystals of 
Pnusually large size.

Agitated Batch Crystallizers. Figure 12 shows an agitated batch 
crystallizer. Water is circulated through the cooling coils and the solution 
is agitated by the propellers on the central shaft. This agitation performs 
two functions: (1) It increases the rate of heat transfer and keeps the tem­
perature of the solution more nearly uniform, and (2) by keeping the fine 
crystals in suspension it gives them an opportunity to grow uniformly instead 
of forming large crystals or aggregates. Further, the agitation, combined 
with the more rapid cooling, results in the formation of a large number of 
nuclei as compared with the tank method, and therefore the product of this 
operation is not only more uniform but also very much finer than that from



1782 MECHANICAL SEPARATIONS

the older tanks. The difficulties with this apparatus are: first, that it is a 
batch or discontinuous method; and, second, that the solubility is least in 
the stagnant film on the surface of the cooling coils. Consequently crystal 
growth is most rapid at this point, and the coils rapidly build up with a mass 
of crystals which decreases the rate of heat transfer.

A certain amount of control can be exercised on the crystallization process 
occurring in a batch, artificially cooled crystallizer by varying the rate of 
cooling. As long 
as the solution is 
undersaturated, it 
may be cooled as 
rapidly as the tem­
perature and rate 
of the cooling 
water and the area 
of the cooling 
surface permit. 
When the solution 
becomes super­
saturated, the rate 
of temperature de­
crease should be 
retarded in order 
that the labile re­
gion is not entered. 
It is advisable to 
seed the solution 
at this point to 
prevent the un­
controlled initial 
nucleation charac­
teristic Ofunseeded 
solutions. Once 
there is available 
considerable crys­
tal surface for growth, the rate of heat removal can be increased, provided the 
coils are not so badly salted that effective heat transmission is prevented. The 
rate of temperature decrease may be very small during the period of maximum 
Ciystallization rate, even if the rate of heat transfer is good because of the 
necessity of withdrawing from the solution the latent heat of crystallization.

The Howard Crystallizer. This crystallizer (Fig. 13) consists essentially 
of a vertical conical device through which solution flows in an upward direc­
tion. The upper end of the crystallizer is the wide part of the cone. A 
concentric outer conical chamber serves as a cooling water channel. Crystals 
that are suspended in the upward flowing stream of solution must grow to 
such a size that they will settle through the fastest part of the stream of 
solution at the apex of the cone (the bottom of the crystallizer) before they 
can escape. By regulating the velocity of flow at the bottom of the crystal­
lizer, the size of the product is controlled. On the other hand, the cross 
section of the top of the crystallizer is large, the velocity of the solution is 
low, and the smaller crystals are not carried over the top. The apparatus 
functions both as a crystallizer and as a hydraulic classification device. The 
concentration of the solution is maintained by the inflow of strong solution



Fig. 13.—The Howard crys­
tallizer.
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-1 om a storage tank, and the product is withdrawn continuously in a stream 
'ɔɪ mother liquor.
a ɛ+n°j ^ɪɪθ ^owar^ crystallizer is a continuous one, conditions in it can reach 

s eady state. As the solution flows up through the crystallizing cone 
8 supersaturation increases due to the cooling brought about by the innei 
ooinScone C. Nucleation should start at a fairly definite point in the 
ryStallizer. Nuclei will tend to drop through 
e incoming solution due to the action of 

an^ are thereby continually contacted 
th 7 ∕resb supersaturated solution. Growth 

ciefore occurs, and, when the crystal is large 
enough, it will settle into vessel G. Nucleation 

Ue to the inoculating effect of existing crystals 
accompany the growth in the same zone in 

ich the growth is taking place.
;i ɪθ ŋouble-pipe Crystallizer. [Seavoy 

aɪɪɑ Caldwell, Ind. Eng. Chem., 32, 628 (1940)].
us crystallizer consists essentially of a double- 

r'bh ɪɪθ9^ ex°banger fitted with internal helical 
1 bons. The cooling liquid passes through the 

annular space between the two pipes, and the 
Ciystallizing solution is pumped through 

c inner tube countercurrent to the cooling 
quid. The helical ribbons act as scrapers to 
eθp crystals from building up on the cooling 

.8urface. The scrapers make contact with the 
inner wall of the inside pipe. This crystallizer 
ɪ8 ordinarily used in a continuous batch manner. 
., 18 ɪɔɪaeed in series with a large tank containing 

e s°lution to be cooled, and the solution is 
lɔŋ-ɪɪipθd through the double-pipe unit at a rate 
sufficient to ensure an adequate heat-transfer 
rate.

ɪɪɪθ SWenson-Walker Crystallizer. In 
he United States the most successful continu­

ous crystallizer using a liquid cooling medium 
is the Swenson-Walker crystallizer. This crys- 
allizer is shown in Fig. 14 (Caldwell and 
eavoy, loc. cit.). It consists of an open trough 24 in. wide, with a semi- 

cylindrical bottom, a water jacket welded to the outside of the trough, and a 
ɛlow-speed, long-pitch, spiral agitator set close to the bottom of the trough, 
but not so close as to make contact with the trough. This apparatus is ordi­
narily built in units 10 ft. long, and a number of units may be joined together 
0 give increased capacity. Forty feet is the maximum length usually 

driven from one shaft and, if lengths greater than this are desired, it is usual 
to arrange several such crystallizers, one above the other, and allow the 
solution to cascade from one bank to the other.

The hot concentrated solution to be crystallized is fed at one end of the 
trough, and cooling water usually flows through the jackets, Countercurrent 
to the solution. In order to control crystal size, it is sometimes desirable to 
ɪntroduee an extra amount of water into certain sections. When conditions 
are properly adjusted, nuclei begin to form a short distance from the point 
ʒvhere feed is introduced; these nuclei grow regularly as the solution passes 
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down the length of the crystallizer. The function of the spiral stirrer is 
not especially that of either agitation or conveying the crystals. Its pur­
poses are (1) to prevent an accumulation of crystals on the cooling surface 
and (2) to lift the crystals which have already been formed and shower them 
down through the solution. In this manner the crystals grow while they are 
freely suspended in the 
liquid and therefore are 
usually fairly perfect in­
dividuals, reasonably uni­
form in size, and free from
inclusions or aggrega- INTERMEDIATE BEARING - HANGER
tions.

tallizer there may be an

to the process and the wet Ï
cases, a short section of

delivers them to the cen- ʌw( γ⅛f∣ ⅛κJr Il 
trifuge, while the mother ∣≡ I
liquor overflows at a con-

high capacityj large say- pɪɑ —ɪɪɪθ gwenson.∙yyaiker crystallizer. [Seavoy and 

mg in floor space and in Caldwell, Ind. Eng. Chem., 32, 632 (1940).]
material in process, and
especially a saving in labor. To reach low final temperatures, the cooling can 
be obtained by the use of refrigerated brine instead of cooling water.

The mechanism of crystallization in the Swenson-Walker crystallizer is as 
follows: Preferably the incoming solution should be slightly superheated 
above its supersaturated temperature. It should be cooled uniformly» 
especially through the range of temperature where nucleation first occurs. 
It is possible to seed the solution artificially, but ordinarily seeding is restricted 
to the fortuitous seeding from the atmosphere. If the solution is not seeded 
and is also protected from atmospheric seeding, it will tend to supercool well 
into the supersaturated region and on reaching the Miers curve will tend to 
form in an uncontrolled fashion too many nuclei. Once the nucleation begins, 
either through fortuitous seeding or by entering the Miers labile region, 
crystals and solution flow together through the remaining crystallizer Iength-

It is important that the solution is not shocked at any point in the crystal­
lizer by too rapid local cooling into producing a large crop of nuclei at that 
point. With uniform cooling, a steady growth of the crystals occurs. The 
presence of the crystals, however, and the action of the agitator, together 
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wιth any superficial evaporation from the surface, cause a certain amount of 
continuous nucleation along with the growth. With slow cooling, uniform 
cooling, and a reduction of evaporation at the surface by covering the crystal­
user, a fairly uniform product without too many fines is produced. There 
ɪs no classifying action in the Swenson-Walker, and therefore complete uni- 
ʌvɪ'ɪɪɪɪ^ʒ" ɪ8 ɪ10^ pθ^ɪɪɔɪθ ɪɪɪ the product. Under ideal conditions the Swenson- 

alker should be operated in such a fashion that most of the nuclei are 
rr*leɑ ɪɪɪ a comparatively short length of the crystallizer, and such cooling 

°nαιtιons are maintained that a minimum of nucleation occurs beyond this 
Point. The supersaturation produced in the Swenson-Walker is primarily 

u,Γkθ ɑθŋɪɪɪɪg anζf θnly incidentally to evaporation.
ɪhe capacity of a Swenson-Walker crystallizer is largely determined by 

eat-transfer considerations. An over-all coefficient based on a logarithmic 
average temperature difference of 10 to 25 B.t.u./(oF) (hr.) (sq.ft). 
18 used and an effective heat-transfer area of 3 sq. ft. per running foot of 
eIystallizer assumed. The number of units to be used in parallel depends on 

e total capacity desired. For most inorganic salts such as trisodium 
Phosphate, Glauber’s salt, etc., a production of from 5 to 15 tons per day per 
unιt can be obtained.

Example 6. A Swenson-Walker crystallizer is to cool a 23 per cent solution of Na3PO4 
fɑɪn a temperature of 104o to 770F. During the cooling, Na3PO4.i2H2O is crystallized, 

ɪ iκ desired to produce 500 lb. of product per hour. The solubility of Na3PO4 at 77oF.
ɪə`ð parts anhydrous salt per 100 parts total water. The specific heat of the solution 

be taken as 0.77, and the heat of crystallization of 1 lb. of product is 63 B.t.u. per lb.
0θling water is to enter the crystallizer jacket at 60oF. and is to leave at 680F. The 

cver-all heat-transfer coefficient is 25 B.t.u./(sq. ft.) (hr.)(oF.). What length of 
crVstallizer should be used?

Solution. The weight of solution per hour that will give 500 lb. of crystals is calculated 
“ ^ɪɪθ a,id 0* Eq. (1). The molecular weight of Na3PO4.i2H2O is 380.2, and that 

ŋ Na3Pθ4 is 164.0; R = 380.2/164.0 = 2.32. If a basis of 100 lb. original solution is 
ŋhosen, w0 = 23.0; S = 15.5; and H = 100 - 23.0 = 77.0 lb. The product obtained 
r°ln 100 lb. solution is, by Eq. (1),

(100)(23.0) - (15.5) (77.0) λλ'
c ~ 2∙32 100 - 15.5(2.32 - 1.0) ' “ 3 ’ lb∙

ɪɪi order that 500 lb. per hr. of crop be obtained, a feed of (100/32.2)(500) = 1550 lb. 
∙* s Necessary. The heat to be removed from the crystallizing solution is:

To cool solution (1550)(0.77)(104 - 77) = 32,200 B.t.u. per hr. 
To crystallize: (500)(63) = 31,500 B.t.m per hr.
Total = q = 63,700 B.t.u. per hr.

∏ιe logarithmic mean temperature drop is

(104 - 68) - (77 - 60) 
(∆i)m =----------------ɪɪɪ = 25°f∙

2.303 log 77 _ eo

ɪ he length of crystallizer is

: o... = 63∙7∞.... =34ft
3(7(∆i)m (3)(25)(25)

Four 10-ft. sections should be used.

Crystallizing Evaporators. The development of supersaturation by 
ɪɪ^θans of evaporation without substantial cooling is often carried out in 
eQuipment that has the physical characteristics of an evaporator And, in 
fact, is designed essentially as an evaporator largely because the essential
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DUMP VALVC

Fig. [Seavoy15α.—Batch crystallizer without booster. 
and Caldwell, Ind. Eng. Chem., 32, 628 (1940).]

STEAM

engineering problem is one of heat transfer. Usually the equipment employed 
is so nearly like that used in ordinary evaporation that it is considered to 
be an evaporator, although the crystallization may be the more difficult 
of the two parts of the problem. In the evaporation of a salting liquor 
{e.g.t the precipitation of NaCl from brine in the common-salt industry) 
the crystallization is usu­
ally incidental to the 
evaporation, and no par­
ticular control of size is 
exercised. On the other 
hand, the crystallizing of 
sugar is carried out in a 
vacuum evaporator, but 
the control is based en­
tirely on building a cor­
rect crystal. In this case 
the operator brings the 
syrup to a definite den­
sity, shocks out the de­
sired number of nuclei, 
and grows them to the 
correct size without form­
ing new crystallization 
centers. The control is 
exercised entirely by 
varying the vacuum and 
steam supply.

A special case of evap­
orative crystallization is 
the salt grainer (Badger 
and Baker, “ Inorganic 
Chemical Technology,” 
pp. 15-22). In the salt 
grainer the solution is 
kept hot and supersatu­
ration is developed by 
evaporation rather than 
by cooling. Nucleation 
occurs at the surface of 
the brine, the nuclei tend to be retained at the surface by surface-tension 
effects and to form hopper-shaped crystal agglomerates, which, when large 
enough, break away, drop to the bottom of the grainer, and are raked out by 
slow-moving rakes.

Vacuum Crystallizer. Assume that a warm, saturated solution is fed 
to a lagged closed vessel that is maintained under a vacuum and that the 
solution is fed in such a way that it reaches the surface of the liquid in the 
crystallizer. The solution will have a definite boiling temperature under 
the vacuum existing in the vessel. If this temperature is less than that of thθ 
feed solution, the solution will spontaneously and adiabatically cool to 
the boiling temperature corresponding to the vacuum existing in the vessθɪ 
and reach equilibrium with respect to the vapor in the crystallizer. If the 
solubility of the solute decreases as the temperature decreases, the cooling 
will result in crystallization, not only because of the cooling of the solution» 
but also because of the evaporation of some of the solvent, as the heat evolved
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ɪn the cooling and crystallizing of the solution must appear as latent heat of 
vaporation. Such a crystallizer is a vacuum crystallizer.

n a vacuum crystallizer it is necessary to ensure that the incoming solution 
!ea^es the surface and can thereby flash to equilibrium with the vapor 
in the crystallizer. Artificial circulation is necessary to accomplish this; 
θ ιerwιse the feed will tend to short-circuit to the discharge, especially if the 
Chscharge is at the bottom of the 
cOinmonly used in this equipment, 
a foot of hydrostatic head causes 
a ɑθɑɪded increase in boiling point 
o the solution; if short-circuiting 
occurs, little or no supersaturation 
wi∙ j pro^uced in the short-cir­
cuited solution and it will not de­
posit solid material.

The vacuum crystallizer has 
Pecome very successful during the 
Past few years and continues to 
"θP ace many of the older types 
o the mechanical crystallizer. 
..0ur forms of the vacuum crystal- 
lZ ^rΛre 8^own ɪɪɪ Fig. 15 [Seavoy 
and Caldwell, Ind. Eng. Chem., 32, 
627-636 (1940)]. Figure 15α 
represents a simple type of batch 
vacuum crystallizer. Propeller 
agitators are used to develop a 
swirling action in the crystallizer, 
n case the temperature in the 

Ciystallizer is high enough so that 
¡ le vapor from it is condensable 
jy the cooling water available, the 

vapors from the crystallizer pass 
■ ɪɪθɑ^ɪv to a condenser as shown 
lπ Mg. 15α. In most cases, how­
ever, the cooling water is too warm 
to condense the vapor leaving a 
V acuum crystallizer at the desired 
θɪnperature of operation in the 

pɪ yStallizer. In this case a steam­
jet booster is used to compress the 
? aP°ps to a point where they can 
ɔθ condensed by the cooling water 
available. The air and non-con­
densable gases from the condenser 
are commonly ejected to the atmosphere by further steam-jet equipment. A 
second type of vacuum crystallizer, operated by such a booster, is shown in 

ιg∙ 156. Thistype Isoperatedcontinuously. Thefeedtubeissopositioned 
at the feed solution is forced to the surface and flashes to equilibrium with 

. e vapor. Propeller agitators aid in keeping the crystals in suspension and 
in preventing short circuiting.

k e ^orms θʃ crystallizer shown in Figs. 15c and d can be operated either 
as batch or as continuous units. The combination of propeller and draft 
iɪbe shown in Fig. 15c is effective in preventing short circuiting of the feed. 
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The form shown in Fig. 15d has an external circulating pump which takes 
suction from the side of the crystallizer and discharges tangentially into the 
cone. The agitators can be omitted from this unit. The feed is introduced 
into the circulation stream, and the circulation stream must be large enough 
that the mixed stream is not so supersaturated that it is in the labile condition. 

Batch operation has the advan­
tage of low-steam consumption if a 
steam-jet booster is used. The 
steam required by a steam-jet 
booster to remove 1 lb. of low- 
pressure vapor from the crystallizer 
increases rapidly as the pressure in 
the crystallizer is reduced. In 
batch cooling much of the vapor is 
removed at a relatively high pres­
sure because the solution charged 
tö the crystallizer is essentially hot 
and only at the end of the batch is 
the full pressure differential over the 
booster required and only at the end 
of the process is the maximum 
steam consumption called for. The 
average steam consumption is 
therefore considerably lower than 
is the case for a continuous crys­
tallizer where all vapor must be 
removed under conditions where 
the steam consumption is a maxi­
mum. On the other hand, a 
continuous crystallizer has the 
advantages of lower first cost per
unit of capacity, ease of control, and constant mass of crystals in the unit. It 
is easier in the continuous unit to maintain supersaturations outside of the 
labile field. The concentration vs. time relationship for a typical batch case 
is shown in Fig. 16.

Continuous vacuum crystallizers can be operated to give a steam economy 
approaching that of batch operation by passing the solution through a series 
of units, each provided with its own booster. In the first stages the boosters 
are operating under conditions where the steam consumption is low and only 
the last unit calls for a maximum steam consumption per pound of vapor 
removed. In this way the steam consumption of a continuous unit may be 
reduced, but only at the expense of higher investment costs.

Analysis of Vacuum Crystallizer Operation. The action of a continuous 
vacuum crystallizer in forming and growing crystals may be visualized as 
follows:

Assume that the agitation and circulation in such a crystallizer are adequate 
to ensure homogenous conditions throughout the crystallizing liquid. Assume 
also that the crystallizer is fed constantly with solution of a given con­
centration and temperature and that the pressure in the crystallizer is 
constant.

Under steady-state conditions there must be a definite and constant number 
of crystals in the crystallizer at all times. These crystals will have a definite 
size distribution, and a steady state is reached if the rate of formation and
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Fig. 15d.—Crystallizer with pump circulation.
{Seavoy and Caldwell, Ind. Eng. Chem., 32, 629 
(1940).]
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^rv^⅛∙^°e8∙ ɪɪθ^ c^anSe with. time. Assume also that the operation of the 
untΙ∙z ?Γ ɪ8 such that a crystal will not be able to leave the crystallizer 
enx ɪ , ɪʤ *las rβached a definite s^ze∙ ɪʃɪɪder steady-state conditions the 

erɪng solution immediately flashes to equilibrium temperature. The 
√3. resuIts in a certain amount of evaporation and considerable cooling, 

ich develops in the solution a definite supersolubility. The solution is 
ιxe quickly with the bulk of the solution in the crystallizer and a definite 

rpiPx^SaíUra^on can he assumed to exist in the bulk of the liquid. It is the 
_ a 1yθiy high supersaturation contributed by the flashed solution that 

aɪntains the supersaturation 
a definite average value in 

competition with the efforts of 
e crystals to destroy the 

supersaturation. If the flash- 
solution is blended rapidly

°ugh with the liquor in the 
ŋrʃstallɪzer, it will not form 

w nuclei previous to its in­
corporation with the bulk of 
ι> e ɪ^uɪd. Since at all times 

θre is a definite number of 
J'estais of a definite size range, 

ɪɪ also a definite Supersatura- 
ɪon in the solution, there will 

.,e a ɑθhɪɪite rate of growth and 
efinite rate of formation 

corresponding to a given ab- 
J1χp∙a °n a curve such as that 
f ɪ^jɪɪ*  Sincetherewillbe 
orɪned a constant number of 

Ciystals per unit time, the rate 
Ormation of crystals must 

θ θqual to the rate at which 
crystals are withdrawn from 
t∩e crystallizer. The rate of 
Uucleation must adjust itself in 
such a manner that the num- 

r of crystals formed per unit 
ɪuɪe must equal the number 

θ. crystals withdrawn per unit 
ɪɪne. Also, the rate of growth

ɪɪɪust adjust itself in such a manner that the crystals formed will grow to the 
tk81ζθd s^ze ɪɪɪ ^ɪɪe time available for their growth. If the rate curves are of

θ form shown in Fig. 11, there is only one supersaturation that will give 
oth a correct rate of formation and a correct rate of growth. For larger 

ciystals, growth rate rather than nucleation rate must be emphasized, and a 
ow supersaturation will exist in the crystallizer. For smaller crystals, 

Uucleation will increase relative to growth, and larger supersaturation will be 
Uecessary. Rate of withdrawal (assuming that adequate flashing and vapor 
1 aeration can be maintained) controls all these factors automatically. If the 
raté of withdrawal from the crystallizer is slow, the crystals withdrawn will be 
aιge. The capacity of the crystallizer will decrease^ of course, as the size of 

the crystals is increased.
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Yield from a Vacmim Crystallizer. The calculation of the yield obtainable 
in a vacuum crystallizer depends upon the method used in the heat-balance 
calculations. A vacuum crystallizer operates essentially adiabatically. The 
heat liberated by the solution on cooling to the equilibrium temperature and 
the heat of crystallization are available for vaporizing water from the solution, 
and these thermal effects must balance. If the enthalpy-concentration chart 
is used, the total enthalpy of the vapors and magma leaving the crystallize* - 
must equal the total enthalpy of the feed solution entering the unit.

Eng. Chem., 32, 633 (1940.)]

In case the heat items are computed individually, which is the method to 
be used when the enthalpy-concentration chart is not available, the evapora­
tion can be calculated by means of Eq. (7).

(wo + Ho) (c) (∆i) [100 - S(R - 1)] + qcH(1OOwo - SHo) 
LJlOO - S(R - 1)] - qcRS

where wo is the weight of anhydrous solute; Ho is the total weight of solvent 
in the feed solution; c is the specific heat of the feed solution; ∆t is the tempera­
ture range through which the solution is cooled (temperature of feed to 
temperature of discharge) ; qc is the heat of crystallization per unit weight oɪ 
crystal; Lw is the latent heat of evaporation from the solution; S is the anhy­
drous solubility in parts solute per 100 parts total solvent; and R is the ratio 
of the molecular weight of the crystals to that of the anhydrous salt. When 
the value of E is known, the yield is calculated by means of Eq. (1).

If the enthalpy-concentration chart is used, the simplest method of vacuum 
crystallizer calculation is one based on the “basic construction” applicable 
to the chart. Since the process is adiabatic, a single straight line on the cha* ’ 
must pass through the three points on the chart that represent feed solution, 
magma, and vapor, respectively. Furthermore, the point representing the
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Fig. 17.—Solution to Part δ, Example 7.

1791 
magma must lie on the straight-line isotherm lying in the magma field and 
Oiiesponding to the temperature of the vapor and magma. The point 
θpιesenting the magma is found by locating the intersection of these two 

*ιnes as shown in Fig. 17. The ratio 
crystals to mother liquor in the 

ɪɪiagma is found from the intersection 
. y a,PPiying the lever-arm principle 
o the two line segments on the 

straight-line isotherm.

i-ou∙xam^e7' ʌ continuous vacuum crys- 
allιzer ls fed with ɪθθ θθθ 1r per hr> θf

Per cent solution of MgSO4 at a tem- 
of n *> 1 it °f 183oF. An absolute pressure 
prxre,I n. * per sq∙ ɪɪɪ*  is maintained in the 
tin«1? llzer. by the bθoster, and the solu- 
ras1a *∙θ oF. elevation in boiling point, 
falculate the yield of MgSO4.7H2O, and 

evaporation for this crystallizer:
«· By means of Eqs. (1) and (7). 
o∙ By means of Fig. 1.

0 wtl'0n> Part «:For this take

c = 0.77 B.t.u. per oF. per lb.
Lw ≡= 1080 B.t.u. per lb.
9c ≡ 23 B.t.u. per lb. MgSO4.7H2O 

rj J"be te∏1perature of boiling water at 0.2 lb. per sq. in. absolute is 53oF., and the equilib-
m Cmperature of the solution in the crystallizer is 53 -∣- 10 ≈ 63oF. 

θ remaining numerical values to be substituted in Eqs. (1) and (7) are: 
wo = (0.35)(100,000) = 35,000 lb. per hr.
R = mol∙ wt∙ MgS04.7H20 

mol. WtMgSO4 ~ 2,045
ð == solubility of anhydrous MgSO4 at 63oF. - 33.33 parts MgSO4 per 100 parts 

total water (Fig. 2)
ʌt ≡ 183 — 63 = 120°F.
"0 = 100,000 - 35,000 = 65,000 lb. per hr. 

t∙hen (∞0 + Ho)(c)(∆t)[lOO - S(R - 1)]
v„. = (100,000) (0.77) (120)[100 - 33.33(2.045 - 1)] = 6.022 × 10»

'S≈ΛK)(100w0 - SH0∙) = (23)(2.045)[(100)(35,000) - (33.33)(65,000)]
r i,-,nn - 0.62 × 10»
⅛4(100 - S(R - 1)] _ g,jis = 1080(100 - 33.33(2.045 - 1)] - (23)(2.045)(33.33)

= 68,793 
Eq. (7) the evaporation is:

(6.022)(10∙) - 0.627 × 10» „
__________ _____ ___________ ≈ 7842 lb. per hr.k∙vE<5. (DtheyieX "

„ ,ʌ (100)(35,000) - (33.33)(65,000 - 7842) 
c " (2·04δ)---------100 - (33.33)(2.045 -ɪ ~

≡ 50,050 lb. per hr.
βart ðɪ ɪ^ɪɛɪɪre 17 shows the graphical solution of this problem using values 

1 lbɪ ɪf enthalpy-concentration chart of Fig. 1. From steam tables, the enthalpy of 
IORQ κ Lsteam at a Pressure of 0.2 per sq. in. absolute and a temperature of 63oF. is 
sol + ∙ β*t∙u,. p°int ɑ has the coordinates H = 1089.5, c = 0. The enthalpy of the feed 
enoɪ^ɑɪ1* wb*cb ɪɪas a concentration of 0.35 and a temperature of 183oF., is 0. The 

. r. mates of point ò are H = 0, c = 0.35, and straight line db can be drawn. The 
raɪght line fd is the 63oF. isotherm in the area bcih of Fig. 1. The coordinates of its
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terminals are: point/, II = —49.5, c = 0.25; point d, H = — 157.5, c = 0.488. Lines 
fd and ab intersect at point e, which has the coordinates H = —111.2, c = 0.386. The 
average concentration of the final magma is, therefore, 38.6 per cent MgSO⅛. The 
total magma is (100,000) (0.35/0.386) = 90,673 lb. per hr. The evaporation is, therefore,

(100,000) (1 - 0.35/0.386) = 9327 lb. per hr.
The discrepancy between this figure and that found in part a (7842 lb. per hr.) is a result 
of the approximations made in the heat-balance items used in part a.

The fraction of the magma that is crystalline is
0.386 - 0.25------------------ ---  n κy
0.488 - 0.25

and the yield is (0.571)(90,673) = 51,770 lb. per hr.

The Krystal Classifying Crystallizer. This equipment, also known as 
the Jeremiassen or Oslo crystallizer, is characterized by the fact that the 
supersaturation is produced in a circulating stream, and the supersaturation 
is developed in one part of the unit and released in another. In the crystal­
lizing element itself, the supersaturated solution flows up through a bed of, 
forming and growing crystals and provides a classifying action. Three types 
of Krystal equipment are shown in 
Fig. 18 [Svanoe, Ind. Eng. Chem., 
32, 636 (1940)]. These three types 
differ primarily in the means used 
for developing Bupersaturation. In 
Fig. 18α the supersaturation is ob­
tained by heating the circulating 
stream while under a static head 
great enough to prevent its vapor­
ization and flashing of the heated 
solution in vessel A. The vapor 
released by the flash is removed 
through pipe U. The solution, 
supersaturated with respect to the 
temperature existing in crystallizing 
vessel E, leaves the flash vessel A, 
passes up through a screen in the 
bottom of vessel E, contacts crys­
tals above the screen and loses 
its supersaturation while in con­
tact with them. The overflow stream, leaving vessel A and passing to 
heater H, should be practically saturated. Feed solution is mixed with this 
solution at T. Crystals are drawn off continuously or periodically through 
discharge Μ. Pump F, driven by the motor forces the circulating stream 
through its circuit. Heater H is steam heated. This type of crystallizer is 
used in cases where the supersaturation must be developed entirely by 
evaporation and not by cooling. Two or more of these units can be connected 
in multiple effect just as in the case of an ordinary evaporator. Figure 186 
represents a vacuum type of Krystal unit. This unit is a true vacuum 
crystallizer, in that the supersaturation is developed by adiabatic pressure 
reduction on the hot, concentrated, feed solution. The feed enters at T, 
is incorporated in a circulating cycle stream, and the combined stream flashed 
in flash vessel A. Supersaturated solution passing through pipe B contacts 
growing crystals in crystallizer E, and the flow of liquid in vessel E performs 
a classifying action. Mother liquor is drawn off at N and the magma drawn

Sfeam

M
Motor & 
pump

crystallizer.
5. Vacuum crys- 

[Svanoe, Ind. Eng. Chem., 32, 636,

Pump <5 motor ⅛
α

Fig. 18<ι and &. Krystal 
a. Evaporator crystallizer, 
tallizer.
637 (1940).]
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Fig. 18c.—Cooling crystallizer. [Svanoe, Ind.

bv fh/ʃ' - ^iuoleation can occur ɪɪɪ vessel E by the inoculation of the solution 
0r ɪi e≡≡t*ng crystals and by any impact of the crystals on each other and 
eɑuniθɪ8, θɪ √ιe vessθi∙ ɪɪɪ continuous operation the rate of nucleation must 

Th e nymke.r θɪ finished crystals withdrawn as product.
Iim1; ιθ ɪɪ10 . ^ca^on shown in Fig. 18c develops supersaturation entirely by 
lqυιd coohng. The circulating st: ’

» and supersaturated solution 
ows through pipe B to the bottom 

Ciystallizer E. The feed, w,hich 
ɪ ould be warm and concentrated, 
■ ɪɪ ers a^fc 27∙ It is incorporated 

!mediately in the circulating 
s ɪeaɪn, the combined stream is 
cooled in H, and supersaturation is 
, erθby obtained. The diluting of 

+∙ ? lncorning feed with a compara- 
ɪʌʤ large circulating stream of 

yn°ther liquor allows the solution to 
. e cooled in cooler H without enter- 
ɪɪɪg the labile region and thereby 
a '°ws this cooling to be accom- 
P ιshed without nucleation until the 
solution comes in contact with the 
crystals in E. Vessel G can be 
ɪɪsed to remove very small nuclei 
ʃɪat reach the upper layers of the 

crystallizer E. If small nuclei are 
continually removed, the average 
J^ze of the crystal crop is increased. Eng. Chem∙*  32> 638 (1940).]

he action of vessel G has substantially the same effect as a reduction in the 
ate of nucleation curve shown in Fig. 11. Mother liquor leaves the crys­

tallizer at Μ.
In all forms of the Krystal evaporator the theory of the metastable region 
. a supersaturated solution is applied; nucleation is not obtained in the 

Olution while developing its supersaturation in flash vessel A or cooler H 
oecause the supersaturation developed in these parts is kept low enough 
so that the labile region of the unseeded solution is not entered. This can 

e done because of the large amount of recirculating solution. A small 
SUpersaturation developed in a large recirculating stream makes available to 
the crystallizer enough potential precipitating material to force Crystalliza- 
ɪon in vessel E. In vessel E, however, the presence of the nuclei results, 

not only in the growth, but also in nucleation due to inoculation, impact, 
6Urface, and attrition to supply the nuclei required.

Comparison of Vacuum and Liquid-cooled Crystallizers. In cases 
Vlere the necessary supersaturation can be developed by cooling, the 
choice of a crystallizer usually lies between a mechanical unit, cooled by 
'ɪansmitting heat through a metal wall, and a vacuum unit that has no 

neat-transfer surface in the crystallizer itself. In such a comparison the 
OWenson-Walker may be taken as representative of the mechanical type, 
and the vacuum crystallizers shown in Fig. 15, as representative of the vacuum 
type [Seavoy and Caldwell, Ind. Eng. Chem., 32, 631 (1940)].

The main difference between'the vacuum and mechanical crystallizers is 
that the heat is removed in the vacuum crystallizer without passing it through 
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a heating surface. This gives the vacuum crystallizer several important 
advantages. The absence of large heat-transfer surfaces results in a lower 
first cost for the vacuum crystallizer and also allows the crystallizer to be 
built of corrosion-resisting materials. The absence of the cooling surface 
also eliminates the growth of crystals on a metal surface from which they must 
be removed mechanically during operation. The limitations of the vacuum 
crystallizer are: (1) it usually requires a steam-jet booster to obtain the low 
temperature desired, and the steam consumption may be large; (2) magma 
densities may be too heavy to circulate freely in the crystallizer; (3) it may 
not be possible to attain the desired final temperature. The first limitation 
of high steam consumption has been discussed. Magma density may limit 
the cooling region available because of the difficulty of discharge and the 
difficulties of developing adequate circulation in the crystallizer. The critical 
magma density is approximately 50 to 55 per cent by weight when the density 
of the crystals is not greatly different from the density of the mother liquor 
and 35 to 40 per cent by weight when the differences in densities are relatively 
large.

The difficulty of attaining the desired final temperature may be due to 
the inability of the booster to exhaust at a low enough pressure. The com­
mercial limit of suction pressure obtainable with such equipment is about 
0.11 in. Hg absolute. This corresponds to a water boiling point of 20oF. 
If the solution possesses an appreciable boiling-point elevation, the minimum 
temperature obtainable is increased by the amount of boiling-point elevation. 
For very high boiling-point elevations, such as those encountered in crystalliz­
ing caustic soda, vacuum crystallization is out of the question.

Two further disadvantages of the vacuum crystallizer are: (1) it requires 
more head room than does a mechanical-type crystallizer and (2) rubber 
linings, which are commonly used for corrosive solutions, are unsatisfactory 
for hot acid solutions.

The mechanical crystallizer has the advantage in not requiring vacuum­
producing equipment, of being independent of the vapor pressure of the 
solution, and in requiring no steam. It can also handle stiffer magmas 
than can the vacuum crystallizer because free circulation is not required.

The mechanical crystallizer is frequently limited by the materials of con­
struction. The materials used must be such that they allow the transfer of 
heat and must be structurally strong enough to resist the erosion by the 
crystals and the action of the agitators. The first cost of mechanical crystal­
lizers for large capacities is relatively high even when they can be constructed 
of steel. They are subject also to the difficulties arising from the fouling of 
the cooling surface on the water side if the water is hard. The water side 
of a mechanical crystallizer cannot usually be cleaned readily.

In most cases where either type can be used, costs favor the vacuum 
crystallizer.

dost of Crystallization Equipment. The cost of a Ciystallizing tank 
or an agitated batch crystallizer will approach that of an ordinary tank 
with or without cooling coils and stirrers. The cost of the crystallizing equip­
ment in such cases is a small item in the total cost of the operation, due to 
the heavy labor charges necessary to handle the product of such crystallizers.

The cost of a Swenson-Walker crystallizer on the basis of steel construction 
with heavy drives when decks are 40 ft. long and standard drives when decks 
are 30 ft. long will vary from $70 to $40 per linear foot. The $70 cost is 
for a length of 20 ft., and the lower figure is for a length of 1000 to 
1200 ft.
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The cost of a vacuum crystallizer is largely affected by the cost of the 

vacuum-producing equipment since the balance of the construction is ordinary 
tank and piping practice. If, however, special metals or rubber-lined equip­
ment is necessary, the fabrication costs of the material used must, of course, 
he used. A detailed discussion of other factors that influence the costs of 
Crystallizing in a vacuum crystallizer is given by Seavoy and CaldwelI 
vɑe. ctY.).

Crystallization Costs. It is hardly possible to give general cost curves 
showing the costs of crystallizing the materials that are prepared commer­
cially in the crystalline state. The materials, the conditions of crystalliza­
tion, and the methods of operation are too varied to give general costs, 
⅛ach individual case should be investigated as it arises. All comparative 
costs should be made on the basis of a completed crystalline product, properly 
screened, dried, and ready for packaging. The following specific examples 
rr*ay  be of interest:

Case 1. Crystallization of trisodium phosphate, in naturally cooled vats. Produc- 
hon, 31 tons per 24 hr. The equipment consists of 80 tanks, each 6 ft. by 12 ft. by 2 ft. 
ɪ he time of cooling is 5 days. The first cost of each tank was $150, and 
ɪere $2000. The total investment was (80)(150) + 2000 = $14,000. 
nays per year.

accessory costs
Operation, 300

Annual Costs:
Depreciation at 5 % per year == (14,000)(0.05)................................... $ 700
Average interest at 5%, allowing for interest earned by depreci­

ation reserve = (2¼o) (14,000) (0.05/2)............................................. 368
Repairs, maintenance, and lubrication................................................... 200
Floor rent, 10,080 sq. ft. at $0.20 per sq. ft. = (10,800)(0.20).... 2,016
Power, 20 kw. at $0.01 per kw.-hr. = (20)(24)(300)(0.01)............. 1,440
Interest on material in process, at 5% interest and $0,025 per

lb. = (5)(2000)(31)(0.05)(0.025).......................................................... 387
Labor, 188 man-hr. per day at $0.50 per hr. ≈ (188)(300)(0.50). 28,200

Total annual costs.................................  $33,311

Cost per ton of product (not including centrifuging, drying, screening, etc.) 33,311
(300)(31)

= $3.58
Case 2. Trisodium phosphate, in Swenson-Walker crystallizer. Production, 31 

Ions per 24 hr. The equipment consists of two units, each 40 ft. long. The investment 
was $19,000. Operation is 300 days per year. «

Annual Costs:
Depreciation at 12⅜ % per year = (0.125)(19,000).......................... $ 2,375
Average interest at 5%, allowing for interest earned by depre­

ciation reserve == (⅜) (19,000) (0.05/2).............................................. 535
Repairs, maintenance, and lubrication................................................... 500
Floor rent, 1500 sq. ft. at $0.20 per sq. ft. = (1500)(0.20)............ 300
Interest on material in process, at $0,025 per lb. and 5% inter­

est = (62,000)(0.025)(0.06).................................................................... 77
Power, 15 kw. at $0.01 per kw.-hr. = (15)(24)-(300)(0.01)............. 1,080
Water....................................................................   1,000
Labor, 24 man-hr. per day at $0.60 and 14 man-hr. per day at

$0.50 per hr. = (24 × 0.60 + 14 × 0.50)(300).............................. 6,420
Total annual costs................................................................................. $12,287

Cost per ton of product (not including process costs subsequent to crystallizer) =
12,287

(Sl)(SOO) ~ *1,32
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It should be noted that the crystals produced in Case 2 are small (but more 
uniform and regular) than those obtained in Case 1. Costs of centrifuging, 
drying, screening, reworking of off-size crystals, etc., will be less for Case 2 
than for Case 1. If large crystals are demanded, the more expensive vat 
system would be necessary.

Case 3. Glauber’s salt, in a Swenson-Walker crystallizer. Production, 8 tons in 
24 hr. The equipment consists of one 24-ft. and one 30-ft. crystallizer. The invest­
ment was $2500. Operation is 300 days per year.

Annual Costs:
Depreciation at 10% per year = (0.10)(2500)............................... $ 250.00
Average interest, allowing for interest earned on depreciation

reserve = (ɪ M0) (2500) (0.05/2)....................................................... 68.80
Repairs and maintenance........................................................................ 120.00
Power, 2.25 kw. at $0.0125 per kw.-hr. =

(2.25)(24)(300)(0.0125)....................................................................... 203.00
Water, including fixed and operating costs on pumps................. 600.00
Labor (casual inspection only) 1 hr. per day at $0.60 per hr. =

(0.60) (300)................................................................................................ 180,00
Total annual cost.............................................................................. $1,421.80

1421.80
Cost per ton of product (at crystallizer outlet) = 7g∖7qλ∏∖ ~

The following three cases are given by Seavoy and Caldwell (loc. cit.). 
In each case the design factors and costs are given for two methods: first, 
using a Swenson-Walker crystallizer (Fig. 14) and, second, using a liquid- 
cooled crystallizer. In all cases the costs include the crystallizer and its 
accessories only and do not include costs of processing steps subsequent to 
the crystallization itself.

Case 4. Disodium phosphate, Na2HPO4.i2H2O.
Case δ. Viscose spin-bath liquor, containing by weight 8 per cent H2SO4, 14 per cent 

Na2SO4, 5 per cent glucose, 1 per cent ZnSO4, and 72 per cent H2O.
Case 6. Sulfuric acid solution containing ferrous sulfate to be crystallized as 

FeSO4.7H2O.
The pertinent quantities involved in these cases are shown in the following tables:
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Engineering and Cost Data

4 5 6
Vacuum

Type of crystallizer...............................Type of operation...................................pooling water, gal. per min.... r°.wer for agitation, driver, etc., including pumping, condenser water, h.p.................................................ɪ ower for refrigeration and brine pumping, h.p.........................................P earn consumption, lb. per hr.. ttθtrιgerated brine, gal. per min. ŋnne refrigeration, tons per day Water evaporated, lb. per day.. Materials of construction...............

Vacuum
ThreeSwenson- Walker

Liquid cooled
Swenson- Walker

Liquid cooled Liquid cooledVacuum
Double

Steel and cast iron Steel and leadApprox. space (length, width, height).Installation costj....................................operating costs, cost per year.Interest and depreciation 15 per cent......................................................Pooling water at 1 ct. per 1000 gal....................................................................Rower at 1 ct. per kw.-hr.................Refrigeration at 1.4 kw.-hr. per ton refrigeration.................................Oteam at 30 cts. per 1000 lb....Rabor at 70 cts. per man-hr.... Maintenance................................................Gross operating cost......................∖τ f°r wa^ler evaporated.... Net operating cost...........................

100' × 50' × 10' $52,000 30' × 10' ×40' $28,000
Nickel and nickel- ciad steel 100' × 50'× 10' $140,000

94,000Rubber- lined steel45' × 20' ×55' $65,000 30' × 10, × 10' $30,000

35,000Rubber- lined steel 20, × 15' ×55' $18,000
$7,800 $4,200 $21,000 $9,7501,8684,510 1,5563,350 4,840 15,0405,150

$4,5009331,450
. $2,7003,5002,160

5,3283,12022,626$22,626
1,6852,66470014,1553,629 § $10,526

30,25010,6568,40075,146$75,146
20,7505,3281,95057,96812,700∣( $45,268

8,2252,6643,00020,772$20,772
5,1842,66454016,7484,730∣[ $12,018

* Not including cooling water for ammonia condenser.T Cool part way with water. Not including cooling for ammonia condenser.Ï Exclusive of building and foundations.S Triple effect economy: 0.4 lb. steam per lb. evaporation.lɪ Single effect economy: 1.25 lb. steam per lb. evaporation.
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Operating Conditions and Thermal Data

Feed to crystallizer, gal. per 24 hr......................................................................Crystals, lb. per 24 hr......................................................................................................Feed density, °Bé..................................................................................................................Feed temperature, oF.......................................................................................................Final temperature, 0F.......................................................................................................Initial crystallization temperature, oF.............................................................Boiling-point elevation of feed solution, 0F................................................Boiling-point elevation of mother liquor, oF.............................................Available cooling water temp, (max.), oF....................................................Available steam pressure, lb. per sq. in.........................................................Specific heat of solution and mother liquor (assumed)...................Specific heat of crystals.... ............................................................................................Heat of crystallization, B.t.u. per lb. crystal............................................Available refrigerated brine, oF..............................................................................

80,000300,00032190100142108801250.850.4070
CAKING OF CRYSTALS

A problem that is often met in handling crystalline products is their 
tendency to cake or bind together. This is often troublesome in bulk storage 
or in barreled products, but is most serious in those cases where crystals 
are sold,in small packages. The difficulty may exist in degrees, varying from 
loose aggregates that fall apart between the fingers, to solid lumps that can 
be crushed only by considerable force. The demand of the average consumer 
that the material shall flow freely from the package makes the prevention of 
caking a serious problem for the manufacturer.

Critical Humidity. Just as the vapor pressure of water is fixed by its 
temperature, so the vapor pressure of any solution is fixed by its tempera­
ture at an amount somewhat lower than the vapor pressure of water at that 
temperature. If a saturated solution is brought into contact with air in which 
the partial pressure of water is less than the vapor pressure of the solution, 
the solution will evaporate. On the other hand, if the air contains more 
moisture than this limiting amount, the solution will absorb water until it is 
so dilute that its vapor pressure is equal to the partial pressure of the moisture 
of the air with which it is in contact. If a crystal of a soluble salt is in contact 
with air that contains less water than would be in equilibrium with the satu­
rated solution, the crystal must stay dry, because if it were surrounded with a 
film of solution, that solution would necessarily evaporate. On the other 
hand, if the crystal is brought into contact with air containing more moisture 
than would be in equilibrium with its saturated solution, then the crystal 
will become damp and in time will absorb water until it is completely dis­
solved, and the solution is so dilute that it is in equilibrium with the air.

In the range of temperatures around ordinary room temperature, the vapor 
pressure of a given solution varies with temperature in such a way that it is 
nearly a constant percentage of the vapor pressure of water at the same tem­
perature. Saturated sodium chloride, for instance, has a vapor pressure 
approximately 80 per cent of that of water at the same temperature. If 
sodium chloride, therefore, is brought into contact with air of more than 
80 per cent relative humidity it will absorb moisture, while if it is brought into 
contact with air of less than 80 per cent relative humidity it will stay dry. 
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i» Γ ‰us f.ol,lows ldl° ɑθneθptɪon of critical humidity of a solid salt. This 
it ιi hξmidity above which it will always become damp and below which 
der' Jt ayS 8tay dry' lf the cry8tal should be coated with impurities 

Jved from, the mother liquor from which it was separated (in the case of 
oɑɪum chloride such impurities would be calcium and magnesium chlorides), 

" ɪs may result in a critical humidity higher or lower than that of the pure 
, according to whether the impurities give solutions having greater or 

c,√∣. viJp1°r PressurCS than that of the salt in question. Consequently, the 
ɪ ιcal humidity of a commercial grade of a crystalline material may differ 

PPieciably from the critical humidity of the pure substance.
for reVnti°n °f 0akin≡∙ Suppose a sample of sodium chloride be exposed 
th a+μlort t*me to an atmosphere more moist than its critical humidity and 
ɪɔ en that it be removed to an atmosphere less moist than its critical humidity.

urɪng the first period it will absorb more moisture, and during the second 
0μ∣nθ. lt "ɪɪʃ ɪθsθ this moisture. If the crystals are large, so that there are 

atιvely few points of contact and there is a large free volume between the 
rystals, there will probably be no appreciable bonding of the crystals due to 

tl *8 8oJu^0n and rθevaporation, if the time of exposure is not too great. If, on 
e other hand, the crystals are fine, or have a small percentage of voids, or 
θ in contact with a moist atmosphere for a long time, sufficient moisture 

⅛ay1~e absorbed to fill the voids entirely with saturated solution; and when 
ls has been reevaporated the crystals will lock into a solid mass. Conse­

quently, to prevent the caking of such salts, the following conditions are 
esɪrable: (1) the highest possible critical humidity; (2) a product containing 
nɪiorm grains with the maximum percentage of voids and the fewest possible 

Points of contact; (3) a coating of powdery inert material that can absorb 
eas°nable amounts of moisture.

• ɪ *le. °ondition (maximum critical humidity) is often met by removing 
impurities, such as calcium chloride in the case of common salt, free acid 
"here a salt is formed in acid solution, etc. It often happens that the impuri- 
,ιes have a lower critical humidity than the product desired, although this 
*8 entirely accidental. To increase the per cent of voids, it is not necessary 

. produce larger crystals but to produce a more uniform mixture. For a 
given crystal form, and for absolutely uniform crystals as to size, the per cent 
P1 voids is the same no matter what the size of the crystals. A variation 
ɪh Particle size, however, rapidly decreases the per cent of voids. On the 
uther hand, a fine product has more points of contact per unit volume than a 
coarse one and, hence, a greater tendency to cake. The third remedy is not 
always applicable. Illustrations of its use are dusting of table salt with 
magnesia or tricalcium phosphate and the dusting of flake calcium chloride 
1-5 per cent HsO) with anhydrous calcium chloride.

borne hydrated salts have a melting point so near room temperature that 
hey may sometimes be stored under conditions where fusion begins. Here 

⅛am the same considerations hold, for, if the percentage of voids is large or 
he points of contact between adjacent crystals few, the amount of fused 

material may not be sufficient to lock crystals together on resolidification.
'. due to extremely fine crystal size or a mixture of sizes, the percentage of 

y°ιds is too far reduced or the number of points of contact too greatly 
increased, the crystals may be firmly locked on resolidification. In this case, 
uɪso, caking may be partly prevented by dusting the crystals with powdered 
material. In the case of hydrated salts, this powdery material may be 
Produced from the salt itself by drying under such conditions that a very thin 
surface layer is dehydrated.
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HEATS OF SOLUTION
Inorganic Substances

Heat evolved, in kilogram calories per gram formula weight, on solution in water at 18oC. 
Computed from data in Bichowsky and Rossini “Thermochemistry of Chemical 

Substances,” Reinhold, 1936

* The numbers represent mois of water used to dissolve 1 g. formula weight of substance; ∞ means “infinite dilution”; and aq means “aqueous solution of unspecified dilution.”

Substance Dilution* Formula Heat,⅛i⅛g.-mol
Aluminum bromide............................................................. aq AlBr8 +85.3

chloride................................................................................... 600 AlCl8 +77.9600 A1C18,6H2O +13.2fluoride.......................................................................................... aq AlF8 +31
aq A1F8.½H2O + 19.0
aq A1F8.3½H2O -1.7

iodide ............................................................... aq AlI3 +89.0sulfate aq Al2(SO4)8 +126
aq A12(SO4)8.6H2O +56.2
aq A12(SO4)8.18H2O +6.7

Ammonium hromιde .................................................. aq NH4Br —4.45
chloride ..................................................................- NH4Cl -3.82
e.hr∩mn.te. .................................................................. aq (NH4)2CrO4 -5.82
dic.hromate, .......................................................... 600 (NH4)2Cr2Or -12.9iodide .....................   -.................................................. ... aq NH4I —3.56nitrate .................................... ...................................  - ∙ ∞ NH4NO8 -6.47perborate................................................... .............................. a# NH1BO8-H2O -9.0sulfate ........................................................................................... co (NH1)2SO4 -2.75
sulfate, acid................... .. ................................................ 800 NH4HSO4 +0.56
pulfite ................................. ...................... aq (NH4)2SO8 -1.2

aq (NH4)2SO8-H2O -4.13
Antimony fluoride............................................................... aq SbF3 — 1.7

iodide , ....................................................................... aq SbI3 -0.8Arsenic acid................................................................................... aq H3AsO4 -0.4
Rnrium bromate . ....................................................... 00 -15.9

bromide. ............................................................ ∞ +5.3
co BaBr2-HiO -0.8
co BaBr2JH2O -3.87

chlorate ......................................................................... CO -6.7
OO Ba(ClO8)2-H2O -10.6

chloride .................................................................... OO BaCl2 +2.4
OO BaCl2-H2O —2.17
00 BaCl2JH2O -4.5cyanide.......................................................................................... aq Ba(CN)2 +∣.5
aq Ba(CN)2-H2O -2.4
G√ Ba(CN)2JH2O -4.9

iodate ....................................................................... OO Ba(IO3)2 -9.1
co Ba(IO8)2-H2O -11.3

iodide ............................................................................. oo BaI2 +10.5
co BaI2-H2O +2.7
CO BaI2-ZH2O +0.14
00 BaI2J⅛H2O -0.58
00 BaI2JH2O -6.61

nitrate .................................................................... 00 -10.2
perch 1 orate ...................................................................... 00 -2.8

00 Ba(ClO4)2JH2O -10.5
sulfide ............................................................................... 00 BaS +7.2Beryllium bromide....................................... .. ........................... aq BeBr2 +62.6chloride .................................... ∙................................. aq BeCl2 +51.1
iodide ..................................................................................... aq +72.6sulfate ........................... ............................... aq BeSO4 +18.1

aq BeSO4-H2O +13.5
aq BeSO4JH2O +7.9
aq BeSO4.4H2O +1.1------------------------—"
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Inorganic Substances.—(Continued)Substancebismuth iodide....ŋɔrɪe acid.........................Cadmium bromide........................chloride................
ɑɪtrate.................sulfate.................

Calcium acetate bromide...............chloride................
formate, ɪodide..nitrate..
Phosphate, mono-.sulfate. dibasic

Chromous chloride, 
iodide....Cobaltous bromide’.chloride................
iodide, sulfate.

Cupric acetate...........ɪ ormate.......................ɑitrate....................
sulfate..................................................

Cuprous sulfate................................ferric chloride...................................

Dilution Formula Heat. ⅛⅛ g.-molBiI3 +3
aq H3BO3 -5.4400 CdBr2 +0.4400 CdBr2.4H2O -7.3400 CdCl2 +3.1400 CdCl2-H2O +0.6400 CdCI2J½H2O -3.00400 CdCl2.4H2O —93.7400 Cd(NO3)2-H2O +4.17400 Cd(NO3)2JH2O -5.08400 CdSO4 + 10.69400 CdSO4-HsO +6.05400 CdSO4∙2⅜H2O +2.51
OO Ca(C2H3O2)2 +7.6
OO Ca(C2H3O2)2-H2O +6.5
00 CaBr2 +24.86co CaBr2.6H2O —0.9
OO CaCl2 +4.9
OO CaCl2-H2O + 12.3
00 CaCl2JH2O +12.5
00 CaCl2.4H2O +2.4
oo CaCl2.6H2O -4.11400 Ca(CHO2)2 +0.7
00 CaI2 +28.0
oo CaI2.8H2O +∣.8
00 Ca(NO3)2 +4.1
00 Ca(NO3)2-H2O +0.7
00 Ca(NOs)s,2HsO -3.2
OO Ca(NO3)2JH2O -4.2
OO Ca(NO3)2JH2O -7.99
aq Ca(H2PO4)2-H2O -0.6
aq CaHPO4JH2O — ICaSOi +5.1
∞ CaSO4.¼H2O +3.6
oo CaSO4JH2O -0.18
aq CrCl2CrCl2JH2OCrCl2.4H2O + 18.6+5.3+3.0
aq CrI2 +6.3
aq CoBr2 +18.4
aq CoBr2.6H2O -1.25400 CoCl2 +18.5400 CoCl2JH2O +9.8400 CoCWH2O -2.9cι⅛ CoI2 +18.8400 CoSO4 +15.0400 CoSO4JH2O -1.4400 CoSO4JH2O -3.6
aq Cu(C2H3O2)2 +2.4
a∣ι Cu(CHO2)2 +0.5200 Cu(NO3)2 + 10.3200 Cu(NO3)2JH2O -2.6200 Cu(NO3)2JH2O -10.7800 CuSO4CuSO4-H2OCuSO4JH2OCuSO4JH2O

+15.9+9.3+3.65-2.85
aq Cu2SO4 +11.61000 FeCl3 +31.710001000 FeCl3J½H2OFeCh 6H∙>O +21.0800 Fe(NO3)3-QH2O -9 J
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Inorganic Substances.—(Continued')

Substance
Ferrous bromide...........................................................................chloride...........................................................................................

iodide................................................................................................sulfate...............................................................................................
Lead acetate....................................................................................bromide..........................................................................................chloride...........................................................................................formate...........................................................................................nitrate........... .. ................................................................................Lithium bromide..........................................................................

chloride...........................................................................................
fluoride............................................................................................hydroxide......................................................................................
iodide................................................................................................
nitrate...............................................................................................sulfate...............................................................................................

Magnesium bromide................................................................
chloride...........................................................................................
iodide................................................................................................nitrate..............................................................................................phosphate.....................................................................................sulfate...............................................................................................

sulfide................................................................................................Manganic nitrate.........................................................................
sulfate...............................................................................................Manganous acetate...................................................................

Dilution Formula Heat,⅛⅛g.-mol
aq FeB Γ2 +∣8.0400 FeCl2 +17.9400 FeCl2JH2O +8.7400 FeCl2.4H2O +2.7
aq FeI2 +23.3400 FeSO1 +14.7400 FeSO4-H2O +7.35400 FeSOUH2O + ∣.4400 FeSO4JH2O -4.4400 Pb(C2H3O2)2 +1.4400 Pb(C2HA)2JH2O -5.9OQ PbBr2 -10.1
aq PbCl2 -3.4
aq Pb(CHO2)2 -6.9400 Pb(NO3)2 -7.61co LiBr + 11.54
OO LiBr.H20 +5.30
OO LiBrJH2O +2.05
OO LiBrJH2O -1.59
oo LiCl +8.66
OO LiCLH2O +4.45
OO LiClJH2O + 1.07
OO LιC1.3H2O -1.98
00 LiF -0.74oo LiOH +4.74
OO LiOH. ⅛H2O +4.39
OO Li0H.H20 +9.6
OO LiI + 14.92
00 LiI.½H20 + 10.08
00 LiLH2O +6.93
OO LiIJH2O +3.43co LiIJH2O -0.!7
αθ LiNO3 +0.466co LiNO3JH2O -7.87
CO LiSO1 +6.71
OO LiSO4-H2O +3.77
00 MgBr2 +43.7
00 MgBr2-H2O +35.9
00 MgBr2.6H2O + 19.8
00 MgCl2 +36.3
00 MgCl2JH2O +20.8
OO MgCl2JH2O + 10.5co MgCl2.6H2O +3.4
00 MgI2 +50.2
OO Mg(Nθ3)2.6H2O -3.7
aq Mg3(PO1)2 +10.2
oo MgSO4 +21.1co MgSO4-H2O + 14.0co MgSO4JH2O +ll.7
00 MgSO4.4H2O +4.9co MgSO1JH2O +0.55oo MgSO4JH2O -3.18
aq MgS +25.8400 Mn(NO3)2 + 12.9400 Mn(NOe)2JH2O -3.9400 Mn(NO3)2JH2O -6.2
aq Mn2(SO4)S +22
aq Mn(c2H302)2 + 12.2
aq Mn(C2H3O2)2AH2O + 1.6
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Inorganic Sub stances.—(JCoitiinued)SubstanceManganous, bromide........... .~~~~~.
chloride...............................
ɪθrmate................................iodide...........................
sulfate...................................

Mercuric acetate...bromide......................chloride..nitrate..'.'.∖∖...........................................................................Mercurous nitrate.’.’.’.’ .’.' i .’ '. ∖ ∖ i ∖.'.’ i i i iNickel bromide..................chloride............................  
iodide....nitrate........... ..  ^.....∖ .’ ^.’.’.’.' ’.’ .∖ .∖ 'sulfate..............

Phosphoric acid, ortho.........................................................
pyro-...........................................................Potassium acetate......................................................................aluminum sulfate..................................................................

bicarbonate.................................................................................bromate..........................................................................................bromide...........carbonate.. . ʌ Z "
chlorate...........................................................................................chloride................................................... i " . i i λ' .chromate 7. '..'. /. Í i. Ï i Ï i i.' i Í '/ chrome sulfate..........................................................................
cyanide............................................................................................dichromate...................................................................................fluoride............................................................................................

Dilution Formula ct kg-cal.Heat,--------,g.-mol
αtf MnBr2 + 15
aq MnBr2-H2O + 14.4
aq MnBr2.4H2O + 16.1400 MnCl2 +16.0400 MnCI2JH2O +8.2400 MnCl2AH2O +1.5
α</ Mn(CHO2)2 +4.3«4 Mn(CHO2)2JH2O -2.9
a⅛ Mnl2 +26 J
aq MnI2-H2O +24.1
aq MnI2.2H2O +22.7
aq MnI2.4H2O +19.9
aq MnI2.6H2O +21.2400 MnSOi +13.8400 MnSO4-H2O + 11.9400 MnSO4.7H2O -1.7
aq Hg(C2H3O2)2 -4.0
aq HgBr2 -2.4
aq HgCl2 —3.3
aq Hg(NOs)2J4H2O -0.7
aq Hg2(NO3)2JH2O -11.5
aq NiBr2 +19.0
aq NiBr2JH2O +0.2800 NiCl2 + 19.23800 NiCl2JH2O + 10.4800 NiClUH2O +4.2800 NiCIUH2O -1.15
aq NiI2 +19.4200 Ni(NO3)2 + 11.8200 Ni(NOs)2.6H2O -7.5200 NiSOi +15.1200 NiSO4.7H2O -4.2400 H3POi +2.79400 H3P0i.½H20 -0.1
aq H4P2O7 +25.9
aq HiP2OrJ ½H2O +4.65KC2H3O2 +3.55600 KAl(SOi)2 +48.5600 KAl(SO4)2JH2OKAl(SO4)2-HH2O +26.6-10.12000 KHCO3 -5.1
CO KBrO3 -10.13
∞ ICBr —5.13
co K2CO3K2CO3. ½h2oK2CO3J ½h2o

+6.58+4.25-0.43
oo KClO3 — 10.31
OO KCl -4.4042185 K2CrO4 -4.9600 KCr(SOi)2KCr(SO1)2.H2OKCr(SO4)2JH2OKCr(SOi)UH2OKCr(SOι)2.12H2O

+55+42+33+7-9.5200 KCN -3.01600 K2Cr2Or -17.8
oo KF +3.96
oo KFJH2O -1.85OO KF.4H2O -6.05
OO KHS +0.86
OO khs.¼h2o + ∣.21hydrosulfide................................................................................
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Inorganic Substances.—(Continued) kg.-cal.g.-molSubstance Dilution Formula Heat,
Potassium, hydroxide.

iodate................................................................................................iodide................................................................................................nitrate..............................................................................................oxalate.............................................................................................perchlorate...................................................................................permanganate...........................................................................phosphate, dihydrogen....................................................pyrosulfite............................................................ ........................sulfate...............................................................................................sulfate, acid................................................................................sulfide...............................................................................................sulfite................................................................................................thiocyanate.................................................................................thionate, di-...............................................................................thiosulfate............................................................................Silver acetate..................................................................................nitrate..............................................................................................Sodium acetate..............................................................................arsenate..........................................................................................bicarbonate.................................................................................borate, tetra-.............................................................................bromide............................... ...........................................................carbonate.......................................................................... ...
chlorate...........................................................................................chloride...........................................................................................chromate........................................................................................
cyanide............................................................................................
fluoride............................................................................................hydrosulfide................................................................................hydroxide......................................................................................
iodide.............................................................................. ..................metaphosphate........................................................................nitrate..............................................................................................nitrite................................................................................................perchlorate...................................................................................phosphate, di-..........................................................................tri-........................................................................

∞ KOH 
koh,⅝h2o

+ 12.91+4.27
OO koh.h2o +3.48
00 K0H.7Hs0 +0.86
00 KIOs -6.93
oo KI -5.23
00 KNOs -8.633400 KsCjO* -4.6KsC3O1H3O -7.5
00 KCiO* -12.94400 KMnO* -10.4ɑ? KHsPO* +4.7
cal K3SsO3 -11.0
aq K3S3O3. JjH3O -10.22
oo KsSO* -6.32800 KHSO* -3.10
oo KsS -11.0
aq K2SO3 + 1.8
aq KsS03.H20 +1.37
oo KCNS -6.080# K2SsOs -13.0
OO KsS2O3 -4.5
aq AgCsH3Os -5.4200 AgNO3 -4.4
oo NaC2H3Os +4.085
co NaC3H3O3JH2O -4.665500 Na3AsO* + 15.6500 Na3AsO4J 2HsO — 12.611800 NaHCO3 -4.1900 Na3B4Or + 10.0900 Na2BiOiJOHsO -16.8
00 NaBr —0.58
00 NaBrJH2O -4.57
OO NasCO3 +5.57
00 Na2CO3-HsO +2.19
oo NasCO3JH2O -10.81
OO NasCO3JOHsO -16.22
OO NaClO3 —5.37
OO NaCl -1.164800 Na2CrO* +2.50800 NasCrO4JHsO -7.52800 Na2CrO4JOHsO -16.0200 NaCN -0.37200 NaCN.½HsO -0.92200 NaCNJHsO -4.41
00 NaF -0.27
oo NaHS +4.62
oɔ NaHSJH2O -1.49
oo NaOH +10.18
00 NaOH. ½H2O +8.17
oθ NaOH.⅜HsO +7.08
00 NaOH. JiH3O +6.48
00 NaOH-H2O +5.17
oo NaI +1.57
00 NaI 2HsO -3.89600 NaPOs +3.97
00 NaNOs -5.05NaNO2 -3.6
00 NaClO* -4.151600 NasHPO* +5.211600 Na3PO1 + 13



1805HEATS OF SOLUTION

Inorganic Substances.—(Concluded)

SubstanceSodium, phosphate...................di-.............................
Phosphite, mono-......................di-...............................Pyrophosphate.............................di-..............................sulfate.............................sulfate, acid....................................sulfide...........................

sulfite..........................................JLiocyanate.................................thionate, di-......................................thiosulfate..........................................Stannic bromide.................................ðtannous bromide q iodide...........................*-'jPntium acetate.............................Lromide.................................................
chloride..................................................
iodide..............................................
nitrate................................................ς ≡y⅜te.....................................................sulfuric acid, pyro-.........................2⅛c acetate............................................
bromide.................................................chloride...... ' .....................iodide.....'.nitrate...........'.... '... '. /sulfate.......................................................

Dilution Formula Heat,⅛⅛g.-mol1600 Na3PO4J 2H2O — 15.31600 Na2HPO4JH2O -0.821600 Na2HPO4JHiO -12.041600 Na2HPOdJ 2H2O -23.18600 NaH2POs +0.90600 NaH2PO3.2½H2O -5.29800 Na2HPO3 +9.30800 Na2HPO3.5H2O -4.541600 Na4P2Oz +11.91600 Na4P2O2JOH2O -11.71200 Na2H2P2Oz -2.21200 Na2H2P2O7.6H2O -14.0∞ Na2SO4 +0.28∞ Na2SOdJOH2O -18.74800 NaHSO4 +¡.74800 NaHSO4-H2O +0.15
OO Na2S +15.2
00 Na2S.4½H2O +0.09
OO Na2S.5H2O -6.54
oo Na2S.9H2O -16.65
OO Na2SO3 +2.8
co Na2SO3JB2O -HJ
00 NaCNS -1.83ɑð Na2S2Oe -5.80
<⅛ Na2S206.2H20 -11.86
aq Na2S2O3 +2.0
OQ Na2S2O3∙5H2O -11.30
aq SnBr4 +15.5
aq SnBr2 -1.6
aq SnI2 -5.8
00 Sr(C2H3O2)2 +6.2
oo Sr(C2H3O2)2. ¼H2O +5.9
co SrBr2 +16.4
CO SrBr2-H2O +9.25
co SrBr2.2H2O +6.5
00 SrBr2.4H2O +0.4
OO SrBr2.6H2O -6.1
co SrCl2 +11.54
OO SrCl2-H2O +6.4co SrQ2JH2O +2.95
OO SrCl2JH2O -7.1
00 SrI2 +20.7
00 SrI2-H2O +12.65
00 SrI2.2H2O +10.4
00 SrI2.6H2O -4.5
OO Sr(NO3)2 -4.8
co Sr(NO3)2.4H2O -12.4
OO SrSO4 +0.5
00 H2S2O7 -18.08400 Zn(C2H3O2)2 +9.8400 Zn ( C2H3O2)2.H2O +7.0400 Zn ( C2H3O2) 2.2H2O +3.9400 ZnBr2 + 15.0400 ZnCl2 +15.72
aq ZnI2 +11.6400 Zn(NO3)2.3H2O -5400 Zn(lN O3)2.6H2O -6.0400 ZnSO4 +18.5400 ZnSO4-H2O +10.0400 ZnSO4.6H2O -0.8400 ZnSO4-ZH2O -4.3
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Organic Compounds in Water (at Infinite Dilution and Approximately 
Room Temperature)

(Recalculated and rearranged from “ International Critical Tables,” vol. 5, pp. 148-150) 
Heat of Solution, 
G.-cal. per G.-mol

Solute Solute*

* ⅛ denotes heat evolved, and — denotes heat absorbed. All values are positive 
unless otherwise noted. The data in the “International Critical Tables” were calcu­
lated by E. Anderson.

Acetic acid (solid), C2H4O2....................................................................... —2,251
Acetylacetone, C5H8θ2............................................................................... —641
Acetylurea, C3H6N2O2................................................................................ - 6,812
Aconitic acid, ΟβΗβΟβ................................................................................. —4,206
Ammonium benzoate, C7H9NO2............................................................. —2,700

picrate..................................................................................  - 8,700
succinate (n-)........................................................................ —3,489

Aniline, hydrochloride, CsHsCIN............................................................ —2,732

Barium picrate..............................................................  —4,708
Benzoic acid, C7Hβθ2.................................................................................. —6,501

Camphoric acid, C10Hi6θ4......................................................................... —502
Citric acid, CeHsO7..................................................................................... —5,401

Dextrin, C12H20O10....................................................................................... 268

Fumaric acid, C4H4O4................................................................................ —5,903

Hexamethylenetetramine, C6H12N4....................................................... 4,780
Hydroxybenzamide (m-), C7H7NO2...................................................... —4,161

(m-) (HCl).............................................................. -7,003
(o-) C7H7NO2......................................................... -4,340
(p~)............................................................................ -5,392

Hydroxybenzoic acid (o-), C7H6θ3........................................................ —6,350
(p-), C7H6O3............................  -5,781

Hydroxybenzyl alcohol (o-), C7HsO3.................................................... —3,203

Inulin, C3sH62θ3ι.....................-................................................................... —96
Itaconic acid, CsHsθ4................................................................................. —5,922
Isosuccinic acid, C4H6θ4..................................  —3,420

Lactose, C12H22O∏.H2O................................................................................ —3,705
Lead picrate................................................................................................... —7,098

(2H3O).................................................................................... -13,193

Magnesium picrate...................................................................................... 14,699
(8H2O)........................................................................ -15,894

Maleic acid, C4H4O4.................................................................................... —4,441
Malic acid, C4Hβ0s...................................................................................... —3,150
Malonic acid, C3H4O4................................................................................. —4,493
Mandelic acid, CsH3O3............................................................................... —3,090
Mannitol, CeHuOe....................................................................................... —5,260
Menthol, C10H20O........................................................................................ 0

Nicotine dihydrochloride, CioHieCl3N3................................................. 6,561
Nitrobenzoic acid (m-) C7H5NO4........................................................... —5,593

(o-), C7H6NO4........................................................... -5,306
(p-) C7H6NO4............................................................ -8,891
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S,anic Compounds in Water (at Infinite Dilution and Approximately 

Room Temperature)—(Concluded)
Heat of Solution, 
G.-cal. per G.-mol 

Solute
.... -5,210
.... -6,310
.... -4,493

Nitrophenol (m-) CsHsN0?6.....

(p-) CeHsNO2.............
(p-) CeHsNO2.............

Oxalic acid, C2H2O1.............
(2H2O)...........................

Phenol (solid), CsH6O......................
Rhthalic acid, C8H6O1...............
ɪɪerie acid, CsH3N3O2....................
sɪpene acid, Ci2HiqO1.......................
Riperonylic acid, C8HsO1................
•rOtassium benzoate..........................

citrate...............................
tartrate (n-) (0.5 H2O)

Fyrogallol, C6H6O3............................
Fyrotartaric acid...............................

-2,605
-4,871
-7,098 

-10,492
-9,106
-1,506

2,820
-5,562
-3,705
-5,019

Quinone,

Raffiuose, C18H32O16 (5H2O)
Reeorcinol, CsHsO2................ -9,703

-3,960
Silver Kialonate (n-)...........................
Sodium citrate (tri-)...........................

picrate ....................................
potassium tartrate..............

(4H2O)
succinate (n-).............

(6H2O) 
tartrate (n-)................

ςn . (2H2O)..
•Strontium picrate.....................
cv . (6H2O)....
Succinic acid, C4H6O4.............
Succinimide, C4HsNO2...........
Sucrose, Ci2H22Ou.....................

Tartaric acid (d-).
Thiourea, CH1N2S1

-3,451.
-5,330

Urea, CH4N2O 
acetate.. 
formate. , 
nitrate.., 
oxalate..

-3,609
-8,795
-7,194 
-10,803 
-17,806

Vanillic acid, 
Vanillin.........

-5,160
-5,210

Zinc picrate............
(SH2O)

-11,496
-15,894



CENTRIFUGES
BY A. E. FLOWERS

Deflnitions. A centrifugal force is produced by any moving mass that 
is compelled to depart from the rectilinear path which it tends to follow, the 
force being exerted in the direction away from the center of curvature of its 
path. A centrifuge is a machine designed to subject material, held in 
it or being passed through it, to centrifugal force. A batch centrifuge holds 
material so that it may be subjected to centrifugal force. A continuous 
centrifuge passes material in a steady stream through a part of the centrif­
ugal apparatus, where it is subjected to centrifugal force and continuously 
discharges the separated components. A centrifugal clarifier is a machine 
designed to subject a mass or stream of liquid to centrifugal force, thereby 
clearing it by removing any small particles that were in it. A centrifugal 
separator is a machine designed to subject a mass or continuous stream 
of mixed liquids to centrifugal force, thereby effecting their separation· 
A centrifugal purifier is a machine designed to remove, centrifugally, 
foreign materials (such as water or dirt) from a liquid passed contin­
uously through it, thereby purifying it. A test-tube centrifuge car­
ries cups or graduated test tubes to hold material to be subjected to 
centrifugal force and is usually employed for the purpose of measuring 
the quantities of the separable components present and of estimating 
their separability. A basket centrifuge is a machine designed to hold a 
mass of material (such as clothes, masses of crystals, etc.) and subject them to 
centrifugal force for the purpose of removing water or other liquids. Such 
machines usually have fairly large “baskets” or “bowls” and are operated at 
moderate speeds. (The term centrifugal drier is often used for such machines 
but is less appropriate since complete drying is not usually carried out by such 
machines alone.) A basket centrifuge of the overflow type discharges the 
liquid over the basket lip, retaining the solids in the basket. A centrifugal 
filter is a centrifuge carrying a filtering medium (cloth, paper, or metal screen) 
to catch, or strain out, the solids to be retained in the centrifuge while allowing 
the liquids to pass through and be freely discharged.

THEORY
Force

The force on a particle, compelled to move in 
a circular path, is determined by the “acceleration” 
toward the center, or rate of change of velocity 
direction away from the linear path any rotating 
particle tends to follow.

The centrifugal force may, therefore, be expressed 
as:

WF = ΛLrω2 (1)
B

Fiq. 1.—Derivation of 
centrifugal force.

1808
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where F is centrifugal force in grams; W is weight of particle in grams; r 
13 radius of curvature of path in centimeters ; ω is angular velocity in radians 
yer second; g is acceleration of gravity, usually taken as 981 in centimeters 
Per second per second.

Also

f =ɪr2
0r

where V is peripheral velocity in centimeters per second or

cι 7γ2̂ w / ʌ,f =≡7'ir∙p∙m∙l
F = 1.118TΓr (r.p.m.)2 10~6

where the angular velocity is expressed in revolutions per minute (r.p.m.).
The force on a ring section, or cylindrical element, of the bowl, or vessel, 

Squired to hold the material being processed, due to its own 
ɪɪɪass, may be expressed approximately as follows:

Tr = -r2ω2
ff

(2)

τv~
(3)

or

(6)

—Deri­
vation of centrifu­
gal forces on a ring 
section.

Fια. 3.—Deri- 
vation of centrifu­
gal force on a 
liquid.

by the liquid pressure

where Tτ is the unit stress in the ring section in grams per square centimeter; 
ðr is the specific gravity of the wall material in grams per cubic centimeter; 
r ɪs the mean radius of the ring in centimeters.

The force on a liquid at various depths results in a
unit liquid pressure which may be expressed as follows:

Pi = ~{-ω~(r∕i — rι2)
2ff

where r2 is the radius at any point in the liquid bed for which 
the pressure is to be calculated; rɪ is the radius of the inner 
ɪifiuid surface.

If the radial thickness of the bowl-shell wall is expressed 
by the symbol s then the average unit tension produced 
Pi at the inner wall of the bowl shell is:

Ti = ∣¾o2(γ22 — rι2)
2ps

(8)

or 

or
7r δi r2(r22 — n2)(r.p.m.)2Ti =l 180008

(9)

(10)
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If the velocities of

Fig. 4.—Deri­
vation of centrifugal 
stresses on a shell 
due to a liquid.

The total stress in the bowl-shell wall is the sum of that due to the wail 
material and that due to the liquid bed,.assuming s small in comparison to 
Γ2, so that Γ2 may be substituted for r in Eq. (4).

Tb =Tr +Tl = [ )∙2δr + ~ (r22 - rɪ2) j (11)

The force on balanced columns of different liquids of different specific 
gravities which are being separated centrifugally determines the radial posi­
tion of the line of division between the liquids, since the heavier liquid takes 
the outer position in the bowl and, owing to its greater specific gravity, will 
discharge over a lip or through a non-restricted opening farther from the axis 
of rotation than the opening for the lighter component, 
the liquid through the bowl passages are not so great as to 
set up considerable viscous and turbulent flow resistances, 
and particularly if the flow lines are radial, out and back 
(so that slippage is avoided), then the two liquids will 
balance each other about a cylindrical zone, with the 
lighter component filling the inner space to its small 
diameter discharge lip and the heavier component the 
outer part of the bowl, past the partition wall (or top disk) 
and back to its larger discharge lip.

The position of this neutral zone and that of the parti­
tion wall are important factors in the performance of a 
centrifuge.

The partition wall is usually given as large a diameter as the inside wall of 
the bowl shell will allow in order to allow a wide range of positions for the 
neutral zone. The position of the neutral zone governs the proportion of 
the total centrifugal effect applied to each component. Obviously when the 
neutral zone is near the center the lighter component gets but a small amount 
of exposure to the centrifugal separation or purification, the major effects 
being exerted on the heavier component. The cream separator is an example 
of this kind in which the performance is judged by the ability to remove the 
last hundredths of a per cent of butter fat from the heavier skim milk.

When the neutral zone is near the bowl wall, or rather the partition wall, 
the major centrifugal effects are exerted on the lighter component. The 
oil purifier for removing moisture from electrical insulating oil is an example 
of this kind where the last thousandth of 1 per cent of moisture must be 
removed from the oil in order to get a high dielectric-strength test.

Since the neutral zone is at the line between the two liquids, it is desirable 
that the feed should be brought in or through the bowl as near to the neutral 
zone as is feasible.

The exact position of the neutral zone can be adjusted by adjusting the dis­
tance from the center, of either the inner or the outer of the two discharge lips.

It may also vary, or be varied, if either of the two components on their 
way from the neutral zone to their respective discharge lips are not guided 
radially, so that some slippage occurs. If slippage occurs in a component 
moving toward the center then it will retain a portion of the peripheral veloc­
ity it possessed at the larger diameter and will “run ahead” or have a greater 
rotational velocity than the corresponding radius of the bowl part. This will 
result in a greater back pressure which will in turn restrict the flow of this 
component and displace the neutral zone.

If slippage occurs oii a component moving to the outer parts of the bowl 
it will “run behind” the bowl and so having a lower rotational velocity will
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exert less pressure on the bowl shell and in the radial space between the neutral 
2θne and the partition wall. Slippage is useful as a means of control of the 
*atιo of the two discharges to each other in constant through-put types of 
Machines such as cream separators.

. ɪ,ɪɪθ eχPre≡sion for the relation of the position of the neutral zone or balance 
ɑɪrele for radial flow (no slippage) and negligible fluid flow friction may be 
developed as follows:

The static pressure on the bed of light liquid L between the inner discharge 
ip and the neutral zone must equal that of the bed of heavy liquid H, where 
ne two lips allow a free discharge into receiving covers or vessels under equal 

pressures.
From Eq. (7) the liquid pressures may, therefore, be stated as

Pl (at the neutral zone rn) = ⅛
Therefore

V - >⅝8‰∕δι<,) 
1 - ⅛∕i⅛ c ’

, ɪhe difference in the densities of the two liquids exerts the major effect on 
he position and stability of the balance circle. If this difference is too small, 

reparation becomes difficult through sensitiveness to other, though small, 
disturbing influences; or even impossible, though separations may be effected 
easily with differences in densities as small as 3 per cent, and a fraction of 1 per 
eent by special constructions.

The expression in Eq. (12) shows that the position of the neutral zone radius 
J"n may be adjusted by increasing or decreasing the radius of either the inner 
hp Ti or the outer lip r0 to compensate for differences in the specific gravity 
ratio of the lighter to that of the 
heavier liquid. Both are made use of 
iɪi different types of bowls, though more 
often the adjustment of the radius of 
tɪɪɛ outer lip for the heavier component 
's the one employed.

The forces producing the 
through-put or pumping capacity 
have no necessary connection with the 
separating or the clarifying capacity 
(though often confused with them), as 
ɪt may be seen from Fig. 5 that a bowl 
must function as a centrifugal pump 
with a pumping head determined by 
the radial columns or heads A and B 
between the check ring, whose radius rc 
determines the overflow capacity, in 
relation to the radii of the inner and 
outer lips r; and ro. Thus the head for 
the lighter liquid is A — ∏ 
r" ~ rc.

The pumping capacity is finally determined by these forces, and by the 
fluid friction-resisting effects, mainly turbulent friction. The volumetric

rn

- Check ring
•Discharge Zip for ZighZec 
∖ ιDner comPoi7eMt 

'Discharge Zip for 
heavier, outer 
■^component

I
NeutraZzone or 
balance circle

DisiribuVon hob .*'J
qj

Fig. 5.—Diagrammatic representation ot 
the principle of a separating bowl.

— rc, and the head for the heavier liquid is B =
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pumping capacity varies but little, if at all, with the specific gravity of the 
liquid, as the pumping force increases along with the turbulent resistance to 
flow.

It is obvious, however, that the passages into and through the bowl should 
be ample in cross section and free from unnecessary sharp angles, turns, con­
strictions, and pockets.

It is undesirable to have the pumping capacity very greatly in excess of the 
separating or clarifying capacity, as this may result in only partially filling the 
bowl or the introduction of air drawn in with the feed.

Liquid-solid Separation (Clarification)
Settling Rate for Large Particles-Turbulent Motion. The centrifugal 

force acting on a large particle moving through a liquid of different net specific 
gravity brings the particle to a terminal velocity at which the resisting force, 
due to the hurling of the liquid out of the path of the particle, equals the 

The conditions assume that the size and velocity of settling 
of the

Centrifugal force.
of the particle are sufficiently great to render the viscous resistance 
liquid negligible compared with the turbulent resistance.
Thus we have:

(Wp - TΓi) ,---- i'----------rω-

F = R1

= KyStd2V.24

= KyS,d2V.2 .4..

d(Sv — Sι)rω2 = ~KgδιVs2

r.-√P≡

rω2

Fια. 6.—Diagram 
for expressions for the 
through-put of con­
tinuous centrifuges.

⅛ — δι)rω2
KgSl

The coefficient K may be taken as 0.5.
Equation (13). and Fig. 6 show that clarification of 

Iargeparticles1Ciicounteringmainlyturbulentresistance 
to settling, is easier for large particles of high density in a light liquid. Equa­
tion (13) may be condensed by the use of the symbol D to

F, = Dr¾ω (14)

g

A particle will be removed from the stream of liquid, if the velocity Ve 
which is determined by the through-put rate, is sufficiently low for the settling 
velocity V. to bring the particle through the settling distance S before the 
particle has been swept on out in passing through the travel distance Y.

The limit for settling out such a particle is that its settling time t. through 
the settling distance 8 shall be just equal to, or less than, the time tc require 
to move through the travel distance Y, or

From this, the limiting velocity Vc, which determines the maximum clarify­
ing through-put, may be expressed as
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is shows that the clarifying through-put capacity is directly proportional 
o the travel distance and inversely as the settling distance. The value of the 

settling velocity ∙Vβ is determined by the centrifugal forces, the excess of the 
Particle density above that of the liquid and the turbulent resistance of 

e liquid to motion through it. The value for the average settling velocity 
n}ay be obtained by integrating Eq. (14) and substituted above for Va. This 
gives

The capacity or volume of liquid passed through a bowl is the product 
o the through-put velocity and the section area for flow. In this simplified 
case

C = Tcτr(r22 - r02)
Substituting from Eq. (15) and noting that £ == (r2 — ro) in this simplified 
case,

■ . 2 l⅛(r2≈ - r02)(r2⅝ - >√i) ʌ /2 rfω≈(δp -lɔ
3 (r2-ro)≈. V3 kgSi (16)

ɪf ro/n ≈ 0 may be considered negligible compared to r2, then the capacity 
or complete separation of particles of diameter equal to or greater than d is

c-f,rΛ√f≤⅛r⅛ 07)

Settling Rate for Small Particles—Viscous Resistance. The settling 
rate for small particles is determined by the viscous resistance of the liquid 
pedium to the motion of particles settling through it. Stokes has shown that 
his resistance may be expressed in grams as follows: 

3πzdV s
9

ʌvhere z is the absolute viscosity of the liquid medium in poises, and the other 
sYmboIs have thejr previously given definitions.

The velocity of settling of such a small particle increases until the forces of 
vιscous resistance equal the centrifugal settling force.

. . F = Λ
irj3∕j .s∙i , (3τrzdVs)—-rf3(δj, — δi)rω2 = ----------- -
60 0

and from this
d2

Va = 18icδp “ Sl)r“2 (18)

The clarifying through-put for these very small particles is here, also deter­
mined by the limiting velocity Vc. which would just, permit settling out 
through the settling distance 8 before passing through the travel distance F.
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Therefore,

ω2

κ § ∣Vs
Integration to get the average velocity of settling V,, caused by the centrif­
ugal force at different radial positions for the settling particle, gives

The capacity of the bowl, or volume passed through is as follows:
C — Vc × (section area for flow) = Vcv(n- — τ∙Ii^)

and since in this simple case S = (n — ro)
__ ιrYd2ω2(δp — δi) (γ22 — ros)s

(19)

(20)36z(r⅛ — τo')i

If - ⅛0 Ti
τPrf2ω2(δp — δι)nt

(21)36z
These equations are not directly applicable to conditions where the settling 

is controlled partly by turbulent and partly by viscous resistance. Actual 

InchScaIefor Conversion to Centimeters

Self Sfress in Steel1KilogramsperSquareCenIimefer

20 Μ« KKIM 200 300 W 600 MO WOO 2000 4p00 6000 20.000 WW SQMOIW1OM

capacities cannot exceed, but must be somewhat less than, the lower value 
of either Eq. (18) or (20). Both show that decrease of particle diameter 
makes complete separation increasingly difficult, particularly for separation 
of very small particles from a viscous medium.

Settling Rate for Microscopic Particles—Hindered Motion. When 
the particles become of such small sizes, relative to the size of the molecules 
of the liquid through which they must settle (or rise), or the temperatures so 
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ɪgh, that Brownian movements appreciably disturb the settling, it may 
-come practically impossible to effect separation without pretreatment for 

Kglomeration of the particles or their adsorption on larger particles of some
INCHES

Fig. 8.—Centrifugally produced liquid pressure for water. 
INCHES

Fig. 9.—Centrifugally produced liquid stresses in shell wall 1 cm. thick, for water, 
more readily settled material, or their transfer into another liquid which may 
carry them with it. Settling is hindered also by crowding and ceases at high 
concentrations.
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Each case of this kind requires individual study by the aid of the micro­
scope, ultramicroscope, and by laboratory tests on the mechanical, chemical» 
and physical factors of the colloidal conditions.

Liquid-liquid Separation
In liquid-liquid separations the radius rn for the neutral zone, given in 

Eq. (12), also shows that the heavier liquid is subjected to the separating 
effect of the outer part of the bowl beyond rn and conversely the lighter 
liquid by the inner part. The neutral zone should be controlled by the radius 
of the discharge lips to a small value where the higher degree of separation 
is desired for the heavier liquid, and to a large value where this is desired for 
the lighter liquid.

The feed should always be at, or close to, the neutral zone radius to avoid 
recontaminating one or the other of the separated components.

It is desirable that the position of the neutral zone should shift as littlθ 
as possible with change of proportion of one component to the other and of 
through-put.

To secure stability of the neutral zone, the flow should not be needlessly 
restricted either in or out of the bowl and should be guided in radial directions 
so that slippage is minimized.

Liquid-liquid-solid Separation
Where two liquids are to be separated from each other and at the same 

time the separation of solids is to be effected, the bowl must be provided not 
only with two discharge lips placed at different radial distances from the 
center line of rotation suitable for the difference in specific gravity of the 
liquids but also with a sludge space to hold the solid sediment. If, a sludge 
space is provided, both kinds of separations may take place simultaneously, 
provided only that the solid sediment is of higher specific gravity than the 
heavier liquid. If it should happen that the solid is intermediate in specific 
gravity, then it will not rise through, or be discharged with, the lighter 
component but will “float” on the heavier component and unless unusual 
constructions are provided will clog at the neutral zone. The equations 
already given apply, however, to their respective cases of liquid-solid and 
liquid-liquid separation.

General Design
Hollow bowls were naturally the first type developed for centrifuges. They 

have the advantage of simplicity and, when built in long tubular form 
of relatively small diameter, allow the attainment of high centrifugal forces 
and reasonably high ratios of travel to settling distance.

The inherent limitations are (1) that the settling distance must be nearly 
equal to the radius, (2) that the liquid near the center gets exposed to only a 
small, centrifugal force, and (3) that sediment collected reduces the maximum 
centrifugal force on the liquid and, by reducing the flow area, increases the 
liquid velocity and: so reduces the time of exposure to centrifugal force. A 
hollow bowl without radial vanes is subject to Shift Of neutral zone with feed 
rate or proportion of liquids. Bowls of these types are made with diameters 
up to 12 ¿m. and for speeds of 15,000 r.p.m.

Bowls with shallow settling spaces have been devised using a number 
of constructions such as concentric cylinders^ spiral leaves, and cone-shaped 
disks. For settling large heavy particles out of much lighter liquids,. bowls 
with generally one (though sometimes more) concentric cylindrical inner 
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con t ɛ^ɪɪɪ- fiɪɪd a co≡^able held of usefulness due to their simplicity of

8 rUction and, therefore, cleaning. The vast majority of separators use 
loɪɪθ + ape^ disks with thin spacer caulks to get very shallow settling spaces, 
eaɪɪfk lav^ pa^s, and a m°derate-velocity, guided flow for the liquid. The 
asŋtlɔ °r .spacer'thicknesses are selected so as to be two or more times as great 

he diameter of the solid particles or globules of liquid to be separated.
rger values for the spacing caulks are better for those cases where large 

rOportions of solids must be removed, and thin caulks should be used when 
y very small proportions of one component, ⅛.e., fractions of 1 per cent, 

ɪɪtθ ɪɔθ rθmoved from the liquid and where the viscosities are low.
Ihe cones are usually made appreciably smaller in diameter than the inner 

aH of the bowl shell so as to provide a sediment-holding space for such very 
eayy sediments as cannot be swept on out along with the heavier component 

1QUid. Sediment may completely fill the space beyond the disk edges with- 
°ut altering the clarifying or separating capacity.

ɪt is relatively easy to guide the flow radially out and back toward the 
center to the discharge lips by spacer strips or ribs between the disks in radial 
pɪanes and so maintain a position for the balance circle dividing the two liquids 
that shifts but little with ratio of components, through-put, etc.

The half angle of the cone-shaped disk may be 30 to 50 deg., chosen so as 
/? get a short radial settling distance, without unduly increasing the height of 
the bowl or getting the angle so small that sediment will not slide along the 
cone.

The disadvantages of bowls with shallow settling spaces are (1) the number 
of internal parts to be handled and cleaned, (2) the weight of the parts, and 
(ɜ) the cost.

The discharge lips in any design should be close to the center in order to 
rθduce the power, the frothing of the discharged liquids, and the air entrain- 
ment. A certain proportion of power, up to about 40 per cent of the kinetic 
energy of the discharge, may be conserved by directing the discharges back­
ward (as in a reaction turbine). This also reduces the froth and air entrain­
ment and, by reducing the air pressures induced by the jet action of the 
discharges, reduces entrainment by windage, of spray from one receiving 
cθver into the other.

APPARATUS
Liquid-solid Separators

∏ryers, so called, of the centrifugal type have found almost universal use 
,n laundries and in dry-cleaning plants for the removal of the major part (down 
to about 20 per cent) of the water or dry-cleaning fluid from cloth. The 
remainder cannot be removed centrifugally and must be evaporated. Such 
dryers are made in a large variety of sizes from about 18-in. diameter “ bas­
kets” up to 60 in. The cloths are packed against the perforated walls and 
require about 5 to 10 min. centrifuging from start to stop. It is important 
that the cloths be laid smoothly and packed evenly from the inside wall to the 
width of the curb. If carelessly packed in lumpy wads the liquid removal is 
obstructed, and serious unbalance and shaking of the centrifuge, or even of the 
foundations, may occur. The holding volume per foot of vertical depth of 
basket is given by one of the curves of Fig. 18.

Cloth and similar materials normally carry 6 to 14 per cent moisture so 
that the removal of water is nearly complete, only a small proportion being 
ɪθft for removal by evaporation. Where dry-cleaning solvents such as 
petroleum spirits are to be removed, the centrifugal separation should be made
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as complete as possible, because the residues left by heating or by hot air 
blowing over the clothes may leave undesirable odors.

Basket centrifuges with overflow over the inner lip of the curb, or through 
the perforated walls of the basket, or through screens, find a considerable use in 
chemical plants for recovery of crystals precipitated from their mother liquor.
The screening medi­
um may be laid over a 
grid work or corru­
gated backing to 
allow a free flow-dis­
charge path for the 
liquid after passing 
through the screen. 
Monel or other corro­
sion-resisting metal 
wires may also be 
woven in close mesh 
for screening out fine 
crystals. Such wire 
cloth may be “rolled” 
to flatten the wires and to reduce the mesh opening. The centrifugal dryer 
is desirable where a very complete removal of mother liquor is desirable and 
where washing of the crystals with water or other liquids is to be resorted 
to for further purification. For very coarse non-porous particles, 5 to 10 mm- 
minimum dimension in any direction, only a 
fraction of 1 per cent by weight of a free-flowing 
liquid may be left after centrifuging. This is 
representative of what may be done in remov­
ing cutting oil from machine tool chips even 
with flat or curled long-strip chips. Finer 
particles necessarily carry more liquid with 
them in proportion to the surface-volume 
relation which increases linearly with decrease 
of dimension of particles as shown below for 
the calculated values for spheres, whether 
assumed stacked with centers in line with each 
other, or nested, with the centers of the spheres 
of alternate layers displaced a distance equal 
to the radius of a sphere.

High viscosity liquids may give thicker films 
and retain more liquid, unless the time or 
centrifugal force is increased. Fine, slimy 
precipitates may retain 70 per cent or more Fig. n._Suspended centrifugal, 
liquid, even when centrifuged in the smaller 
diameter, high-speed baskets which give the greatest centrifugal effect for a 
given stress on the wall material.

Baskets up to 60 in. in diameter, at speeds up to 500 r.p.m., are used to 
get the advantage of large load capacity and reduce the time and cost of 
loading and labor for operating. Sprays for washing the material in the 
basket are frequently employed with the spray nozzles set in positions to 
discharge against the inner wall of the “cake.”

It is usually unsafe to feed a slurry to the bowl while running, unless 
a bowl is supported from below or a very sturdy spindle is employed and a
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Table 1. Surface-volume Relations

Diameter 
°f sphere, 

cm.

Number 
of spheres 

per co. 
centers in 

line

Number of 
spheres per 
cc. nested 

fully

Volume 
of spheres 

per cc. 
centers in 

line

Volume 
of spheres 

per cc. 
nested 
fully

Surface area 
per sphere

Surface area 
per cc. of 

spheres with 
centers in 

line

Surface area 
per cc. of 

spheres nest­
ed fully

1.00.10.010.001o.ooo,ι0.000,010.000,001
spring mounting for the stationary frame provided, such as will allow a 
considerable unbalance of the bowl, without undue strains on the foundation, 

oading and unloading are usually done with the bowl standing still. Bottom 
Plates are often provided which can be lifted or tilted out of the way so that 
he load may drop or be pushed down and out of the bowl into chutes or 

boxes on wheels.
Mechanical unloaders, having knives or scoops which are swung into 

place and pick up the solids while the bowl is still slowly moving, can be used 
^ɪth some materials. If health or other risks exist, these offer advantages, 
but some materials cannot be so handled. The scrapers may leave too much of 
*he solids on the walls, and, for hard or tightly packed solids, it is often difficult 
to get sufficient rigidity in the scraper or in the bowl support to allow the use 
ŋɪ scrapers without “digging in” or jamming, particularly if the bowl has not 
been slowed down sufficiently or the operator is careless. This is also a 
difficulty with sticky or hard slimy deposits.

Horizontally mounted basket centrifuges have recently been developed 
with two bearing supports of great rigidity, which allow automatic unloading 
while at full speed by scraper knives. These may have fully automatic 
controls that regulate the feed, rinse, drying time with feed shutoff, and 
unloading.

Centrifuges for continuous discharge of dried solids as well as for the 
discharge of the separated liquid, while running at full speed, have been built 
and will operate for a few easily handled materials, such as the dewatering 
θf washed coal or coal reclaimed from river beds by hydraulic pump-suction 
dredges, and of some mine slurries.

The solid particles must be fairly large and must be rather hard and of the 
type that roll or slide easily, without sticking or packing, such as hard coal, 
stone, sand, -etc. Furthermore, the liquid must be quite fluid, with little 
tendency to adhere to the surfaces of the solids.

A vast amount of time and money has been spent in an attempt to build 
successful centrifuges with continuous discharge at full speed of sludges, 
slimes, sticky materials such as sugar crystals, sewage residues, and slurry 
from mining operations. Attempts to scrape off such materials from the 
walls or surfaces upon which they have been deposited or to employ some 
kind of a conveyor mechanism have met with limited success because of the 
great frictional forces that must be overcome to slide the materials along 
after they have once been deposited, thus allowing the full centrifugal force—z∙ 
many times that of gravity—to press them against the receiving surfaces. 
Also, most of these materials tend to gum, pack, or jam ahead of the scrapers. 
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Finally, there is the difficulty of balancing the slime and in balancing and in 
driving the conveyor parts whose several elements are also subjected to 
centrifugal forces, holding them together with great force so that the fric­
tional resistances to movement are tremendously greater than when the bowɪ 
is standing still.

The type of construction using two concentric cones run at slightly different 
rotational speeds by means of a differential positive gear drive has had a 
certain amount of success. This type feeds a granular material that does not 
stick together or stick to the perforated walls of the outer cone and dumps the 
solids at the lower end (large-diameter part) of the cones, while the liquid is 
discharged radially through the perforations of the outer cone. The materials 
must be fed in at the smaller cone end and discharged at the larger end, which 
is usually at the bottom, employing a vertical shaft machine. Spiral scrapers 
are rigidly mounted on the inner cone and nearly touch the inner-surface walls 
of the outer cone from which the granular solids are to be scraped, and the 
direction of the spiral and the differential of speed must be so chosen as to 
cause the solids to move to the larger, or discharge, end of the cones. If 
the axial cone angle is large, centrifugal forces will help roll the solids along, 
and the scraper spiral may serve to hold the particles back, until dewatered, 
rather than to push them ahead.

Attempts to dewater sewage slimes, remove molasses from sugar, reclaim 
yeast from wort, and similar separations by mechanically operated scrapers 
for solid removal have had a limited success. The principal recent improve­
ment in these types of machines has been the development of differential 
gear drives that would maintain the differential speed of the scrapers by 
reaction of gear trains between the bowl and scraper running at the bowl 
speed. When the torque between the two full-speed elements, required to 
maintain the small differential speed, is supplied to each part through a train 
of gears, each train is subjected to the scraping forces multiplied by the speed­
reduction ratio.

Hollow-bowl clarifiers, having a low centrifugal force with no interior 
parts except the three to four wings which force the liquid to rotate with the 
bowl and the feed passages to bring the incoming materials to the outer 
parts of the bowl, serve sufficiently well for easily removed solids. A useful 
and simple improvement consists of employing an inner cylindrical shell, 
with a diameter about 70 per cent of that of the outer shell, so as to give equal 
holding volumes and through-put velocities in the two shells. The incoming 
material is fed first to the inner shell, preferably through a feed tube with a 
side or radially directed outlet so that each side or quarter of the bowl is 
fed, in turn, equal amounts, so as to ensure equal distribution, maximum 
purification, and uniform loading of sediment. The inner shell picks up the 
coarser and more readily separated sediment and then allows the liquid to 
pass to the outer shell for the removal of the finer sediment. Such bowls 
serve to remove coarse, unground pigment particles in paints, varnishes, 
and lacquers. The degree of clarification of pigments, etc., may be controlled 
either by change of through-put or by adjusting the bowl to a lower speed, 
so as to avoid throwing out too much of the pigment or requiring too frequent 
stoppage for bowl cleaning.

Hollow high-speed tubular bowls with high centrifugal forces over 10,000 g. 
may be used for difficult separations such as clear varnish and other cases 
of Semicolloidal particles.

Disk-bowl clarifiers have usually cone-shaped separating disks of some­
what smaller diameter than the bowl shell so that sediment may collect 



CENTRIFUGES 1821
without packing between, and thus impairing, the clarifying effectiveness of 

e disks. The feed channels must bring the incoming materials near to the 
Uter edges of the disks and evenly distribute them to and around them.
lɔɪsk bowls, may be used for difficult clarification problems such as clear 

arɪush and the removal of Semicolloidal particles. They are also used for 
? arifying whole milk to remove particles of dirt picked up during milking or 
*n handling and transhipping the milk to the milk plant. Clarification also 
removes such undesirable materials as scarf-skin particles from the udder of 

e cow and occasional pus or blood cells. All of these materials are collected 
aa snrιe in the sediment space, out of the main path of the milk, and so 
successive contamination of further quantities of milk, which must necessarily 
°ccur with filters, is avoided.

Concentrator bowls with nozzle discharge of the solids afford a 
ɪɑeans of recovering the solids along with a much reduced proportion of the 
1Qmd. The nozzle passages lead from the outer part of the bowl, where the 

sohds tend to collect but are swept out along with the portion of the liquid 
which discharges through the nozzles. The inner surfaces of the bowl shell 
aιe usually shaped somewhat like a beehive in order to provide a slope to the 
nozzle-passage entrances for the purpose of facilitating the sliding along of 
he solids. The nozzles sometimes discharge directly at the bowl diameter. 

However, as this may require very small diameter nozzles, which easily clog, 
a∏d consume much power, the passages often lead to nozzles placed near the 
center of rotation, and the nozzles may be placed to discharge nearly tangen- 
ιaUy, and backward, to recover energy, reduce frothing, and reduce spatter.

ɪɔowls for yeast are built in sizes up to 440-mm. diameter and are usually 
Provided with cone-shaped separating disks. They are generally run at 
lower speeds than similar separators.

The degree of concentration, or ratio of the (constant) volume discharged 
by the nozzles to the total volume fed to the bowl, may be regulated by 
decreasing the nozzle opening, provided, however, that the quantity of solids 
ɪn the feed liquor and the ratio of solids in the concentrate are not so high 
as to decrease unduly the fluidity of the concentrate.

The solids in the concentrate may be raised to SO or 65 per cent without too 
great flow resistance. The percentage concentration is, therefore, further 
limited by the ratio of solids in the feed, since all the solids appear in the 
concentrate. For instance, if 50 per cent solids is taken as a reasonable limit 
for free flow, a feed containing 5 per cent solids may be concentrated into 10 
Per cent of the feed, but if the feed contains 10 per cent solids it would not be 
Possible to concentrate to less than 20 per cent of the feed volume.

Such types of concentrators are almost universally used to concentrate 
yeast cells into a small portion of the wort in which they were grown., recover­
ing the yeast.

Valve bowls, are provided with nozzles or orifices closed by valves mounted 
on the inside wall. These valves may be opened automatically by means of 
sPrings, actuated by a lowered speed, or by liquid-filled floats, which empty 
directly through the nozzle when liquid feed to the inner end is decreased by 
accumulation of sludge. Instead of separate valves and nozzles, the whole 
bowl may be opened by mechanical devices, such as levers, or by feeding a 
control liquid to a pocket mounted on the bowl and letting the centrifugal 
force on the liquid in the pocket open the bowl at its periphery. The separate 
valves may also be opened by a rod concentric with the shaft, connected by 
appropriate rods and levers to the valve element. If the valve or the whole 
bowl is opened while running, a considerable amount of energy is dissipated 
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in the discharge, and such machines require many times as much power aβ 
the usual types. Provision must also be made for replaceable wearing sur­
faces in the covers to take the impact of the jets and for steep sliding slopes or 
mechanical conveyors for removal of the sludges.

Development of various kinds of centrifugal apparatus for the continuous 
discharge of solids has been particularly active in recent years.

Liquid-liquid Separators
Concentrators, or ratio separators, are built with two liquid discharges 

at different radii suitable for the usually small difference in effective specific 
gravities, and with non-radially guided flow 
of either or both components in their re­
spective paths toward the center and toward 
the outer wall of the bowl, so that a certain 
but controllable proportion of the feed will 
pass out by each of the two discharge paths. 
Practically all such concentrators are now 
built with cone-shaped separating disks and 
find their greatest field of application as 
“cream separators,” in which field centrifu­
gal separators have superseded all other 
methods throughout the world, a million or 
more centrifugal cream-separator machines 
being produced annually, which is perhaps 
one hundred or more times the number pro­
duced for all other purposes combined. The 
reasons are not only that the centrifugal 
separator can produce a cream with a 
butterfat content of any desired value from 
about 15 to 60 per cent (or even 80 per cent 
if adapted for the purpose) with a negligible 
loss in the skimmed milk (whereas allowing 
cream to rise by gravity on standing will 
seldom produce more than about 20 per­
cent butterfat cream and incur losses of ¼ 
per cent or more), but will also do so 
instantly, without the delay and consequent souring that may occur on 
“standing” cream.

Cream is an emulsion of butter oil in milk and the “cream” is merely a 
higher concentration of this emulsion than that in fresh whole milk. Whole 
milk may contain from 3 to 6 per cent of butterfat; “ordinary cream,” as 
obtained for table use by pouring off the cream that rises on standing may 
have 18 per cent (or less) butterfat. “Heavy cream” is produced by centri­
fugal separation with 40 per cent fat, which is cut back with milk for “light 
cream.” The name separator is firmly established by usage although the 
term “concentrator” much more truly describes the function performed, of 
concentrating all of the emulsion, i.e., the cream in a part of the milk. The 
cream separator or concentrator is so built that if fed a homogeneous liquid, 
such as water, a portion will be discharged through each of the two spouts. 
The proportion of the total passing through the cream discharge may be regu­
lated by making the cream discharge through the hole in a hollow screw, set 
in a radial direction, so that by screwing it toward the center the inner end 
picks up the cream at a point nearer the center where there is a lessened
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Fig. 13.—Closed feed and dis­
charge disk bowl centrifuge.

©ontrifugal pumping head, and therefore a smaller quantity discharged, 
©suiting in a “richer ” cream, ⅛.e., carrying less milk. This method of control 
8 ŋɪɪɪte widely used on small separators. The control may also be put on the 
°™r discliarSe* either by narrowing the opening through which the skimmed 
n}ιlk passes, or by arranging one or more screws so that they can be set 
eɪ her to allow or to stop slippage. Slippage of the heavier component in its 
pɪ ogress toward the center to reach its discharge opening allows the liquid to 
retain some of the peripheral velocity it had at the larger diameter and so 

run ahead” of the inner parts of the bowl thereby building up a centrifugal 
ack pressure which tends to limit the flow in 
his path. Thus adjustable or permanent radial 
affles or ribs in the flow to the discharge lips, by 

reducing slippage, increase rather than decrease 
flow.

ɪhe distribution holes in the disks are placed 
ɪɪear the center so as to apply the major sepa­
rating effect to the skimmed milk which consti­
tutes the heavier outer component.

Concentrator-type bowls are quite suitable 
°r constant through-put concentration of a 
ιquιd with a practically constant ratio of a 
ɪghter component or of an emulsion into a portion 

°f the heavier liquid. They are not suited to 
©©parafions where the proportion of one com­
ponent, or the feed rate, varies during a run.

True separator bowls are provided with two 
discharge diameters, an inner and outer, with 
radial guide ribs throughout, between the cone- 
shaped separating disks or in the body of the 
hollow bowl and also in the return path of the 
heavier component past the top-disk skirt back 
to its discharge lip. It should be possible to 
varY the proportion of one component from O to 
100 per cent of the total at any through-put 
rate without break-over of either component into 
the discharge passage intended for the other. 
The adjustment of the balance circle and the 
setting for different ratios of specific gravities are usually accomplished by 
©hanging the lip for the outer discharge. A number of rings or disks with 
©enter holes of different diameters are provided which may be Teadilyinstalled 
by unscrewing a nut which grips the outer rim of the discharge ring firmly 
against a rubber ring or other gasket, to prevent leakage. Both small­
diameter tubular bowls at high rotational speeds and cone-shaped disk bowls 
pf larger diameter at lower speeds are used for separators; each has certain 
inherent characteristics, merits, and limitations, which have been discussed 
under the heading, General Design (p. 1816).

Liquid-liquid-solid Separators
Concentrating separators with nozzles discharge the solids along 

with a portion of the heavier of two liquids being simultaneously separated 
from a lighter liquid. The nozzles are fed by passages from the outer part 
of the bowl. Two liquid-discharge lips and means to adjust the discharge 
diameter of one or the other to suit the specific gravity difference of the two 
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liquids are provided. The heavier liquid component must be present in the 
feed, in proportions greater than that required for the nozzles so that an 
excess remains to fill up to the outer lip. This may be provided either by 
recirculating a portion of the heavier liquid or by its presence in excess in the 
feed. Commercial applications of this type of separation appear to be 
increasing.

Separator bowls with sludge pockets or sludge-holding spaces require 
a little modification of the liquid-liquid separators, namely, that of making 
the cone-shaped separating disks appreciably smaller in diameter than the 
bowl shell, or in allowing a portion of the hollow bowl to be filled up, with the 
consequent reduction of separating effect due to the progressive reduction 
of the effective diameter as filling occurs and the increased through-put 
velocity Vc as the path area for liquid flow is constricted. The bowl must be 
stopped to clean out the sludge, consequently this method is peculiarly 
adapted to those cases where only relatively small amounts of solids must be 
removed.

Traveling-cushion bowls have fed to them a liquid heavier than the 
liquid to be clarified but near enough to that of the solids or emulsions which 
are to be swept out of the bowl to cause their movement through the bowl 
rather than pocketing them in the sludge spaces next to the bowl-shell wall.

This is an attempt to substitute a sweeping-out liquid for the mechanically 
driven continuous slime-discharge bowls. The difficulties of proportioning 
the densities and of keeping the slimes from either floating upon or sinking 
through the traveling cushion of liquid are very great so that commercial 
applications have been rare. An exception is the method that was widely 
used in the manufacture of bright stock, where a carrier liquid, usually hot 
water, immiscible in oil or wax, was injected into the wax space just ahead 
of the discharge ring, serving the double purpose of a traveling cushion, as 
far as it reached into the bowl, and of melting the chilled wax. Melting of 
wax was further assisted by spraying hot water on the bowl top to be thrown 
into the wax cover along with the wax.

Special Types of Centrifuges
Test Apparatus. Test-tube centrifuges with heads carrying two, four, 

or more cups, so shaped as to hold graduated test tubes containing two or 
more liquids, or liquids and sediments, are employed to effect a separation or 
sedimentation and to give easily read volumetric proportions of the different 
components.

A wide variety of forms and shapes of test tubes are in use (with corre­
sponding shapes for the holding cups), such as cylindrical glass bottles, i.e., 
the 4-oz. oil sample bottle, small and large laboratory test tubes, pear-shaped 
vessels with a small cylindrical extension for reading small proportions, 
and cylindrical vessels with a cone-shaped lower end to give readable values 
for very small volumes of sediment or separated liquids.

The standard speed prescribed by the latest revision of A.S.T.M. standard 
method of test, Designation D 96 for water and sediment, is 1500 r.p.m. 
with 100-cc. test tubes supported in cups so that the tips swing in a 15- to 
17-in. circle. This gives a centrifugal force at the extreme tip of the tube of 
500 to 550 times gravity, and less for the other parts of the test tube. These 
forces are not sufficient to effect some separations or to break some emulsions; 
therefore, materials that tend to break emulsions and diluents, solvents, or 
precipitants are often added (see the latest revision of A.S.T.M. Method for 
Precipitation Number of Lubricating Oils, Designation D 91).
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Specially designed and sturdily proportioned machines can be built for 

peeαs up to 6000 r.p.m., using the standard A.S.T.Μ. 100-cc. cone-shaped 
tθst tube.
c test-tube centrifuge gives a means of observing the relative ease of 

ntrifugal separation and a means of measuring the performance of com- 
1θrcιal separators, for separation of water from 

ɪɪɪsulating oils, etc., and for clarification of sedi­
ments. 
wv^Jn.us^ observed that, as it is the volume

ɪen is measured, it becomes necessary to con- 
si er thθ extent to which sediments are “com­
pacted by long-continued certrifuging. It is 
?Vjte possible to observe, with repeated cen- 
riIuging of a single given sample, a quick 

accumulation of sediment, then no further in­
crement for several repeated centrifuging periods, 
° lowed by the accumulation of quite a large 

d°m niθ θɪ se^iment (presumably much more 
Uiicult to throw down than the first sediment 

observed) and, finally, the compacting of this 
asr? sediment into a smaller volume.

ɪ ne final volume is, however, larger than 
ne value for the previously observed quantity 

o quickly settled, coarse or heavy, easily pre­
cipitated sediment. When testing an unknown 
material, the centrifuging should be prolonged 
beyond the time for the first observed, “appar­
ently” constant volume, unless complete 
clarification of the liquid, or other observations, ɪɪɑ- 14∙—Test-tube centrifuge, 
confirm that all sediment has been removed from the sample and the sediment 
eθɪnpaeted down to its final volume. The final compacted volume is generally 
s°me function of the speed and time of centrifuging. Sediments differ 
markedly in compacting, and speed and time may alter the volume by 2 to 1 
°r more.

In the precipitation test, applied to lubricating oils, the settling of the 
Precipitate is quickly accomplished in the centrifuge test tube and the 
θlu∏ie of the precipitate read as prescribed by A.S.T.M. Method D 91. In 

addition the solvent and oil may be decanted and the precipitate collected, 
dissolved, and weighed, w⅛ich obviates difficulties and inaccuracies in the 
calibration of the smaller volumes of the test-tube cone-shaped tip and of 
ɪne compacting of the precipitate, as well as eliminating any possible effect 
rom solids, etc., accidentally already present in the oil sample and therefore 

ɪɪθt actually precipitated by the precipitation naphtha.
The Babcock butterfat-milk tester is a special form of test-tube centri- 

ɪŋge in which the cylindrical cups are constructed to hold a special form of 
test bottle with a small diameter neck attached to the upper part of the test 
bottle and a filling tube passing through the shoulder alongside the neck and 
leading to the bottom of the test bottle.

This small neck catches the butter oil rising to the surface after sulfuric 
acιd has destroyed the cream-globule film and allows reading values from 
θ∙θl to 0.25 per cent. This method is still almost universally employed 
throughout the Americas, although various methods of extracting the butter 
θɪɪ by ether or other solvents, then evaporating the solvent and weighing the
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residue, are coming into use here and are almost universally used abroad, 
since they reveal small residues of butterfat, not measurable by the Babcock 
method. The Babcock centrifuge head may hold four or more, up to 32 test 
bottles. For the 16-in. diameter swing circle, a speed of about 850 r.p.m. ɪ3 
employed.

Centrifugal Filters. Basket-type centrifuges, with large-diameter 
bowls, having diameters of 18 in. up to 60 in. and speeds of 1500 r.p.m∙ 
down to 500 r.p.m. are used with screens or filtering mediums laid on the inside 
perforated walls of the bowl shell to hold precipitates and to throw off thθ 
mother liquor.

The advantage of the centrifugal filter over plate-and-frame and other 
filters lies in the very complete removal of mother liquor from the precipi­
tate which centrifuging gives, the ease and completeness of washing the pre­
cipitate obtainable by spraying water or other wash liquids on the bed of 
precipitate while it is still held in the running bowl, and the final quite complete 
removal of mother liquor and wash water. This gives a quite clean “dry' 
cake which may have important chemical advantages over plate-and-framθ 
filters, and rotary, pressure, and vacuum filters for certain processes.

Closed-cover, Feed, and Discharge Machines. Gas-tight, or nearly 
gas-tight, covers are provided where spray or fog from the discharges needy 
to be kept from the room, or where vapor losses must be prevented on account 
of fire, health, or other hazards. The joints in the covers may be snugly 
fitted or even made quite tight by gaskets. Flexible metal tubes are provided 
for the feed and discharge pipes. Inert gases may be fed to the inside of thθ 
covers; but, as all liquids tend to dissolve more or less gas, as well as carry 
away considerable volumes of gas entrapped as froth, large quantities of the 
inert gas may be needed. Special designs make it possible to hold a vacuum 
in the bowl chamber and in the covers which receive the discharge.

Liquid-sealed Discharges. It is possible to discharge one or both 
the liquids from a centrifuge bowl by the equivalent of a small centrifugal 
pump in which the housing rotates with the bowl and what would be the 
impeller is held against rotation, so that the liquid under the centrifugal 
pressure of the “pump” housing receives the liquid at the housing diameter 
and flows toward the center and out through the hollow center of the “shaft’ 
or through a concentric tube surrounding it. Clarification of a single liquid 
is readily carried out with a single closed discharge. Separation of two 
liquids with both discharges closed may be effected wherever the two com­
ponents have a constant proportion to each other, as in cream separators.

There is, however, the drawback that enclosure is not entirely complete» 
owing to running clearances, and some air froth is still produced. In skim 
milk this may be several per cent by volume, but it is much less than the 30 
to 40 per cent produced by open-discharge separators. A considerable 
amount of power is consumed in liquid outlets of this type.

Bearing-type sealed passages may be provided by mounting the dis­
charge chamber on the bowl neck as if it were a bearing, but flexibly support­
ing the chamber on a corrugated metal bellows or on a flexible diaphragm to 
allow it to adjust itself easily to the position of the high-speed rotating bowl· 
This construction is feasible for the clarification of liquids that will provide 
a lubricating effect, suitable for the light side pressure on the bearing-type 
seal and its high speed and large diameter.

Clarifiers with, both inlet and outlet passages sealed by bearing-type 
connections are usually made with the bowl mounted on a hollow shaft with 
a bearing at each end so as to allow the feed to come in at one end of the 
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eoirW θɪɪd an^ Pass out through the other. The bearings may be 
If ɪ ɪɪɜ wι^ t*lθ teed 0r discharge passages or may be separate therefrom, 
is a'il °u °∙r θ^ɪɪθɪ*  material that will lubricate the bearings is to be clarified, it 

much simpler, less costly, and more economical of power to combine th© 
λv1 nng8wjtIj the inlet and outlet passages. For certain conditions of service, 
the dθ 1 e ^aιd^er js subjected to severe mechanical shocks and vibrations, 
tv Pu°jeybearing support offers material advantages over the more common 
suɪ56 ɪɪɪ wɪɪɪɑɪ1 t^1θ tjowI is mounted on the end of the spindle beyond its bearing 
8h^f+°1 λ ɪɪɪθ. bθaring is slipped, cap fashion, over the end of the hollow 
θnd fɪ b ^ɪɪθ ɪɪ^ɪɪɪd connθction is made through a flexible hose screwed on the 
bo 1°4 ^ɪɪθ ^earjn^∙ ɪɪɪe bearing is supported on a spring cushion to allow the 
on tb hr°^?^e freθly at>°ut its center of gravity, without undue side pressure 
the b beapng∙ The leakage of liquid past the inner end of the bearing along 
nτ. .1.-t 18 ɑontrolled by reverse-helical pumping grooves. At the speeds 

θvaιhng in centrifugal clarifiers of 6000 to 9000 r.p.m., such helical pumping 
UT09 ʌ^ɪɪɪ Prevent lθakage with internal pressures on the liquid of about 2 

atmospheres above atmospheric pressure.
arifiers of this type are suitable for use on locomotives and in marine 

i fv∙cθ θɪɪ Diesel θɪɪgiɪɪθs. Little or no water is Ukely to be present in the 
Th ɪ lc,a^.ng θɪɪ jn ɪɔiθsθl engines, or, if present, would be held with the sludge, 

d cJaidircatjon removes worn-metal particles, dust from the air, and carbon 
ŋ. sɪudge. produced by oxidation, polymerization, or cracking of the oil. 

a d βynaβ^c Separators and Clarifiers. Recently, completely closed-feed 
closed-discharge cream separators and milk or other clarifiers have been 

a eveIoped haying a hollow spindle feed to a bowl bolted tightly to the spindle 
a?C closed-feed and discharge gaskets made of elastic compounds,

apeα hke the cup seals of hydraulic presses.

ACCESSORY APPARATUS
ill ɪtɪh pɪpθs (see pp. 803-842), used for the feed and discharge connections, 

υst he ample in size, not only because of the power lost in pumping through 
θm against undue friction, but also because turbulence may cause emulsi - 

cation and thus greatly hamper the separations.
w jɪɪɪɪps (see pp. 2244—2260) for handling liquids to be centrifuged should 
ɪθ erably be of the positive displacement rotary type and run at moderate 
Peeds. Centrifugal pumps are usually undesirable, not only because of the 
a∏ation of delivery with back pressure, but also because of the violent agita­

ron and tendency to produce emulsification, which they cause. Where, 
owever, a mixing of two liquids is needed to promote a rapid chemical reac- 
ɪθn, or a washing process prior to centrifugal separation, a centrifugal-type 
rimp may advantageously be used to accomplish, or assist in accomplishing,
θ mixing. Piston pumps have the disadvantage of intermittent or varying 

ɪ a es of flow with each stroke (unless built with several cylinders), as a pulsat- 
ɪɪɪg flow decreases the separating ability of the centrifugal bowl.

Regulation of pump delivery of constant-displacement pumps is best 
accOmplished by gate-type valves, or still better by cocks, on the suction side 
o the pumps, since gate valves and cocks give a more definite and reproducible 
area of opening for a given setting of the handle than can be obtained with 
g obe valves. The control of liquid fed to the pump by restricting the inlet 
valve opening, thereby producing pressure drop at the valve and vacuum on 
.le pump, is usually better than choking the outlet valve and recirculating 
!rough a by-pass relief valve. The latter method builds up back pressure 
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on the pump and increases the power needed to drive it. Also a recirculation 
of the liquid is not always desirable as it may promote emulsification.

The pump displacement for removing the centrifuged liquids from free 
discharge types of bowls should be from 25 to 50 per cent in excess of the liquid 
volume to allow for froth, air, etc., carried along with the centrifuge discharge-

Presettling tanks may perform an important function in settling out 
large amounts of coarse or easily separated materials prior to centrifuging» 
leaving only the smaller quantities of the more difficult part of the separation 
to be effected by the centrifuge. If water in large quantities is to be separated 
from an oil, a decanting tank may be used with a partition wall reaching to a 
point near the bottom, but leaving a passage under the baffle for water to pass 
into a water compartment from which it may flow out over a weir, slightly 
lower in height than the weir for the oil overflow on the other side of the 
partition wall or baffle. The residues of moisture left by a centrifugal sepæ 
rator in a purified oil are smaller when a smaller ratio of water to oil is present 
in the feed. In all cases the centrifugal separator should be relieved of coarse 
work and employed for the finer or more difficult separations.

Heaters or coolers (see pp. 948—1001) are frequently necessary to give n 
suitable fluidity or more suitable surface tension to the liquids to be processed, 
or to gain a differential in specific gravities. It is important that the heater 
mass and temperatures be kept low to avoid overrun in controlling (or over­
heating on shutting off) liquid flow, and that ample heat-transfer surfaces be 
provided in order to lower the maximum surface temperatures. Radiant 
electric Iieaters are undesirable because the heater units must be brought 
to a high temperature (i.e., a red heat or higher) to get adequate radiating 
effects and upon shutting off the liquid flow, even with simultaneous discon­
nection of the electric supply, the temperature equilibrium reached involves 
excessive temperatures in the liquid.

Strip resistance heaters (see p. 2699) are more suitable, either immersed 
in the liquid or attached to the walls of the vessels or pipes. Steam or hot 
water taken directly from a boiler or from an auxiliary, electrically heated 
vessel and passed through heating coils, double-pipe heaters, or jackets 
offers a degree of safety from excessive temperaturesnot obtainable even with 
electric resistance heaters.

The rating of the heater required depends directly upon the liquid through­
put, the temperature rise desired, and the specific heat of the liquid, so that 
for a through-put of 1000 gal. per hr. each degree Fahrenheit rise requires a 
net heat input of 2440 watts for water and about 1220 watts for oil. For 
1000 1. per hr., 1160 watts is needed for each degree rise centigrade for water, 
and about 580 watts for oil.

The unit heat-transfer rate from pipe walls may be 5 to 6 watts per sq. cm- 
for heating water, but should be only 1.5 to 2 watts per sq. cm. for oil, to 
avoid overheating the oil film next to the wall. In any case, the average 
flow velocities through the pipes should be about 200 ft. per min. (1 m. per 
sec.).

Rates of heat transfer from the surface of the pipe wall (in contact with oil) 
to oil may be 15 to 20 B.t.u. per sq. ft. per hr. per oF. difference. For hot 
water to oil with coil or jacket heating, the coefficient of heat transfer may be 
30 to 35, postulated, however, not on wall temperatures but on the tempera­
tures of water and oil, and steam will transmit to oil in pipe coils about 60 
to 70 B.t.u. per sq. ft. per hr. per oF., while steam in pipe coils heating oil in 
tanks will transmit only about 50.

Air-separating traps are often desirable in the centrifugal discharge 
connections to relieve the discharge pipes and pumps of air and so increase
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eɪ. carrying capacity. No fixed rules can be laid down, as the section area 
r air relief depends not only on the quantity of discharge and the ratio of 

u -roth to be eliminated but upon the viscosity and, therefore, the tempera- 
turθ of the liquid.
ŋɪ As illustrations it may be said that for a flow of 20 gal. per min. a dry 

eaner s naphtha may need only an 8-in. diameter vessel, while electric 
ɪ p a^ng oil may need a 30-in. diameter vessel.

θed regulators (see pp. 2286-2292) are generally of the float type and 
θperate either a balanced valve of the butterfly or of the piston type to reduce 

even to stop the flow from the feed-pipe line as the float reaches a pre-< 
θθɪɪɪɪɪɪɪθd ɪθʌ^θɪ ɪɪɪ a supply cup or tank.

? 11 ɪɪθ,pθɪɪɪt θɪ advantage of such a method is that the rate of feed automati- 
y decreases with increase of viscosity, which may therefore compensate to 

n/+*R  exten⅛ f°r the increased difficulty of separation in the bowl on account 
fhc greater viscosity.
VVfien the supply is taken from a low head tank, the float may be made 
control the rate of feed quite adequately by the simple expedient of allowing 
e top of the float to rise against the open end of the faucet or the end of the 

supply pipe.
A very satisfactory method of feed regulation is the employment of positive 

ISpiacement pumps whose speed can be set at any desired value to give a 
coi responding through-put to the centrifugal. This avoids all probability of 

nUlsification and allows the scheduling of runs as well as standardizing the 
Performance of the centrifuge.

PROCESSING AND PREPARATION
Settling (and Settling Combined with Decanting). This is a simple 

ud often useful process for the preparation of materials to be centrifuged, 
a heavier liquid, such as water, is present in large quantities with oil, a 

settling process may be very advantageous in reducing the load on the centrif­
ugal and also in improving its performance. A float carrying an intake port 
eadιng into a flexible hose or into a pipe with flexible couplings, so that only 

at part is drawn off which is at the top surface and therefore most com­
pletely clarified, is better than multiple draw-off cocks set at different levels.

A sight glass in the pipe line should be provided so that the character and 
aιnθunt of liquid being drawn off may be observed.

Where settling of hot liquids is to be accomplished, convection currents 
8Uould be avoided. Heating, or even maintenance of temperature, by coils, 
Promotes convection currents and is therefore less suitable than jacket heat- 
ɪɪɪg. All surfaces should be well heat, insulated, as the ideal condition for 
settling would be the maintenance of an absolutely unchanged temperature 
throughout the settling tank.

Where sediments or slimes are to be settled, the settling tanks should either 
ilave flat or plane-slanted bottoms to allow the use of mechanical scrapers, 
or should be cone-bottom tanks with cone slopes greater than the angle of 
ɪepose of the sediment, so that opening the draw-off valve will give complete 
sediment drainage. Draw-offs should be closed by cocks set close to the cone 
θɪ the tank or by gate valves, so that clots may be readily cleared by push rods.

Coagulating may be a very useful or even an essential step prior to centri- 
ɪ]ɪging, to enhance the possible through-put rate and to improve the separa­
tion. If the particles also coalesce, the gain in differential densities usually 
ɪfiore than counterbalances the slightly smaller dimensions of the new size of 
th© coalesced particle. Whether coalesced or merely agglomerated, the set­
tling rate and centrifugal separation rate are increased. In many cases, heat­
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ing alone will coagulate. In others, washing or cooking, or digesting under 
pressure, with water or other liquids will bring about coagulation. The addi­
tion of some kinds of chemicals that do not injuriously affect the materials may 
be employed to reduce or to neutralize the electrical charge on the dispersed 
colloidal particles, thus allowing them to unite. Coagulation may also be 
carried out so as to form a kind of mat which, in settling, entangles and carries 
down with it all other particles. Disturbances such as convection currents 
must be avoided.

Partial centrifuging, makes possible the separation of three liquid 
mixtures by carrying out first, a partial separation which removes one liquid 
from the mixture and, second, by recentrifuging the mixture to separate the 
two remaining constituents. Generally it is somewhat easier to carry out the 
first step so as to discharge the mixture at the inner lip and one, only, at 
the outer lip. The proportion and gravity differentials of each of the three 
constituents determine the methods that may be used, for if two are closely 
alike in gravity they may be made to discharge together more readily at one 
lip, and if one of the three is present in quite large proportions it may be made 
to sweep along with it small portions of a second constituent that would 
otherwise lag and clog.

Partial centrifuging may also be applied by centrifuging, first, at a very 
high through-put rate for a partial separation or clarification, followed by a 
rerun at a low rate for a high degree of centrifugal purification. Another 
method is to pass the material through a large-diameter basket-type centrif­
ugal for separation of large proportions of the more readily removed materials, 
followed by processing in a small high-speed centrifugal for a final purification.

Adsorbent Treatments (see pp. 1269 to 1336). Adsorbent treatments 
with carbon or other adsorbents may be used to pick up colloidal particles 
which may then be removed by settling, filtering, or centrifuging. If per­
colating beds are used, relatively large-mesh particles must be used (usually 
not finer than 30 to 60 mesh) to get reasonably high-liquid flow rates through 
them, thereby entailing a lower surface/volume relation and lower effective­
ness of the adsorbent but somewhat smaller losses of liquid. If stirred in, 
“fines” may be used, which is more effective, but which usually entails soɪnθ 
loss of the liquid, which either is thrown away with the spent adsorbent or, 
if extracted, is of low grade. Adsorbents may remove antioxidants and 
corrosion Inliibitors from oils, and this effect must be borne in mind if they 
are used in oil treatment. A wide variety of natural, processed, and trade- 
named materials are used for such purposes, such as diatomaceous and 
siliceous earths, fuller’s earth, bentonite, silica gel, adsorbent carbons, 
Sil-O-Cel, Filtrol, Darco, etc. (see p. 1277).

Washing and Chemical Treatments. These are often important and 
sometimes essential processing aids prior to centrifuging. Washing may be 
partly a purely mechanical action for removal of impurities but often has 
chemical or physical chemical effects. For instance, water may extract water- 
soluble acidic deterioration products from oils, particularly when freshly 
produced, by preferential, or partial, solubility in water. The subsequent 
centrifugal separation of the wash water thereupon removes these deteriora­
tion products which had been in solution in the oil and so are not otherwise 
removable by centrifuging, since centrifuging does not separate materials in 
solution from their solvents. Washing may also carry forward a chemical 
reaction to a point where the intermediate is converted into an end product, 
water combination, emulsion, or other condition, where centrifuging can 
become effective. Deterioration products in oils may thus be quickly carried 
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ΓθτηηϊθΛ tbθ ?Judge or the sludge-and-emuɪsion stage and then thus 
whirl T °y celItrifuging. Fuller’s earth and some other such materials 
Iimi ri nave an affιn'ty for (or adsorbent action upon) water or other wash 
have +¾ay’ upon tjιe diffusing of such liquids through the liquid to be treated, 
r.i. r lr masa 0r tjleir gravity so increased as to promote greatly their 
ase of separation.

aJTp!5raturβ eflβcts 0n viscosity and specific gravity differentials 
tem °1° +y reiated∙ τile differences in rates of volumetric expansion with 
SDerifirature .form a means of obtaining, or increasing, the differential of 
set> +' gravιty up to a value which will permit of gravity or centrifugal 
Poss∙M°∙n by il0utilIg (or cooling) to an appropriate temperature. It is even 
coeffi∙ ɪɪɪ 3θrnθ cases t0 reverse tlle relative gravities. The temperature 

Jaoient of viscosity is very large, and heating of viscous liquids to a tem- 
,.,,,,.t'ire Yjllcjl vvill reduce the viscosity to a point which will give ready 

Itrilugal separation is very widely used.
ncrease of temperature, however, increases the Brownian movement and 

i,n∏e.'j , s more difficult the settling or centrifuging out of small particles of 
colloidal or Semicolloidal size.
∣i∩l ,notjler temperature effect present in separation is the temperature-solu- 
as ɪ T txYtjicient- Even with such nominally mutually insoluble materials 
ri ou and water there is a small solubility of water in oil, which increases with 

se of temperature. Consequently the separation of water from oil at high 
„ nιPerature will leave some water in solution with the oil, which precipitates 
Jt appears as a fog or a cloud in the oil on cooling. This may be of impor- 
anee ɪn electrical insulating oil and makes desirable its centrifuging at 

a -T tte temPeratUres such as 30o to 40oC. or just sufficiently high to obtain 
suitably low viscosity. In more viscous oils, it may be desirable to increase 
e temperature till the viscosity is reduced to about 300 sec. Saybolt Uni- 

eraal (or about 65 centistokes).
tr plutst°n breaking can often be effected by centrifuging without other 

eatment than heating to obtain a suitably low viscosity. Heating also 
1111Ss about a number of other effects which facilitate breaking the emulsion, 

of ʌ, carefujjV conducted heating, just up to the point where the inner phase 
1 the emulsion is partially evaporated, thereby breaking the surface film, 

uay be employed, provided the operation is so conducted as not to cause 
Xeessive evaporation and frothing. The heating must be thermostatically 

a° ∣ ? J?d anct may bθ aPPjied ln either a pipe line or a vessel. In addition, 
cold liquid or one similar to the inner phase may be fed in, just after the 

eating, to condense vapor and to control frothing.
■Emulsions may be dissociated by vacuum instead of by heating, to get a 

SarJ'aj evaporation of the inner phase, although this method seems to be 
Ughtly more difficult to control as to frothing and loses the advantages of 
eatmS∙ Freezing may break some emulsions, just as long standing and long 
tthng may cause dissociation, but these methods are less applicable for pro- 

ɑuetion operations.
, ɑbemieal methods, such as the addition of salts or acids, may be employed 
t0 dissociate emulsions.

MACHINE-OPERATING FEATURES
Starting devices and driving mechanisms must take into account the 

ttrgβ moment of inertia of the bowl and the high speed to which any centrif- 
uSal bowl must be brought and be sturdy in design with ample capacity to 
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start the bowl smoothly and to bring it quickly up to speed without jerk of 
shock.

Light bowls, such as the tubular type, are usually driven by a flexible 
fabric belt, and, as their inertia is small, they can easily be brought up to fulɪ 
speed by letting the belt slip during this short acceleration period.

Belt-driven machines with bowls of great mass are often started by allowing 
belt slip to occur at first to a greater, and later to a less, extent while th® 
machine is being brought up to speed. This is the simplest method possible» 
requiring no special mechanism and giving very good results for infrequent 
starts, but it usually needs the personal attention of an operator, for thθ 
several minutes required to attain full speed and may entail undue wear 
on the belt.

Centrifugal friction clutches with the weights driven positively give an 
extremely smooth start, and the wearing pieces may be of brake lining or 
other readily renewable materials. Springs may be used to hold back th® 
friction weights until the motor or the pulley gets up to a predetermined frac­
tion of full speed, which is a considerable advantage for induction motors» 
particularly single-phase motors with split-phase starting coils.

Automatic electric controllers, which regulate the motor speed so as to 
bring the motor and centrifuge smoothly and gradually up to full speed 
together in a predeterminable time cycle with a regulated power demand on 
the supply lines, are quite advantageous for basket-type centrifuges on larg® 
production schedules requiring definitely laid-out schedules for time for 
loading, time to bring up to speed, time at full speed, time for slowing down, 
and time at standstill for unloading. Usually in such a cycle the time for 
accelerating to full speed is greater than any of the others and so is the most 
important to control. This method is the most economical of power, aS 
none need be wasted in friction or in attendant’s time and so, for some uses, 
well justifies its high first cost.

Driving mechanisms may be direct belt from a motor or line shaft to the 
bowl spindle pulley or by worm wheel and worm with either a true worm tooth 
or a helical worm and straight-face worm-wheel tooth, or, more rarely, by bevel 
gears. Basket centrifuges use the belt drive almost exclusively, but the 
smaller, high-speed centrifuges may use either, both giving quite adequate 
service results. For either type of drive the principal requirement is that the 
size for belts or gear teeth must be amply proportioned in order to give ade­
quate wear resistance and to offset the handicap of the high speeds involved-

Lubrication of vertical spindles carrying bowls mounted on the upper 
end requires special provisions for the feed and maintenance of a lubricating 
oil film. A bearing whose lower end can be immersed in oil may have helical 
oil-pumping grooves on either the journal or the bearing to raise the oil to 
the top end. Such grooves may give high pumping pressures, for instance 
a 7 m. per sec. surface velocity can be made to develop a pressure of 2 atm*  
The edges of oil grooves must be chamfered to spread the oil peripherally· 
Such grooves serve also to wash grit out without scoring the surfaces. Thθ 
top bearing of such a machine is subjected to severe operating conditions.

If, as is usually the case, full speed is above the critical speed, the bowl 
which rotates about its form center at low speed changes over as it passes 
through the critical speed to rotate about its center of gravity. This change- 
over is the usual cause for noise and rough running while coming up to speed- 
At full speeds, above the critical speed, the spindle will weave slightly and a 
flexible bearing support must be used if excessive bearing stresses are to bθ 
avoided.
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-,ɑæɪɪθ ^eχιble support should be well damped to reduce the amplitude and 
continuance of vibrations.
of 1 Ï .a^achment of tightly closed Iubricating-Oil tubes to provide feed 
ti ubl3cant under pressure presents certain difficulties because of the vibra- 
θ on of the bearing as it follows the spindle positions. On this account, 
ɪ ,18 u≡ually fed to a recess in the upper end of the bearing by an oil-feed 
no + ʃɪɪɪɑɪɪ ιs not fastened to the bearing mechanically but is freely sup- 

r . from the frame iɪɪ a position to drop the oil into the recess. Either 
oa∖tlcaι0r ɪɪθɪɪɑnɪ grooves may be used to conduct and to distribute oil to all 
of th θɪ ^ɪɪθ bθnring. A cap or cover should be fastened to the upper end 

e bearing with a hole just large enough to clear the spindle surface to 
surf from blowing the oil feed off the top end of the bearing. The

ace speeds are so high that oils of low viscosity would be satisfactory 
inɪ θPθration at full speed, but, owing to the need for a Iubricat-

. ɪm at the lower speeds during starting and stopping and the need for 
< < IDtaining a supporting film even after some wear has taken place, the 

θɑɪ]ɪm ’ or “heavy” oils are more suitable considering the all-round 
ɑitions of service, particularly considering that vertical centrifuge bear- 

ɪɪfi 8eld°m ɪɪave a complete oil film.
alance and vibration have a major effect on wear and performance, 

owls are dynamically balanced when built so that not only the bowl runs 
Ootnly but also the spindle, in order that the frame may not suffer severe 

h<>iri ɪɪɪg f°rces∙ ɪhe frame is usually supported upon rubber cushions or 
® α by heavy springs to relieve stress upon the foundation bolts and founda- 

1°d. Machines with bowls running at speeds of 6000 r.p.m. or more are 
anced so that frames and other parts do not have amplitudes of vibration 

Sieater than fractions of 0.001 in. Basket centrifuges with speeds of 500 
ɪðθθ r.p.rn. may have higher vibration amplitudes. In such machines, 

Dich are often loaded and unloaded every few minutes and where the load 
nιa88θs cannot readily be disposed so as to eliminate unbalance, the suspension 

Aae frame on springs is of considerable advantage.
Hollow tubular bowls, having a small mass relative to the frame and 

8usPθnded on the drive shaft, may be run in frames solidly bolted to the 
°undation. Guide bushings and semiflexible means for. damping side swing 
aroUsually provided.

wear and corrosion present difficulties, if they occur to an appreciable 
eχtent in the bowl, since this is the most expensive and carefully made part 

* a centrifuge. Such changes may not only alter the performance but change 
he balance or mechanically weaken the parts. Corrosion-resisting materials, 

8Uch as monel, chrome-iron, chromium-nickel-iron, or protective coatings, 
8Uch as tin, plated by the hot dipping process, and rubber coatings, are used 
to meet special conditions.

ENERGY AND POWER REQUIREMENTS
The stored energy in the moving parts may be expressed as

E = ⅜Zω2 (22)
)vhere E is the energy in kilogram meters; I is the polar moment of inertia 
ɪu kilogram meters; ω is the angular velocity in radians per second.
. This stored energy is usually quite considerable and may take the full 
1°put from the motor or line shaft for periods of 1 to 10 min.

Equation (22) may be restated in a form to give the approximate values 
0r the energy stored in rings of l-cm. square section and different radii for 
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the mean section, at various speeds, assuming the wall section to have a 
specific gravity of 7.83, the same as steel. This form is

E = 2.75 X 10~⅛∙s (r.p.m.)2 (23)

where E is the stored energy in kilogram-meters; r is the mean radius of 
the section in centimeters; r.p.m. is the speed in revolutions per minute.

The accompanying curves (Fig. 15) show the range of values for stored 
energy.

The power lost in friction of the bearings and of the driving mechanism 
of underdriven machines is mainly in the top bearing on the high-speed

Diameter, Centimeters.

Energy, Kilogram Meters
Fig. 15.—Energy in rotating steel rings per Bquare centimeter cross section.

spindle, next to the bowl, which may represent as much as half of the total 
machine friction because of its high speed and the large diameter needed to 
get a sturdy construction for the support of the bowl. Next in order of magni­
tude is usually the lower bearing, which is generally of much smaller diameter 
than the top bearing. A worm and worm wheel have generally a relatively 
small friction loss. A belt drive may likewise have a high efficiency if the 
belt is not too thick and stiff, and if of adequate width for the load to be 
carried. The friction in other bearings, if any, is usually a small factor in 
the friction losses. All these considerations point to the need for attention 
and supervision on the part of the operator to see that the high-speed spindle 
bearings (particularly the top bearing) are kept well lubricated and are 
inspected regularly so that they can be repaired or replaced immediately, if 
required.
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The power lost in accelerating the through-put and in the interior 

Passages is one of the inherent factors incident to centrifuging. In a batch 
centrifuge of the basket or centrifugal-dryer type, where the bowl is loaded, 
ζrought up to speed for the centrifugal treatment, drying, etc., and then 
."oPPed (usually by brakes employed to save time), the energy stored is 
irretrievably lost. In such cases the acceleration of the load along with the 

owl is calculated by the methods already described for that stored in the 
owl. In continuous centrifuges the liquid fed into the bowl must be con­
gruously accelerated up to the linear velocity of the largest diameter part 

of the bowl through which it passes (if the liquid is to be subjected to the 
uɪɪ centrifugal effect). The power required for load acceleration may be 

expressed as

L = i-ys = 1¾∙⅛j9 (24)
2 g 2 g

where L = power, kg. m. per sec.
G⅛ = through-put kg. per sec.
r = radius (in meters) of the largest part of the bowl with which the 

liquid rotates at the full speed of this part.
ω = angular velocity in radians per second.
0 = acceleration of gravity, m. per sec. per sec. = 9.81.

ɪ he power may also be expressed in horse power as

H.p. = 5.167 × IO-9G3K2 (r.p.m.)2 (25)
where G3 is through-put in pounds per minute, and R is the radius in feet.

ɪf slippage does not occur, the energy imparted to the liquid at the maxi- 
MUm radius it reaches in the bowl is recoverable on its return toward the 
ceuter line before its exit over the discharge lip. The energy in the “dis­
charged” liquid or liquids at the point of discharge is that corresponding to 
the radii of the discharge “lips” (rather than the radii of the largest part of the 
howl they may pass through), plus that small quantity of energy represented 
hy the liquid velocity radially outward for emergence. This latter quantity is 
relatively insignificant and is in any case supplied by the pumping pressure 
ɑue to the centrifugal pumping “head” between the check ring and discharge­
lip radius, or radii, and so may best be included with the energy required to 
°vercome liquid friction through the interior passages.

ɪf the discharge lips are provided with shapes for discharge passages which 
direct the stream “backward,” the reaction tends to drive the bowl forward, 
a∏d so a considerable fraction (about half) of the energy in the liquid discharge 
May be recovered depending upon the tangential angle and the discharge­
passage friction.

The liquid friction in the interior passages absorbs an amount of energy 
which may be as large as that in the liquid discharge.

The friction head is of course supplied by the centrifugal pumping head. 
Produced by the difference in radii of the check ring near the center and the 
discharge lip. No part of this energy can be “recovered,” although the value 
May be kept small by designing passages of ample size and with smooth 
curves, so that a small “head” will supply it and so allow the use of discharge 
∣>ps of small radii.

If a discharge lip (or weir) leads to nozzles discharging in a radial or partially 
radial direction, a separate determination may be made for the energy required 
by calculating the centrifugal head between the outer and inner radial posi­
tions of entrance and exit of the nozzle.
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RELATION OF SIZE, DRIVING POWER, AND COSTS
Cream Separators. The accompanying set of curves (Fig. 16) gives 

representative data for the through-put of liquid-liquid, continuous, centrif­
ugal separators and customers’ prices as cream separators, of the standard 
type using a simple belt drive and the corresponding data for the net horsθ 
power required for operation at full liquid load. (For motor costs see ρp∙ 
2713, 2718, 2719.)

Oil Purifiers. The set of curves (Fig. 17) gives values for the maxi­
mum through-put of continuous liquid-liquid centrifuges and customers’ 
prices, as standard oil purifiers, and the corresponding data for the driving 
power of the standard types. Special features and accessories are nθ^ 

Fïg. 16.—Milk separators—relation of rating, price, and power requirements.

included in these price figures as the addition of motors, double pumps for 
inlet and return, heaters, and supplementary blotter presses, such as are used 
for insulating oil, all mounted upon a single movable platform or truck would 
add costs about equal to that of the centrifuge alone.

Basket Centrifuges. Basket centrifuges cannot readily be rated in 
terms of through-put but are usually rated by basket diameters. The curves 
in Fig. 18 give representative figures, showing the relation of holding capacity, 
price, and the horse power required for such standard work, as laundry “dry­
ing,” dry-cleaner’s solvent drying, and the handling of simple chemicals. The 
through-puts must be estimated from the drying characteristics of the 
materials handled, the “dryness” required and the operating schedule that 
may be maintained under the labor conditions, and other work that the 
operator may need to attend to.
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f⅛. 17.—Oil purifiers—relation of rating, price, and power requirements.
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' 1g∙ 18.—Basket centrifugals—relation of diameter, holding capacity, price, and power 
requirement.
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Costs for centrifuging may be estimated for typical cases, based ɑɑ 
assumptions as to operating schedules and other factors, representative of the 
usual conditions of service. Five such cases are illustrated in Table 2, 
namely, a medium-size hand-driven cream separator as used on a farm, a large 
creamery size, power-driven cream separator, a large oil purifier, as used for 
the lubricating oil of an electric power station turbogenerator, a large-s⅛e 
laundry dryer, and a large sugar centrifuge, with automatic equipment fɑ1' 
loading and unloading operated in parallel with a number of others, on eondɪ' 
tinuous duty, with a minimum of labor.

Table 2. Cost Estimates for Centrifuging

Type of service

Hand- 
driven 

farm-size
■ cream 

separator

Power-driven 
dairy-plant 

cream 
separator

Lubricating-Oil 
purifier 

electric power 
station

Centrifugal 
laundry 

i dryer 
extractor, 

48 in.

Sugar 
centrifugal 

sugar 
refinery,

48 in.

Capacity, gal./min.............

Power requirements, h.p...

1.6

0.09

22.0

4.0

15

' 4

3-200 lb.
loads/hr.
7½

10 tons per hr·

50

Daily operating schedule, 
hr...................................

Daily attention, man-hr..
0.67
1.0

9.0
1.0

24
I

7
2

24 .
8 (1 man, 3 

machines)

Annual operation, hr.........
Annual labor time, man-hr. 
Annual through-put..........

243
365

23,350 gal.

3,285
365 

4,350,000 lb.

8,780
365 

7,884,0001b.

1,941
533

1,074,0001b.

7,200
2,400

72,000 tons

First cost........................ $122.50 $2800.00 $2750.00 $2900.00 $8,000.00

Annual fixed costs:
Obsolescence and depre­

ciation........................
Interest..........................
Insurance and taxes.......

Subtotal.....................
Unit fixed costs..............

¼s S 8.16
6% 7.35
2% 2.45

¼o $ 280.00
6% 168.00
2% 56.00

¼o $ 275.00
8% 165.00
2% 55.00

¼o $ 290.00
6% 174.00
2% 58.00

¼o $ 800.00
6% 480.00
2% 160.00

$ 17.96
$ 0.77

$ 504.00
$ 0.116

$ 495.00
$ 0.0628

$ 522.00 
$ 0.486

$1440.00
$ 0.020

Annual variable costs:
Cost per man-hr............
Cost per h.p. hr.............

$ 0.30 $ 0.70
0.025

$ 0.70
0.01

$ 0 60
0.02

$ 0.65
0.005

Labor cost......................
Power Cost.....................
Kepairsandsupplies cost.

Subtotal.....................
Unit variable costs........

$109.50

8.20

$ 255.50
328.50
100.00

$ 255.50
350.20
75.00

$ 319.80
218.00
75.00

$1560.00
5400.00 

150.00

$117.70
$ 5.05

S 684.00 
$ 0.157

$ 680.70
$ 0.0864

$ 612.80 
$ 0.572

$7110.00
$ 0.0988

Total annual costs.............
Total unit costs.................

$135.66 
S 5.82

$1188.20 
S 0.273

$1175.70 
$ 0.1492

$1134.80 
$ 1.058

$8550.00
$ 0.1∣9

Unit for costs..................... 1000 gal. 1000gal. 1000 gal. 1000 lb. 2000 lb. ton

APPLICATIONS
The Dairy Industry. This industry depends almost, completely upon 

centrifugal separators of the cone-shaped, separating disk type in all of its
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Prin⅛1f°r °btaining cream for table use and for making butter. The 

Pal classes of uses are:

ɪnakingʃɪ31 ɪɪɪɪɪ^ sePara⅛ors to obtain cream from whole milk for Sliipment or for butter 

ice-crp-r^>t~v ɪɪɪɪɪk separators to obtain cream for table use, for butter making, and for 
3 ⅛ 'n manufacture.
4∙ Fileto^ seParators to recover butterfat from whey after making cheese,

tributior, +ry muk clarifiers to remove sediment from milk before bottling for dis- 
ð ' τo customers.

ac 0ry, gathered-cream separators to skim old or gathered cream.

3 ɪɪɪ`ɪk- separators are usually small in capacity, i.e., less than
line-eneθr ɪɪbɪɪi'' mVst freQuentIy ru∏ by hand crank, although motor or gaso- 
⅛ a hi ?!ne oeft drives are available. A reasonable standard of performance 
0r abo ton*  ɪ088 *n tfle ≡hfm milk not over 0.025 per cent by Babcock test, 

Fact ' ɔɛð per cent by Rose-Gottlieb or other extraction methods.
lnotor °ry sefjarators are ɑɪɪ power-driven by belt from a line shaft, electric 
buttor’f °,r, eam^turbine wheel. A reasonable standard of performance is a 

≡,≡trol 1°ss °f θ'θɪ pβr cent by ftatlcocfi- test 0r 0∙θ5 per cent Rose-Gottlieb. 
refinin ΐθΠΠ1 tteftnerfes- The principal uses for centrifuges in petroleum 
acid tg hfye tjeen for bright-stock dewaxing and the separation of sludge from 
also u re,atlng.∙ Solvent dewaxing and solvent extraction processes have 

In th 7arious fypes of special centrifuges for the separation.
a solv orιgtlt-stock process the slowly chilled oil, previously diluted with 
phousθŋŋ naIlfltna> fs passed through the centrifuge, where the chilled amor- 
lot w TaX °lscbarges at the outer bowl lip and is swept continuously away by 
test o i r' > ttemovaf of the naphtha by distillation yields an oil with a cold 
tur» ι,n y ab°ut 30o to 50oF. higher than the temperature to which the mix- 
e∞e had been chilled.
willɪvɪ16 ac't' treatfn≡ of gasoline or lubricating oil, the acid and acid sludge 
minutest *θ  'jy gravftV fn one or two daVs but may be separated in a few 
(with es,atter cVntacting by continuously mixing the acid and gasoline or oil 
∙iquid°ut t°° vιolent agitation) and immediately passing through a Iiquid- 
tlɪere' eVntinuous centrifugal separator. This gives a complete control of 
ing actr0n> preventing overreaction and secondary deterioration, thus reduc- 
crutjgasonne or ɑɪl loss and conserving valuable constituents present in the 
in ., 0n∙ ʌ reasonable performance would be only a trace of mineral acidity 
to 0 VJieparated off and a neutralization number for the organic acids of 0.05 
fS Us ι∣t'e' ɪɑɔɪɪ Per ≡ram- It is quite important that the next stage, which 
u2aι uaffV a fuller’s-earth contact, should be carried out at once after centrif- 
0r 8eparatfon∙ The quantity of clay needed may be reduced 30 per cent 
oil afong wfth some saving of acid and the production of gasoline, or

ɪth several per cent less losses and of a higher quality.
gerat 8V vent d≡waxing, the solvent and oil being treated, are mixed, refri- 
re θɑ' jɪɪɑɪ centrfIugally separated. The solvent is distilled off, or otherwise 

vered and reused with very small solvent losses.
visc° y≠n* exfraction is employed principally to obtain oils with a higher 
tUre° ' y lndex, ι'∙e∙> a lessened decrease of viscosity with increase of tempera­
vise ’ ɪɪt 0rcfer to combine low friction losses at low temperature with adequate 
at f °1, y at tfl° flfgfl 0Peratfng temperatures of internal-combustion engines 
arθu 8Peed and heavy load. The centrifuges, or other means for separation, 
κivo°t∙ arran≡ed fn a countercurrent series, whereby the finished oil is 

n ɪts last extraction, by “fresh” solvent.
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Vegetable Oil Refining. The process required (such as for cottonseed 
oil) is a treatment with caustic soda in a water solution to saponify organic 
acids, remove gums, etc., which may be accomplished by mixing in a moderate­
size, continuous reaction vessel and passing the mixture at once through a 
liquid-liquid, continuous separating-type centrifugal separator. The soap 
stock is discharged at the outer lip and pure oil at the inner lip. The oil 
loss in refining depends on the free fatty-acid content which varies with age, 
and other conditions in the cottonseed-oil mills and upon crop conditions. 
The loss ranges between values of about 6 to 10 per cent of the raw oil with 
kettle refining and gravity settling, but with centrifugal separation the loss 
may be 2 per cent less, i.e.r 4 to 8 per cent of the raw oil. A better color is 
obtained in the refined oil and lower values for moisture and free fatty-acid 
content.

In palm oil and olive oil, the problem consists largely of getting a quick 
separation from water or saps to avoid fermentation and rancidity in the 
oil, resulting from standing while settling by gravity. The recovery of oil is 
increased 3 to 5 per cent and all may be equal to “first pressing” or “first- 
grade,” instead of about half “second grade” and up to 5 per cent of “third 
grade.” Cast iron and tinned steel are suitable for bowls and covers, but 
all copper and brass must be avoided.

In orange and lemon oil, the problem consists of skimming the very small 
quantities of oil released from the rinds by crushing and expressing, from the 
water and juices. Monel or chromium-iron alloy bowls and covers are 
desirable to avoid corrosion.

Soya bean oil requires not only a refining process but also degumming, 
which may be accomplished either by solvent extraction or by a hydrolyzing 
process, In either case a centrifuge provides a quick and complete recovery 
of high-grade oil.

In both fish oil and whale oil, the problem consists of recovering the oil, 
free of water after cooking or “trying out” and free of shreds of flesh, bone, 
scales, etc. A nozzle type of liquid-liquid discharge bowl is used for the first 
stage separation, so that the solids are discharged through the nozzles along 
with enough oil-free water to sweep them along and out of the receiving cover. 
Oil-free water is discharged over the outer liquid lip, and oil with some water 
emulsion is discharged from the inner liquid lip. The oil and oil-water 
emulsion discharged at the inner liquid lip is given a second centrifugal 
purification through a liquid-liquid oil purifier, to recover water-free oil, 
and water that may be returned for reuse. Whale oil is now produced largely 
in apparatus installed for this purpose on specially built ships, which accom­
pany fleets of whalers doing the chasing, killing, and capturing. The whale’s 
body is hauled alongside or through a specially provided stern chute, cut up, 
and the blubber “tried out.” The fresh oil is separated from water and is 
purified by passing through liquid-liquid, continuous-type centrifugal 
purifiers to remove water and solids. This ensures a clean oil which can be 
stored for months without acquiring rancidity during the whaling season, 
which lasts six to nine months, before return to port, thereby greatly enhanc­
ing the quality and consequent price for the oil. The gain may be as much 
as $15 per ton.

Wool-grease Recovery. This process consists in skimming the wool 
grease washed out of sheep’s wool in the process of scouring it prior to carding. 
A great deal of dirt, sand, etc., is also washed out, requiring settling or decant­
ing vats or the use of basket-type batch centrifuges, prior to skimming the 
wool grease out by means of continuous, liquid-liquid centrifugal separators.
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e wool grease, particularly if quite clean and light in color, has some value, 

ut it is even more important to remove the grease from the wash water before 
ɪ ɪs i un off into sewers or water courses, to avoid stream pollution. For this 
θason, skimming types of bowls have been used in order to give the maximum 
unneation to the water by removing the last traces of grease.

aive-type bowls of the liquid-liquid solid type are now being used in wool- 
couring processes, in which the solids are continuously discharged through 

θ valves, the cleaned and degreased wash water is discharged at the outer 
Jsc arge lip (to be returned for reuse in washing), and a wet grease is dis- 

rgeɑ at the inner lip for recovery of grease. This wet grease is usually 
r>lvθ? a secθ∏d centrifugal separation, to remove the water and further to 
uniy it preparatory to refining to pure lanolin or the production of fatty 

acids.
i Lubricating-Oil Purification. One characteristic requirement common 

ail cases of Iubricating-Oil purification is the need for a centrifugal purifier in 
constant operation upon a continuously recirculated portion of the lubricating

1 » whereby an amount equal to the whole amount of oil in the system is 
eParated from any water that may be present and purified of sediment and 
.0 ids of all kinds every few hours. A liquid-liquid, continuous-separator 
ype bowl is employed in all cases except for small Diesel engines where water 

ɪ8 practically always absent, or in locomotive or marine Diesels where water 
ls not available for water washing the oil. This requirement of constant 
eenJ^ifugal purification is not so much for the purpose of saving oil, important 
as that is for marine installations, as to reduce wear on the turbines and 
enSmes a∩d avoij stoppages, unexpected outages or interruptions of service, 
a∏d repair costs.

ɪ8 important in all continuous, by-pass purification systems to keep in 
∙nιnd that the criterion of the purification should be the condition of the oil 
ɪ? the whole system and not the purification effect of a single passage through 

e purifier. In general, and with few exceptions, the centrifugal purifier 
8 ould be operated at a high through-put rate, even though at a somewhat 
ossened contrast between the feed and the purified oil discharged from the 

Purifier.
ɪhe larger number of passes more than makes up for the somewhat smaller 

Purification coefficient (provided the sediment is not too small in size to be 
>oinovable). It may be shown that the optimum through-put rate is

ɑ = ∖⅛ (26) 

ʌɪɪiere s is the rate of sediment production, and u is the ratio of sediment in 
ue outgoing oil to that in the feed at unit through-put.

Steam turbine oil is subjected to heat in the bearings, air contact, water 
cθntact, and cooling in the water-cooled cooling coils. The heating and air 
contact promote oxidation, with the production of organic acidity; and in 
ile later reaction stages, sludge. These reactions, in turn, decrease the ease 

o* separation of oil from such water as may come from steam-gland leaks, 
c°oling-water leaks from water-cooled bearings or in water-cooled oil coolers, 
θr condensation on surfaces or by absorption, solution and reprecipitation 
!f°nι the atmosphere, or even, as a result of the chemical reactions in the oil 
ɪɪself, from dissolved oxygen.

The emulsion sludge as well as the soluble sludges (metallic soaps, etc.) 
te∏d to precipitate on cooling and thus to coat the surfaces of water-cooling 
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coils, to interfere with heat transfer, and to involve difficult cleaning opera­
tions for their removal. On the other hand, the freshly produced organi« 
acidity is many times as soluble in water as in oil and so may readily be washed 
out by mixing a small stream of boiling water with the oil and immediately 
separating this water in a continuous liquid-liquid centrifugal separator. 
The continuous centrifugal separator further protects the turbine from danger 
of water leaks into the oil and removes worn bearing particles and dirt from 
the oil. A reasonable maximum performance for a centrifugal purifier on wet 
turbine oil is that at which it leaves a moisture content of 0.05 per cent and 
correspondingly less at lower capacities. The neutralization number and 
steam emulsion number may become stabilized, but at values that vary 
markedly with the oil, the operating temperature, and other service condi­
tions. Neutralization numbers of 0.5 to 1.5 mg. KOH per gram of oil and 
steam emulsion numbers of 300 to 600 sec. are frequently found in steam­
turbine oil in service, when centrifugally purified by a continuous by-pass 
system. In such a system there should be present only traces of sediment 
or sludge.

Diesel-engine lubricating oil seems to be slightly subjected to oxida­
tion, but is markedly affected by cracking or burning, owing to the high 
temperatures, and accumulates worn metallic particles owing to the high 
bearing pressures and the reciprocating motion, as well as dirt from the 
combustion-air and breather connections. Some residues come from the 
fuel oil and sometimes fuel dilution occurs through failure to fire, owing to 
lack of compression, bad mixture, moisture in the fuel oil, etc. The sediment 
in the oil consists largely of finely divided carbon, Semicolloidal in size, along 
with small proportions of worn metal and metallic oxides, sand, dirt, etc. 
The latter types of sediment are readily removable by centrifugal clarifiers 
for liquid-solid clarification, but the carbonaceous material requires a high 
degree of clarification for satisfactory removal. By suitably large centrifugal 
clarifiers on a continuous by-pass purification, the total sediment in the oil in 
the system may become stabilized at values of 1.0 to 1.5 per cent. It appears 
undesirable to allow the sediment to reach values much over 2.0 per cent.

If hot water is available, washing the oil with water may be resorted to, 
using water proportions up to 40 per cent, and then immediately passing the 
well-mixed water and oil through a liquid-liquid, continuous centrifugal 
separator, thereby flushing most of the finely divided carbon out of the oil 
and the bowl along with the water and pocketing only the dense sediment 
in the bowl. This sediment may be cleaned out of the bowl by hand upon 
stoppage of the centrifuge. Hot-water washing markedly improves the 
centrifugal purification of the oil.

Rolling-mill oil usually has large amounts of water splashed in from the 
cooling water on the rolls and large amounts of mill scale and dirt. Purifica­
tion requires a liquid-liquid, continuous-separating type of centrifugal bowl, 
with sludge pockets of considerable size and with gravity presettling tanks 
for catching the major part of the water and the coarser sediment. A reason­
able performance for the maximum through-put appears to be not more than 
0.050 to 0.200 per cent of moisture and 0.05 per cent sediment left in the puri­
fied oil, depending upon oil temperature and viscosity, and correspondingly 
lower values at less than maximum through-put.

Gasoline-engine crank-case oil purification is carried out by centrifugal 
purifiers mounted alongside the engine and operating continuously on a part 
or all of the lubricating oil being pumped to the engine bearings in only a few 
types of automobiles at the present time, because of the moderate size of such 
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engines and the difficulty of getting adequate attention to cleaning or making 
repairs by drivers or garage repair men.
. ɪɔa ⅛. reclamation on oil dumped from the crank cases of fleets of cars or 
ɪneks is quite common. If the quantities and conditions are such that the 

01 is to be used only as fuel, then a simple purification to remove free water 
a-nα coarse sediment is adequate, which can be done by standing and gravity 
settling on a small scale where ample time is available, or instantly in Iiquid- 
lquιd, continuous-separating types of centrifugals provided with sludge 

Pockets of adequate size.
H the oil is to be reused in gasoline engines, water washing and treatment 

with neutralizing chemicals, such as sodium silicate and trisodium phosphate, 
nιay be carried out first, followed by settling or centrifugal separation, with 
subsequent removal of dilution in some cases and of fuller’s-earth treatment 
or restoration of color in others. These last two steps are quite often 

coJisidered unnecessary, since some dilution is sure to occur in service, and 
color is of itself no indication of service value. Furthermore it should be 
borne in mind that dilution, unless quite excessive, is not altogether a dis­
advantage since it performs an automatic self-regulating function. Since 
dilution is generally greatest in cold weather, it renders starting easier and 
delivery of oil through the lubricating tubes more certain, while in hot weather 
t*J e lessened dilution causes higher actual viscosities and therefore better 
adaptation to high temperatures in the bearings and on the cylinder walls.

Block-test lubricating oil needs purification, primarily for the removal of 
worn metallic particles incident to the running in of newly made parts and 
°ι chips and filings and shop dirt left on the parts. Their removal avoids 
cutting and scoring of parts and hastens the running in operation. Gasoline 
e°gmes are quite usually driven by gas and not by gasoline during the block­
test run, so that dilution is not a factor. A continuous, by-pass purification, 
°sιng a liquid-liquid, continuous-separating type of bowl, with sludge pockets 
°f ample size to hold the solid sediment is usually employed. Water, spilled 
or leaking from the jacket water-cooling system, is often present and a stream 
°i clean water may be passed through the centrifugal along with the oil to 
assist in its purification by water washing the oil.

Diesel fuel purification requires the removal of water and solid sediment. 
Fven small proportions of water, particularly if unevenly distributed, will 
cause mis-firing and even stoppage of the engine. In marine service, where 
sea-water leakage to the oil storage tanks is almost sure to occur, since these 
tanks are usually placed next to or against the outer hull, or where sea water 
18 pumped in to provide ballast in emptied oil tanks, water separation is of 
Srcat importance. Solid-sediment removal is desirable in order to reduce 
Piston and cylinder or cylinder-liner wear and clogging fuel-injection nozzles. 
Water may be separated partially by baffled, gravity settling tanks, but 
sediment is not removable to any appreciable extent in this way. The 
Hquid-Iiquid, continuous-separating type of centrifugal, provided with ample 
sludge-holding pockets, will remove both water and sediment and may be 
built to operate even during fairly heavy seas.

A reasonable standard of performance for a centrifugal purifier is somewhat 
difficult to state, because of the wide range of viscosities and specific gravities 
θf Diesel fuel.

For crudes and residues of 300 sec. Saybolt Furol at 50oC. (about 640 
centistokes) the moisture residue may be kept to between 0.5 and 1.0 per 
cent, provided the oil is heated close to the boiling point of water. In 
any case, fairly effective centrifugal separation is obtainable only when the 
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viscosity at the temperature of separation is not much greater than 300 sec. 
Saybolt Universal (f.e., about 65 centistokes).

The sediment under similar conditions as to temperature and viscosity 
at the temperature of centrifuging may be kept within values of 0.05 per cent. 
It is well to bear in mind, in regard to ash content, that some ash in oils is 
due to mineral compounds held in solution and so is not separable by any 
means.

Transformer-oil purification requires principally the removal of the 
last, minute traces of moisture. Even new oil that has been thoroughly 
dried at the refinery picks up some moisture in shipment, either by solution 
from atmospheric humidity or condensation on the upper walls of the con­
tainers, or it is produced chemically by the reaction of the oxygen dissolved in 
the oil from the air and combining with constituents of the oil. Some small 
amounts of pipe scale, rust, etc., may be picked up also, but this is easily 
separated in the course of the removal of moisture in a liquid-liquid type of 
continuous centrifuge. The advantage of the centrifuge over the blotter 
press, which functions not as a filter but as an absorber of moisture, lies in 
the fact that the centrifuge continues to operate indefinitely at constant and 
full effectiveness, while the blotter press works with a decreasing effectiveness 
and at some unpredictable moment must have the blotter papers exchanged 
for new or dried ones. The blotter paper may break and allow oil to go 
through unpurified for some time since such a break is not visible to the 
operator. A reasonable standard of performance at maximum through-put 
of the centrifuge is the leaving of not more than 0.001 per cent of moisture 
in new oil at temperatures not much above that of the room. Owing to the 
solubility of water in insulating oils, which may amount to 10 to 30 parts 
per million by weight at room temperatures and ten or more times this in oil 
at 80oC., it is futile to centrifuge insulating oils at elevated temperatures, 
except as a preliminary step to break any emulsion that might be present in a 
used oil, to be followed, after cooling and standing long enough to precipitate 
the dissolved water, by a second centrifuging cold. An alternative is to 
centrifuge, once only, at the ambient temperature, but at such a reduced 
through-put as will give the desired purification. Evęn if centrifuged at 
elevated temperatures, resulting in a brilliantly clear oil with less than 0.001 
per cent of free water and having a dielectric breakdown of 25,000 to 40,000 
volts between 1-in. disks separated by a gap of 0.100 in., just after being 
centrifuged, such oils will, upon cooling, precipitate out some of the dissolved 
moisture, and the oil will become cloudy and may show only a few thousand 
volts breakdown value. After several years of service, transformer oils 
develop organic acidity and finally sludges from oxidation and other reactions. 
The sludge tends to deposit upon, and so to cause overheating of, the coils 
by interfering with their dissipation of heat. The organic acidity cannot 
be removed by centrifuging but may be reduced by water washing and then 
centrifuging, or by treating with mild alkalies, such as sodium silicate or 
trisodium phosphate solutions and then centrifuging. The sludge and water 
present in old used transformer oil is directly removable by centrifuging, 
and this simple mechanical separation is at present the general practice in 
electric power systems. The treatment with neutralizing chemicals, followed 
by centrifugal separation which restores the oil to its original neutralization 
number, may be followed by contacting with 1 to 2 per cent by weight of 
fuller’s earth. The diffusion of a small amount of hot water into the oil 
facilitates the settling of the fuller’s earth and then, after settling, the upper 
layers may be decanted off by means of a floating draw-off pipe to a centrifugal 
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separator for final purification. This results in the production of a reclaimed 
oɪl that is as good as, or better than, new oil for reuse.

Electric switch oil is subjected to the heat of the electric arc between the 
opening contacts of the electric switch, producing gases (principally hydrogen) 
a∏d finely divided carbon. Water and metallic particles may also be present 
which are readily removed by a liquid-liquid type of continuous centrifuge, 
leaving, however, some Semicolloidal carbon in the oil which may then be 
readily removed by subsequent passage through a paper-blotter press dressed 
Witb two or more thicknesses of dry paper.

Cable oil requires purification for the removal of the last traces of moisture 
and sediment, in order to obtain a homogeneous insulating material combining 
high dielectric breakdown strength, high electric resistivity, low energy loss 
under alternating electric stresses, and freedom from tendency to change or 
to deteriorate in service.

ʌ liquid-liquid type of continuous centrifugal separator may be used for 
the first-stage separation to remove moisture and sediments, waxes, etc., 
Iollowed by passage through a blotter press dressed with two or more thick­
nesses of blotter filter paper. The centrifugal purification should remove all 
the free water, particularly if carried out at about room temperature so that 
change of the blotter papers which absorb moisture may be rendered very 
infrequent. However, blotter papers, particularly when newly installed, 
allow some fibers to be swept off the back side and into the oil, so that a 
considerable portion of the oil first passed through the press should be returned 
to the system and rerun.

Varnish and Lacquer Clarification. Clear varnish needs clarification 
for removal of dirt and fine sediment which otherwise spots or breaks the 
smooth, shiny surface of the dried varnish. A high clarification coefficient 
!s necessary, resulting in a need for very effective types of liquid-solid, clarify- 
m8 types of bowls and run at relatively low through-puts to obtain the 
Maximum possible clarifying effect. It is not feasible to state in words a 
standard for a reasonable performance since this is judged by flowing a small 
quantity of the clarified varnish over a small piece of flawless plate glass and 
observing the surface at an angle which reflects the light obliquely. Under 
such a test the clarified varnish should show no specks or at most only two 
sPecks on a plate 10 by 6 in., while if more than four specks show, the varnish 
should be rejected.

Pigment lacquer clarification is desirable to remove not only the dirt 
a>∣d sediment that may have been picked up by the lacquer and, more particu­
larly, the coarser ground pigment particles which may be reclaimed for 
rθgrinding but also partly dried surface films, etc. Only a moderate clarifica­
tion coefficient is needed, because of the high specific gravity of the pigments 
a∏d their relatively large size. A simple type of hollow bowl is generally used, 
though sometimes multiple concentric cylindrical shells are provided. The 
machine is frequently equipped with an adjustable drive for speeds between 
one-third and full speed. By adjusting the speed and through-put, any 
desired degree of clarification may be obtained.. The glass-plate or metal- 
Panel method is used for judging the setting and degree of clarification to be 
employed for each grade or kind of pigmented varnish.

Ory-cleaners’ solvent clarifiers have been used for many years to 
remove continuously the dirt and sediment picked up from the clothes in 
the washer, by-passing the solvent continuously while the washing is in 
Progress through a liquid-solid type of centrifugal clarifier. Simple forms 
of bowls have generally been used, of either the double-concentric, cylindrical- 
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shell, medium-speed type or the single-shell, tubular, high-speed bowl The 
moderate-speed double-shell bowl has been most widely used. The practice 
abroad has been to use bowls with several concentric cylindrical shells, or 
bowls with conical disks much smaller in diameter than the shell, to give 
adequate dirt-holding space.

A typical plant would have one or two washers, 36 in. in diameter and 54 
in. long, each of which would have with it a centrifugal clarifier with a bowl 
having a dirt-holding volume of 330 cu. in. (5400 cc.).

Dry cleaners use “dryers” of the centrifugal-basket type to remove the 
solvent held in the washed clothes when removed from the washer. The 
clothes retain a weight of solvent equal to 1 ⅜ to 1 ⅜ times the normal dry 
weight of the goods, which should be removed mechanically rather than by 
being evaporated off, not only to conserve solvent but also to avoid leaving 
solvent and other odors on the clothes. The basket centrifuge should leave 
not more than 15 to 30 per cent of solvent by weight for removal in the heated 
tumbling dryer or the cabinet air-blower type of steam-heated dryer to be 
evaporated off. (This “dry cleaning” does not remove the normal water­
content present in cloth, although it may be reduced somewhat, i.e., be 8 per 
cent instead of 10 per cent.)

A typical basket dryer would be about 26 in. in diameter, with a basket 
depth about half the diameter and run at speeds of 700 to 900 r.p.m. Such 
a basket will hold up to 90 lb. of clothes (normal dry weight) and require about 
5 to 6 min. for centrifuging and about 3 min. for loading and 2 min. for unload­
ing, thus making a cycle in 10 to 11 min. and allowing about four to five 
loads per hour, when allowances are made for the operator to attend to other 
duties when not loading or unloading.

Laundry drying must be carried out in two stages, first the mechanical 
removal, second drying by heat. When removed from the washer, clothes 
hold two or three times their “dry” weight of water, which may be reduced 
to 20 to 30 per cent in a centrifugal extractor but is usually reduced only to 
50 per cent since ironing or pressing requires some moisture. Dry clothes 
normally contain 6 to 14 per. cent moisture and, if dried below this, become 
harsh and brittle. A piece of cloth does not seem wet to the hand until it 
carries about one-third of its dry weight of moisture. Wet-wash laundries 
operate on a larger scale than dry-cleaning plants and use the largest sizes 
of extractors, up to 72 in. diameter. Power is required mainly for accelera­
tion, which may take four times that to maintain full speed.

Sugar refineries employ centrifugal dryers of the basket type for the 
removal of syrup from the crystallized sugar after concentration in 
evaporators.

The requirements of large-scale, low-cost, competitive production have led 
to the use of the largest possible sizes, up to 60 in. in diameter, with a holding 
capacity of about 15 cu. ft. In addition, the operation must be as nearly 
automatic as possible and involve a minimum of labor, attention, and cost. 
For these reasons, mechanical aids of all kinds find a great field of usefulness, 
such as time switches for starting and accelerating, running and stopping the 
driving motors, means for filling the basket, mechanical unloaders, dumping 
mechanisms, etc.

Breweries grow yeast cells in mash tubs or copper vats of large size, 
such as 12,000 gal. (50,000 1.) with a yeast-cell content which may, with 
certain grain yeasts, be 3 per cent by volume but with other mashes may 
reach 9 to 10 per cent. Whether grown for alcohol or beer, or for the yeast 
itself, it is desirable to terminate the growth definitely and quickly and to
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sotflɪa^3 c0mpleW beer and yeast instead of using the relatively slow, gravity 
u ,lng π*ethods  formerly employed. This is now accomplished by centrif- 
Irn 0Jttoontrator bowls, employing nozzles connected to passages leading 
Drnln t-+∙e '0'v'^s^e^ wall sθ as to pick up and sweep out along with a small 
are 1Jiltlon of ttle ɪteuɪd, all the yeast cells, which, being heavier than the wort, 

mown to the outermost parts of the bowl, while the wort travels toward 
t θ center between cone-shaped separating disks and is discharged through a 
op connection near the center.

uch machines are built in sizes up to about 15-in. diameter (38 cm.), 
Perated at speeds of 5000 r.p.m., with through-puts of 85 gal. (320 I.) per 

renɪɪ'∙°∙n 3 Per cent yeast and 60 gal∙ (23° ɪɔ per min' 0n 9 per cent yeast, and 
inv n?g a,bout 5 h.p. for drive. The concentration possible depends 
bv ers,ely upon the yeast richness, because a concentrate of about 60 per cent 
th ¾"ι °f yeast cells wiu not dow teadily enough to be easily discharged 
ʃ rough the nozzles. On this basis, a practical limit would be a concentration 
o 5 per cent of the original volume for a 3 per cent yeast and to about 15 

Per cent, of a 9 per cent yeast.
t ΗΊ Γ t^e wort ln wtl'ctl the yeast grew has been separated, it is customary 
a° jωYte ttle y≡a≡t concentrate to the original volume with cold clean water 
nd then to reconcentrate by running through a centrifugal separator a 
cθnd time, before passing the concentrate to filters for final recovery. 
Rubber latex as taken from the trees consists of about 30 to 40 per cent 

y Weight of rubber particles dispersed in a milk-like sap. The rubber parti- 
e es have a lower specific gravity than the serum, and although they will 
Oagulate on standing and can be made to coagulate very readily by acidifica- 
ɪon, their concentration is far less readily effected than is the case with cream 
rom cow’s milk, in spite of the similarity of dimension of the dispersed parti- 

clesCabout 3μ), and their closely similar specific-gravity differentials.
ɪhe upper limit of concentration of about 73 per cent at which the concen- 

rate of rubber latex practically ceases to flow is appreciably lower than that 
ɑr cream, which is about 80 per cent.

. Concentration to about 60 per cent is desirable for the two reasons of saving 
ln shipping weight and the better quality of product when made from centrif­
ugally concentrated latex.

ɪn spite of the presumable ease of concentration, practical results from 
OentrifugaI concentration have only recently been obtained. This has been 
done by specially designing liquid-liquid concentrator bowls with quite 
*ugh separating coefficients through the use of extra high speeds and with 
appropriate internal-passage constructions.

Latex concentrators are expected to produce a concentrate with at least 
W per cent dry rubber-content solids, equivalent to 61 to 62 per cent total 
8θlids, and not over 12 to 14 per cent solids in the serum.

ɪt is worth noting that centrifugal concentration also removes considerable 
Proportions of water-soluble proteins. This may be accentuated by remixing 
With water and recentrifuging, one or more times. Rubber prepared by 
Oentrifuging has improved mechanical and electrical properties; recentrifuging 
further improves the electrical properties markedly.

Chemical plants make use of basket centrifuges for the recovery of pre- 
ciPitates or crystals from mother or wash liquors in a great many processes 
sUch as caustic slimes after evaporation, ammonium sulfate, dinitrobenzoi, 
anthraquinone, nitrotoluene, etc. Wherever a relatively liquid-free cake 
ɪs desirable, or a spray wash is needed, the basket centrifuge offers advantages 
over the filter press or rotary filter, often resulting in half the liquid-residue 
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percentage otherwise attainable. It is important to keep in mind that the 
smaller diameter baskets permit higher centrifugal separating effects, which 
may offset their smaller load-holding space and consequently greater labor 
and operating cost per unit of cake.

A typical operating schedule employing a 40-in. diameter perforated basket, 
holding about 7 cu. ft. or 500 to 600 lb. and taking 10 h.p., would be as follows:

Loading......................................................................∙..........................  ∙ ∙ ∙ ∙ 3-3 min.
Accelerating to full speed, 900 r.p.m................. ....,.......... .... 3-4 min.
Running at full speed................................................................................ < ɪ ɪɪɪɪɪɪ.
Slowing down (with brakes).................................................................... 2 min.
Unloading (bottom dumping)...................................................... ........... 2-4 ɪnin.

The number of loads run through must allow for some “lost time,” division 
of attendance with other duties, etc., so that from three to five loads may be 
run per hour.

Machine-shop chip-handling and cutting-oil reclamation requires 
the use of both a basket centrifuge for the removal of the cutting oil from the 
chips and one or two liquid-liquid, continuous-separating bowls with ample 
sediment-holding capacity for purification of the oil.

The chips may need to be broken into small pieces first, to facilitate han­
dling and to reduce their volume, for which one of the several types of swing­
hammer or ring-roll crushers is suitable. In this way, wiry, spiral chips may 
be broken so as to get 50 to 60 lb. per cu. ft., instead of about 10.

When loaded into a typical 40-in. basket centrifuge taking 350 lb. per load, 
run by a 10-h.p. motor, the centrifuging schedule may be as follows:

Loading......................................................................................................... ■ 5.5 min.
Accelerating................................................................................. -............. ɪ ■ 5
Running at full speed............................................................................... 3.5
Slowing down (with brake).................................................................... 1.0
Unloading..................................................................................................... 5.0

16.5 min.

With such a schedule from 2⅜ to 3⅛ loads may be run per hour, and with 
a spare basket this may be increased to 4 to 6 loads per hour.

Metal chips hold from 20 to 25 per cent of their weight of oil and after cen­
trifuging only 1 to 2 per cent, thus effecting a 90 to 96 per cent recovery of oil 
(60 gal. oil per ton of chips).

This oil is dirty, septic, and full of fine metallic particles. In order to 
sterilize as well as to wash out dirt and chips, water may be added, and the 
oil and water heated to boiling and then allowed to settle overnight to sepa­
rate the water and sediment, which may be drawn off from the bottom of a 
cone-bottomed settling tank. The oil may be drawn off from the top and 
after heating may be passed through a liquid-liquid, continuous-separating 
type of centrifugal bowl provided with a large sludge-holding space to retain 
the fine solids. A plant handling 5 tons of chips per day and recovering 
300 gal. oil would have a storage and heating tank for the dirty oil with a 
volume of about 450 gal. for the oil and water and a small accessory tank 
with heating coils and thermostatic control to maintain a uniform temperature 
of 70oC. (158oF.) on the oil as it passes into a centrifugal separator, requiring 
2 h.p. for drive, which will separate the water and sediment at a through-put 
rate of 3 to 4 gal. per min., leaving not more than 0.05 per cent water and 0.∙> 
per cent sediment in the purified and sterilized oil.

Machine-Shop grinding requires the use of a coolant and lubricant on 
the grinding wheel and the piece being ground. It is not possible to obtain 
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e bθst finish without a very clean coolant. The coolants used may be 

special oils, or special oils or soap compounds dispersed in water. Centrifugal 
c aɪ Iiiers have recently been applied to these coolants, resulting in much 
smoother surfaces, in absence of scratch lines that are difficult to remove in 
a er polishing operations, and in material reductions in grinder-wheel wear, 

sewage sludge may be concentrated by valve-bowl clarifiers 
which discharge a concentrated sludge containing 6 to 10 per cent of solids by 
i y weight and a clarified water containing not more than 0.05 to 0.10 per cent, 

suitable for return to the secondary tanks. The concentrated sludge is passed 
into the digester tank. The increased concentration would allow the use of 
smaller and less expensive digesters and seems also to yield a greater amount 
θɪ gas.

Miscellaneous applications include a large number of varied kinds of 
case≡j requiring one or another of the types of separations already described, 
p which a few may be listed as examples, such as the recovery of seed oysters 
ɪn oyster hatcheries, the recovery of blood serum free from red corpuscles in 
s aUghterhouses, the clarification of viscose in the rayon industry, the clari- 
cation of medicinal preparations, the purification of essential oils, the 

Iecovery of caffeine from coffee extract, the recovery of oil and the purification 
0 wash water in washing oily rags for reuse in machine shops, the recovery 
pud separation of oil from steam-engine condensate, the clarification of fruit 
juices, etc. Wherever a liquid-liquid separation or a liquid-solid clarification, 
or 8°me combination of these, needs to be carried out to a high degree of 
Perfection, centrifuging should be given consideration.'



SEPARATION OF DUSTS AND MISTS
BY EVALD ANDERSON 

CLASSIFICATION OF SUSPENDED MATTER OR GAS 
DISPERSOIDS

Solid and liquid suspended matter in gases, herein designated gas dis­
persoids, or simply dispersoids, may be divided into two main classes 
according to their formation: mechanical gas dispersoids and condensed 
gas dispersoids. Mechanical dispersoids are formed by dispersing larger 
masses into finer particles, as by grinding solids and spraying liquids, and 
these will herein be called dusts and sprays, respectively. Condensed 
dispersoids are formed by condensation from the vapor phase of the substance 
and these will herein be called fumes when solid and mists when liquid.

One of the most important characteristics of such dispersoids affecting 
their separation from the gas is their size, and herein lies an important differ­
ence between the two classes. Although no rigid dimensions can be given, 
it can be assumed that much the larger portion, by weight, of mechanical 
dispersoids will consist of particles whose average diameters will be between 
5 and SO microns (1 micron = 1/1000 mm. or about 1/25,000 in.), while with 
condensed dispersoids, the corresponding diameters may be from 0.3 to 3 
microns.

The corresponding ratio of the masses and volumes of the average parti­
cles in the two classes is, therefore 5000:1 which emphasizes the reason for 
the well-known differences in behavior of the two classes of dispersoids in 
separating them from the dispersion medium.

Of considerable practical interest are certain dispersoids, intermediate 
between the above two classes, which result from spray drying of liquids 
containing solids in solution, or from the combustion of dispersed organic 
material containing non-combustibles, such as powdered coal. Here the 
final dispersoid is the solid residue of the spray droplet or the ash residue of 
the coal particle, and these originally mechanical dispersoids therefore may 
approach in size those of the condensed class.

Condensed dispersoids although originally very minute nearly always 
agglomerate into larger particles and may often grow to equal, or to exceed, the 
size of the other type. Raindrops and snowflakes are familiar although 
perhaps extreme examples.

Table 1. Measurements of Diameters of Various Dispersoids

Mechanical dispersoids Diameter, μ Condensed dispersoids Diameter, μ

Cement dust............................................................ 40« Pigments.... 1-4«
Sprayed zinc dust............................................... 15μ Alkali fume............................................................. 1-5«
Flour-mill dust...................................................... 15μ Tobacco smoke (tar mist). .. 0.25μ
Talc dust..................................................................... 10μ Condensed zinc dust
Coal dust..................................................................... 10« NH4Cl fume.......................... 0 i-1μ
Silica dust................................................................. 5μ ZnO fume.................................................................. 0.05u

Spray-dried milk

Mechanical dispersoids carried by gases containing condensable constitu­
ents also act as centers of condensation, so that appreciable portions of the 
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condensed constituent may be attached to the mechanically dispersed parti­
cles. An example of this is cement-kiln dust where the alkali salt condenses 
in minute particles on the surface of the irregular dust fragments.

Reparation Methods. The common separation methods in commercial 
use may be conveniently divided into the following classes: ¾

1. 
2.
3.
4.
5.

Gravitational—as ordinary settling chambers.
Inertial—as baffle chambers or centrifugal apparatus. 
Mltration—as bag filters.
Sprays—as scrubbing towers.
Electrical—as Cottrell electrical precipitators.

. ɪ11 a∏ of the methods listed, collection by contact and adhesion on surfaces 
is also involved and in certain cases this action may predominate, as in wire- 
uung settling chambers or diffusion chambers for certain fumes.

PRINCIPLES AND APPLICATIONS
Laws of Particle Motion. For the motion of particles immersed in 

fluids, whether gases or liquids, it is found that the ratio of the inertia forces 
to the viscous forces gives a criterion for dynamically similar fluid motions 
about the particles:

Inertia force Dup _ _ _ _ . z<∖—--------- ------  — ----- - = Re — Reynolds number Ç1)
viscous force η

where, in any consistent units,
D = diameter of sphere (corresponding dimensions of geometrically 

similar particles).
= relative velocity between particle and fluid.

P = fluid density.
V = fluid viscosity.

When the resistance to the motion of a particle in a fluid, as determined 
eXperimentally, is expressed as a dimensionless drag coefficient C and is 
Plotted against the Reynolds number Re, a plot consisting of a single curve 
ɪs obtained covering an exceedingly wide range of conditions. In Fig. 1 
are given such a plot and tabulation of data for spherical particles. Similar 
curves for other shaped particles are given by Rouse (“ Fluid Mechanics for 
Hydraulic Engineers,” Chap. XI, McGraw-Hill, New York, 1938) and by 
Hrandtl and Tietjens (“Applied Hydro- and Aeromechanics,” Chap. V, 
tʃans. by Den Hartog, McGraw-Hill, New York, 1934).

The drag coefficient C is defined by 

where, in consistent units,
F = frictional force on particle.
A = projected area of particle normal to direction of motion.
Over the range of Reynolds numbers generally encountered in unit opera­

tions, the flow around suspended particles may be divided into three regions: 
streamline (when viscous forces predominate), intermediate, and turbulent 
(when inertia forces predominate). The region above a Reynolds number of 
200,000 is important only in ballistics and aircraft design. For spherical 
Particles, the curve of Fig. 1 may be approximated by the three straight lines 
shown. (Shepherd, private communication, 1933.) For a Reynolds number 
less than 0.0001, the magnitude of the particle diameter approaches that of 
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the mean free path of the fluid medium, and a correction factor must bθ 
applied.

For gravity settling, a particle reaches a constant settling speed when 
the net gravitational force Fg on the particle equals the frictional resistance F - 
The net gravitational force is obtained by correcting the weight of the particle 
to account for the buoyancy of the displaced fluid. If ps is the actual particle 
density, then (ps — p) includes the buoyancy correction. For gravity settling 
of particles in gases, the buoyancy correction is small compared to the experi­

100,000

100
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RESISTANCE OF SPHERES 
IN FLUIDS

SYMBOLS
Re= Reynolds number
C - D;--g ccJ∙fLL..J-
F = Resistance to motion-Dynes
C = Drag coefficient

-F = Resistance to motion - Dynes
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- u
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p = Density of fluid -g/cc 
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mental error and can ordinarily be ignored, so that ps can be substituted for 
(ps — p} in the following equations:

For spherical particles
Fg ≈ gπDs(pa -p)∣⅛ (3)

where, in consistent units,
g = acceleration due to gravity.

Ps = particle density (actual, not bulk density). 
Hence, at constant settling velocity, F = Fg, and

C = 2F = GτrF>Kρs - P~)
puzA 3puzA W

or, substituting ττZ>≡∕4 for A and rearranging,

∙∙≈4¾F' ®
From Eq. (5) the various laws of settling corresponding to the regions of 
Fig. 1 can be derived by substituting the respective function of Re for C. 
In Fig. 2 these laws, together with their limitations, are presented in tabular 
form to indicate their relationship to particle size, free-settling velocities, 
methods of measurement, and methods of collection.
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Values of Drag Coeflacient C for Spherical Particles

Re- C C Re CRe2

0.1 240 24.0 2.4
0.2 120 24.0 4.8
0.3 80 24.0 7.2
0.5 49.5 24.8 12.4
0.7 36.5 25.6 17.9
1.0 26.5 26.5 26.52 14.4 28.8 57.6
3 10.4 31.2 93.7
5 6.9 34.5 173
7 5.4 37.8 26510 4.1 41.0 410

20 2.55 51.0 1.02 × lθɜ
30 2.00 60.0 1.80
50 1.50 75.0 3.75
70 1.27 89.0 6.23

100 1.07 107 10.7200 0.77 154 30.8
300 0.65 195 58.5
500 0.55 275 138
700 0.50 350 245

1,000 0.46 460 460
2,000 0.42 840 1.68 × 10»
3,000 0.40 1,200 3.60
5,000 0.385 1,920 9.60
7,000 0.390 2.730 19.1

10,000 0.405 4,050 40.5
20,000 0.45 9,000 180
30.000 0.47 14,200 426
50,000 0.49 24,500 1.23 × 10»
70,000 0.50 35,000 2.45

100,000 0.48 48,000 4.8
200,000 0.42 84,000 16.8
300,000 0.20 60,000 18.0
400.000 0.084 33,600 13.4
600,000 0.10 60,000 36.0

1,000,000 0.13 130,000 130
3,000,000 0.20 600,000 1.8 × 1012

p k^^ese are average values based on the combined data of Allen, Arnold, Bacon and Reid, Dorr and 
Roberts, Flachsbart, Jacobs, Knodel, Krey1 Liebster, Lunnon, McKeehan, Millikan, Schmidt, Schmiedell 

bhakespear, Silvey, Wieselsberger. For values of Re less than 0.1 : C ≈ 24/'Re; C Re = 24; C Re2 = 24 Re.

ɪn connection with the separation of suspended particles from gases, by 
^ar the most important laws of settling correspond to the region of Fig. 1 
where viscous forces predominate. Here, for values of Re up to about 2,

Substituting this experimental value of C in Eq. (5) gives
g D Hp s — p)u — -----------------

18η

Equation (7), theoretically derived, is known as Stokes’ law.
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K= 3.3 fcr Stokes Law

K= 43.5 for Interme­diate Law

r Laws of Settling (Any self consistent system of units may be employed, c.q.s. units given by way of example;
Critical Particle Diamz [Any consistent system of units may be employed, c. q. s. units Ofexample

Grαvity settling of spheres in still fluid
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NEWTONS LAW s∏^∕gi⅛⅝T) 
u = terminal particle velocity, c m./sec.D = particle diameter,Ps= particle density,g./c.c. fluid deηsity,q.∕c.c. ×acce Ieration due to qravity,981 cm./(sec.) (sec.) 
INTERMEDIATE LAWO.I539a7lDll4(ps-p )0; 

p0,2<)η 0.43 
η=f Iuid viscosity, poise STOKES’LAW

1

⅜∙ Il l -.⅛ι

STOKES-CUNNINGHAM LAW u=us(l+A⅛)Uc = u of Stokes’ law s A = constant (1.4 to 2.0) λ = mean free path of molecules (IO"5cm. for gases)
S = mean distancemoved in time t,cm.R= gas constant = 8.3I6xl07ergs/(°C.)(mole.)T = absolute temp., oC.N = number of gas mole­cules in one mole.= 6.06x1023

BROWNIAN MOVEMENTRT 2tN 3nrη D

Dc= critical particle diam. above which law will not apply,cm.
Tj - fluid viscosity, poise, K = ConstahtK= 2360 for Newton's law

The Cunninqham correc­tion on Sfoκes'law be­comes Importantfor sizes under 3xl0^4cm. for settling in gases and for sizes under 10"6for settling in liquids

Fiq. 2.—Characteristics of gas dispersoids.

For values of Re between 2 and 500 approximate values of u can be cal­
culated by using the straight-line approximation of Fig. 1, which has been 
called the intermediate law.
Here

C =
18.5
Re0∙e

(8)
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Substituting in Eq. (5) gives

u = 0∙lWa⅛114(p. -⅛⅞ffi÷1 (9)
pθ.297jθ.43 ' '

When it is desired to calculate the free-falling velocity of a given sized 
Particle directly from the experimental curve of Fig. 1, trial-and-error methods 
must be used. To obtain a direct solution, a separate plot of CRe2 versus 

e can be drawn by selecting points from Fig. 1 and computing CRe2. 
ɪθr spherical particles

(10)3τ?2 
a∏d can be computed directly, as it is independent of u. The corresponding 
value of Re can then be determined from this separate plot, and the velocity u 

eIcrmined from the relation Re = Dup /η.
. -rurther references and a more detailed discussion of particle motion are 

given in a paper by Lapple and Shepherd [Ind. Eng. Chem., 32, 605-617 
(1940)].

The Gravitational Method. This method, as exemplified by the ordinary 
settling chamber, is applicable only to mechanical dispersoids because its 
effectiveness depends on the rate of fall of the particles, and this rate, being 
dependent on the size and weight of the particles, becomes so slow for. the 
ŋθndensed dispersoid that the method here becomes impracticable. In 
1 able 2 are listed the rates Of fall of various sized spherical particles of density 

*^ g. per cc. in still air at room temperature. They were computed by means 
ŋf the curve of Fig. 1 and Eq. (5).

Data on actual dust-fall rates in industrial applications with moving 
gases and irregularly sized particles are extremely meager. The indications 
are, however, that the rates are generally close to the theoretical but may, 
at times, be as much as 50 to 60 per cent lower, owing to the presence of eddy 
currents and the irregularity of particle shape. From Table 2 it is evident 
that particles of less than 200-mesl} size will fall too slowly to settle in the 
ordinary dust chamber. It will also be observed from the corresponding 
!Reynolds numbers that, contrary to prevalent usage, Stokes’ law does not 
aPply for the particle size range generally encountered in dust-settling 
chambers, except for the smallest sizes. The intermediate law (Fig. 2), 
however, will usually be applicable for the larger sizes.

Settling chambers should be designed to give sufficient time of settling 
for the smallest size of particles it is desired to remove and should obviously 
be made wide and low rather than high and narrow. Chains or wire curtains 
Iθ minimize eddies are desirable and may tend to collect the finer dust through 
contact.

The actual settling rate of the smallest particle to be collected should 
preferably be determined experimentally. When this is impractical, but 
where this particle size is known, the theoretical settling rate can be calculated 
from the following approximate numerical expression for Stokes’ law (for 
Particle sizes under 200 mesh) :

D2ps <.

u ~ io<" per sec, (H)

where D is the average diameter of the particle in microns and ps is its specific 
gravity.
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Table 2. Theoretical Rate of Fall of Spherical Particles in Still AiT
ps ≈ 2.0 g. per cc. p = 1.2 × 10-3 g. per co. -η = 1.8 × 10~4 poises

Diameter of particle Rate of fall, ft. per sec. Reynolds number, TfcMicrons Equivalent Tyler mesh
0.1 0.000004* 8.1 × IO“’1.0 0.00021* 4.3 × 10"«10 0.020 4.0 × 10-344 325 0.38 3.4 X 10"!74 200 0.93 1.4104 150 1.6 3.5147 100 2.7 8.0208 65 4.1 17.1295 48 6.0 36.0417 35 8.7 74.0833 20 17.1 290.0

* Stokes-Cunningham correction factor included.
Thus, if the smallest particle to be settled out is 50μ and its specific gravity 

is 4, the theoretical rate is

(5O)24 1 f+
u ~ ~104~ ~ ɪ ɪɪ' per sec*

Assuming 50 per cent of this figure as the actual rate, the settling rate foɪ*  
such a particle is, therefore, about 0.5 ft. per sec.

For ordinary industrial mill or kiln dust carried by gases of average velocity, 
where the particle size is unknown and where it is impractical to determine 
the settling rate by experiment, the order of magnitude of the settling rate 
of the smallest particles to be collected can be estimated from the following 
empirical formula:

. rɪ ps(1.0 — 1.23Γ)u in ft. per sec. =--------- ----------  (12)O

where ps is the specific gravity of the particle and X is the fraction of the 
total dust to be settled out, provided X is less than 0.8. This equation is 
based on two series of tests [Trans. Am. Inst. Chem. Engrs., 16, 77 (1924)] with 
metallurgical and cement dust of size largely under 200 mesh. Comparison 
of actual settling rates of the slowest particles settled out and such rates 
calculated from the above expressions are shown below:

Table 3. Comparison of Actual and Calculated Settling Rates

Dimensions of dust chamber, ft. Gas velocity, ft. per sec. Collection, per cent Specific gravity of particles
Settling rate, ft. per sec.

Height Length Actual Calculated
29 220 7.0 57 8 0.95 0.8421 140 3.7 40 3 0.55 0.52
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t U u is the actual settling rate in feet per second of the smallest particle 
0 be collected, Q the gas flow in cubic feet per second, Ac the cross-sectional 
ɪea ɪn square feet, and L and H the length and height in feet, respectively, 

a proposed settling chamber, then obviously the dimensions of the chamber 
-*ust  be made such that

LAcu ≈ HQ (13)
. APParatus. Except perhaps for the so-called Howard dust chamber 
h depends for its effectiveness on making H in Eq. (13) very small,
y the use of a multiplicity of superimposed shelves, and on the large surface 

01 ɑŋɪlθetion by contact, there is at the present time practically no apparatus 
ɪɪ the market for dust collection by the gravitational method. It, therefore, 
Idmarily devolves on the engineer- in charge of the plant to design and 
0asiruct ⅛≡ necessary equipment.
Ine Centrifugal or Inertial Method. Although with certain specific 

aPparatus some condensed dispersoids may be collected by means of the 
ɪnθrtɪal method it, like the 
"Λa `` ɪt a ^i-ɪ o n a 1 method, is 
■ll.e,)' aPplicable to mechan- 

a dispersoids like dusts and 
sPrays ; but due to the much 

ɪ gθr separation, forces availa- 
, smaUer particles may be 
Elected. As gravity is the 
Parating force in the settling 

c amber, so the centrifugal 
ɑree causes the separation of 
. e dispersoids from the gas in 
centrifugal or inertial appara- 
us∙ This force, being directly 

Proportional to the square of
e gas velocity and inversely 

Proportional to the radius of 
curvature of the gas stream,
can therefore be made very large by making the gas velocity large and the 
radius of curvature of the gas stream small. Table 4 shows the relation of 
J® separating force and the radius of curvature for a constant gas velocity 

0 60 ft. per sec., in terms of gravity (i.e., the force of gravity taken as 1). 
τable 4. The Centrifugal Separating Force in a Circular Gas Stream 

with a 60-ft. per Sec. Tangential Velocity for Different Radii 
(Expressed in terms of gravity, i.e.t gravity = 1)

Radius of Curvature
of Gas Path 

Gravity 
10 ft.
5 ft. 

2.5 ft. 
1.0 ft.

6 in.
4 in.

2.5 in.
1.5 in.

Separating Force
1

11 times gravity
22 times gravity
45 times gravity 

112 times gravity 
224 times gravity 
336 times gravity 
538 times gravity 
896 times gravity

ʌɪthough the laws of particle motion discussed herein are not strictly 
aPplicable to moving gases, particularly where the motion is highly turbulent,
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it may, nevertheless, be assumed that here also the resistance to the motion 
of the particles is such that the rate of motion is proportional to the net 
separating force and that the resisting or frictional force depends on the 
same factors, as in still gases. Bearing in mind the uncertainty of these 
assumptions, one may then calculate the separating velocity u in inertial 
or cyclonic apparatus in the same manner as the settling velocity in gravita­
tional apparatus.

To calculate the separating velocity of a spherical particle in a centrifugal 
field, it is only necessary to replace the term g, the acceleration of gravity» 
by the radial acceleration of the particle ω2r or V2/r, where ω is the angular 
velocity and V the tangential velocity of the particle and r is the radius of 
curvature of the path. Thus, the general Eq. (5) becomes, for a consistent 
system of units,

4ω2rD(p8 — p)
3pC

(14)

And, for the particle size range where Stokes’ law applies, Eq. (7) becomes
ω2rZ>‰ — ρ)

18τj
(15)

In a baffle chamber the gas path may be simple and approximately 
parallel. In cyclonic apparatus the gas path involves an outer downward 
vortex and an inner upward vortex, and, depending somewhat on design, 
the diffusion of the gas from the outer vortex to the inner vortex takes place 
over an extended area; hence the rate of diffusion, or radially inward com­
ponent of velocity, is small compared to the tangential velocity of the gas. 
If u is larger than this inward component of velocity, the particle will never 
reach the inner vortex and will be collected. In cyclonic apparatus the 
tangential velocity V increases as the radius of curvature of the gas path

decreases so that V ~ — Recently published test data indicate that n may

approximate ⅜ so that V varies inversely as the square root of r [Shepherd 
and Lapple, Ind. Eng. Chem., 31, 972-984 (1939)]. Other experimental 
evidence and theoretical considerations suggest the value of n may approach 1 
[see Lissman, Chem. & Met. Eng., 37, 630-634 (1930)]. For purposes of 
illustration assume that- the separating action takes place in the outer vortex, 
and consider a tangential velocity V such that V2 / r (where r is the radius of 
the cyclonic apparatus) corresponds to the average acceleration present 
in the outer vortex. At the same time in the apparatus the average gas 
path will cover an angular distance θ, depending upon the particular design. 
The time available for separation will then be τβ∣V, giving a separation 
distance s,

rθu (16)

By substituting for u from Eq. (14), and noting that V = ωr, Eq. (16) 
becomes

4rZ>(ρs - ρ) (17)

For the minimum particle sizes of interest in cyclonic collection where
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Stokes’ law applies, Eq. (15) is used, giving

= θvd*( p. - P) (18)
18τ)

Equation (18) may be used to calculate the tangential gas velocities 
necessary to move particles across the gas stream in apparatus with varying 
wιdths s, of the gas path, where s may correspond to the radial extent of the 
outer vortex in cyclonic apparatus. Table 5 shows such values computed for 
spherical particles of specific gravity 2.0 separated from air at atmospheric 
teUiperature and pressure. Values of V are given for θ equal to 4τr radians, 
cOrresponding to the approximate conditions in certain cyclones.
Table 5. Relation of Tangential Gas Velocities, Particle Size, and 

Separating Distance in Cyclones 
θ = 4π radians

Particle diameter D, microns
Separating distance s, ft. 1 5 10 20 50

Tangential gas velocity V, ft. per sec.
0.5 6.400 256 64 16 2.61.0 12.800 512 128 32 5,12.0 25,600 1024 256 64 10.24.0 51,200 2048 512 128 20.5

Table 5, being based on Eq. (18), assumes the applicability of Stokes’ 
law which does not usually apply to particles much over 20 μ. The values 
listed are primarily intended to show order of magnitude. For conditonβ 
where Stokes’ law does not apply, the required tangential gas velocities to 
≡eparate a given sized particle will be somewhat higher than listed and will 
depend to a small extent on the radius of curvature.

Other investigators have concluded that the applicability of Stokes’ law 
in a centrifugal field depends, not only on the particle diameter, but also 
°n the tangential velocity and that Stokes’ law in this case is valid only for 
values of VD smaller than about 1000 to 2500.

Minimum Size Particles Collectable. Cyclones approximate classifiers 
rather than collectors, and a significant factor in cyclone operation is the 
minimum size particle collectable.

Rosin, Rammler, and Intelmann [Z. V. deut. Ing., 76, 443-447 (1932)1 
have derived the following equation in a consistent system of units to deter­
mine the diameter, -Dmin., of the minimum size particle to be practically 
completely separated from the gas stream in a given apparatus:

≈-- - ‰⅛-,>∙ m
where N = number of revolutions made by the gas stream in the apparatus. 

b = width of gas stream.
Equation (19) is derived from Eq. (18) by letting θ = 2ιrΛr and s = b 

and assumes a constant spiral or tangential velocity V across the width b.
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Other investigators have derived similar expressions for Z>min.∙ Thu8 * *» 
Lapple and Shepherd replace b with e/2 where e is diameter of exit duɑ^ 
[Ind. Eng. Chem., 32, 605-617 (1940)], and Lissman replaces b with r/2 where 
τ is radius of cyclone (private communication).

It should be pointed out that all quantitative and theoretical considerations
given above assume that the dust involved is completely dispersed and present
in small concentration (less than 5 gr. per cu. ft.) so that particles will have no
effect on one another. In practice, dusts are apt to show agglomerating 
tendencies which result in a larger apparent particle size than actual particle 
size. High dust concentrations will result in large particles carrying out small 
particles by mechanical means. Both these factors will result in higher 
efficiencies than predicted from an actual particle-size analysis. While 
Table 5 indicates that l∕χ particles cannot be separated by a cyclone under 
conditions ordinarily employed, in certain cases efficiencies as high as 98 
per cent have been realized on dusts having an actual particle size of from 0.1 
to 2.0μ owing to the predominant effect of agglomeration.

Experiments by Shepherd and Lapple indicate that N may range from 0∙^ 
to 3 and may average 1.5 for cyclones of normal proportions. It is als° 
possible to determine N by experiment.

In Table 6 results from recent tests with three sizes of cyclones—6 in·» 
9 in., and 24 in.—with similar proportions are given. Here the minimum 
size particle, Z>min. nearly completely collected (98 to 99 per cent), was 5μ> 
10μ, and 20μ for the 6-in., 9-in., and 24-in. cyclones, respectively.

Substituting the numerical values involved in Eq. 19 (N assumed to bɛ 
1.5, V taken as ratio of gas-volume rate to inlet area was 1340 cm. per sec·» 
b was 2.5 cm, and η 1.8 × 10"4 poises) gave Dmin. 4.6μ, 6μ, and 10μ for thθ 
6-in., 9-in., and 24-in. cyclones, respectively.

More comprehensive data are, however, needed before a general equation 
applicable to all conditions can be developed.

A certain proportion of particles smaller than Dmi∏. are always separated, 
partly because their initial positions are closer to the periphery and partly 
owing to agglomeration, but, until the effect of dust concentration and agglom­
eration is bettor understood, no satisfactory theory can be developed, ɪ11 
the absence of agglomeration Lapple and Shepherd [Ind. Eng. Chem., 32» 
605-617 (1940)1 have shown from theoretical consideration that a fractional 
separation X should be obtained on particles of size Dχ smaller than Z>min. when

Dx = Z>miπ.√X(2 -X)°∙s (20)
The following tabulation of data from tests with small-diameter cyclones, of 

the type shown in Fig. 8 indicate the degree of collection of fine particles.
Table 6. Collection Efficiency of Cyclones

Approximate particle-size distribution of suspended dust (density = 3 g. per cc.)

Pressure drop—4 in. water

0—5μ
26%

5—10μ 10-20μ +20μ
10 % 21 % 43 %

Inlet dust concentration—2 to 5 gr. per cu. ft-

Diameter of cyclone, in. Per cent collected
6924 Total 90Total 83Total 70 -5μ66-10μ60- 20μ 47 +5μ98 + 10μ99 ÷20μ 98
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Pressure Drop and ɑas-volume Capacity of Cyclones. Lissman 

a∩d Miller (Paper read at 1940 annual meeting, A.S.M.E., New York, Dec.
’ 1040), investigating cyclones of varying diameters and proportions with 

a∏ involute entrance, arrived at the following empirical expression for the 
specific gas flow rate Q∕ai, for air at atmospheric pressure,

⅛ = κ∣

wkere Q = air flow ra⅜et cu. ft. per mjn.
α == diameter of cyclone, in.

-A = area of cyclone inlet, sq. in.
β = diameter of cyclone outlet, in.

ʌ// = pressure drop, in. water.
rJ1 = temperature of air, oF. abs.

When the ratio A∕α2 ranges from ⅛ to ⅛, and the ratio of e/a ranges from 
×4 to then K is nearly constant and has an average value of 0.67. The 
ɪange of cyclone diameter, α, over which this formula has been found accurate, 
18 ʃɪ`θɪɪɪ 4 to 24 in. The length of these cyclones approximated 2 to 4 times α.

The given ranges of A∣ai and e∕α cover the normal proportions used in 
Practice. For values of A / al· below ⅜ and normal values of e∕α the value 
θɪ ɪ increases. For values of e∕α below j⅛ and normal values of A∣a>∙ the 
value of TT decreases.

For gases at pressures other than atmospheric and densities different 
,°∏ι air the following correction factor must be applied to formula (21)

(21α)

∙.∕a rangea from

£
O2

'where Qr = gas flow rate, cu. ft. per min.
P = pressure of gas, atm.
Po — specific gravity of gas with respect to air.

Shepherd and Lapple [Ind. Eng. Chem., 32, 1246-1248 (1940)], investigating 
cyclones of the type shown in Fig. 6 (tangential rectangular inlet), arrived 
at the following empirical expression for cyclone friction loss:

bh
Fcv = 16.0—e2

(22)

where Fc,. is expressed as number of inlet velocity heads, δ is the inlet width, 
'i is the inlet height, and e is the exit duct diameter in consistent units. The 
tests covered the following range in proportions: (ò/α) from ¼2 to ⅝; (⅛∕α) 
from ⅜ to ⅜; (e∕α) from ¼ to ⅜ (α is the cyclone diameter).

They hold that the cyclone friction loss and not the pressure drop is the 
measure of the static pressure and power which a fan must develop, and relate 
the friction loss to the pressure drop by the following expression:

Affs=Fra-I+(^)' (22a)

where AHv is also expressed as number of inlet velocity heads.
For converting from inlet velocity heads to inches of water, the following 

formula may be used:

One inlet velocity head, in. of H2O = 0.003pV2 
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where p — density of gas, lb. per cu. ft.
V = cyclone inlet velocity based on the area bh, ft. per sec.

If the inner side of the inlet duct of a cyclone with tangential entrance is 
extended past the cyclone cylinder wall and into the annular space halfway 
to the opposite wall, the friction loss is reduced by over 50 per cent, and the 
constant 16.0 in Eq. (22) becomes 7.5 [Shepherd and Lapple, Ind. Eng. Chem-, 
31, 972-984 (1939)]. Such modifications to reduce the friction loss ordinarily 
also reduce the collection efficiency.

Further experimental study is necessary, particularly on pressure and 
velocity distribution in the cyclone and on relation between average entrance 
velocity and actual velocity near cyclone periphery, to provide satisfactory 
basis for any pressure-drop-gas-volume capacity theory.

Pressure Drop and Collection Efficiency of Cyclones. For dust with 
a reasonable uniform particle-size distribution, the collection efficiency of a 
well-designed cyclone increases with the pressure drop. Recent experiments 
(F. Miller, private communication), involving a pressure-drop range of 
from 1 to 8 in. of water, indicate that, at least for the smaller size cyclones 
and properly dispersed dust, the relation between the collection efficiency E 
(in per cent) and the pressure drop Δ1T (in inches of water) can be expressed 
by the equation:

E - Ci + C2 log Δi7 (23)
where Ci and C2 are numerical constants. With 9-in. diameter cyclones and 
for the dust specified in Table 6, Ci was 77 and C2 was 8. The constants 
would be expected to depend to a large extent on the particle-size distribution 
of the dust.

Equipment
Baffie-Chamber Type. In the ordinary baffle chamber, the distance « 

which the dispersoid particles must move to get out of the gas stream is 
seldom less than 3 ft., while the angular distance 0 is ordinarily τr radians or 
180 deg. per pass. Since the dispersoids not separated ordinarily tend to 
redisperse between the different passes, it is doubtful if the successive separat­
ing actions are very effective. Under these conditions, a velocity of over 60 
ft. per sec. would be required to separate 50μ particles. The actual gas 
velocities in such baffle chambers are ordinarily made less than this, and it 
might therefore be concluded that, except for their surface-adhesion action, 
the baffles in such chambers are of little use.

The obvious prerequisite of any dust-collection apparatus—that the 
separated dust be not again dispersed in the gas—is particularly important 
in the baffle type of apparatus for the collection of solid gas dispersoids, and 
with the increased gas velocities necessary to ensure the needed separating 
force, special precautions must be taken to ensure retention of the separated 
material.

In baffle chambers for the collection of liquid dispersoids, redispersion is 
naturally absent, except at very high gas velocities, and this also holds where 
3olid dispersoids are collected in baffle apparatus with the baffles coated with 
a dust-retentive liquid like oil.

The ordinary large baffle chamber, like the settling chamber, is usually 
designed and built by the engineer in charge at the works and is therefore not 
available in the market. Better results, however, undoubtedly could often 
be obtained by a more careful analysis of the problem.

Dry Collectors. Special baffle chambers for the collection of dry dust 
are manufactured and sold, as for example the so-called reverse-nozzle type
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Etitriinaifors
!

λ∙:⅛W⅜s, ⅛
Fig. 5.—Zigzag spray eliminator in Sturtevant air-conditioning 

system. (B. F. Sturtevant Co.)

the latter.

for

and inverse-vortex type; but no exact data as to costs and performances 
k vθ ^een made available. Private tests on the reverse-nozzle type have 

shown satisfactory collection (over 90 per cent) of 100μ particles at draft 
losses of from 1 to 2 in. water. The collection efficiency rapidly decreases 
^ɪth the particle size and except for collection by surfaces is practically nil 
ɪor dispersoids of 201u or less. The first cost has in some instances been 
ahout 25 cts. per cu. ft. per min. of gas treated.

So-called “wet baffle chambers” are also used for ordinary dust, but their 
aCtionhnore closely resembles that of spray towers 
a∏d will be discussed under that heading.

Baffle Chambers for Wet Collection.
`ʌ ell-known examples of this type of collectors 
are perhaps the old so-called P-and-A tar ex­
factor and the Calder-Fox acid scrubber. In 
b°th of these, high velocities and small radii of 
ŋɪn`vature are employed to the end that very fine 
3Pray particles and even some types of mists are 
cJllectable. Thus, in the Calder-Fox apparatus 
γ8∙ 4), a is usually on the order of j⅛o ɪɪɪ-> 0 
ahout ⅛τr, and V 100 ft. per sec. or more, with a 
Pressure drop of from 3 to 10 in. so that accord-
ln8 to Eq. (18) 2 to 4μ particles should be collect- Fig. 4.—Calder-Fox scrubber, 
able. Tbe practical results are even better, since (Chance & Hunt, Ltd.) 
certain types of sulfuric acid mists are easily separated from the gas. So long 
a3 the collected material flows freely, no difficulties of operation are usually 
encountered.

Perhaps the most common apparatus of this type is the zigzag baffle 
chamber used for the separation of spray particles in the ordinary air-condi­
tioning appara­
ts as shown in 
*i8∙ 5. This, 
however, is not 
sUitable ___ 
condensed di s- 
Persoids.

The ordinary 
8Pray chamber 
fɪth baffles real­
ly is a wet baffle 
chamber, rather 
than a spray 
chamber. It 
γlll, however, be 
ɑɪseussed under .___ *.

Centrifugal or Cyclonic Apparatus—Cyclones. The most common 
example of this type is the ordinary cyclone (Fig. 6). This is very satisfactory 

. r coarse dust though it is evident from Table 5 that with the ordinary 
size having a separating distance s of about 3 ft., even if θ, the length of travel 
0 the gas in the apparatus, is 4τ radians or two complete revolutions, a 20μ 
Particle would require a minimum velocity of 96 ft. per sec.

Tests have shown that the pressure drop in cyclones ranges from two to 
uyc times the entrance-velocity head, so that with high velocities the power 
reQuirements often become prohibitive (see p. 1861).
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Fig. 6.—Standard long' 
cone cyclone.

The first cost will depend on local conditions but should not exceed 30 cts∙ 
per cu. ft. per min. and may be as low as 5 cts. per cu. ft. per min.

Contrary to prevalent opinion, the efficiency of a cyclone is the saɪɪɪθ 
whether under pressure or suction provided in-leaks of air or gas from the 
outside be prevented. The induction dust collector 
type of cyclone is shown in Fig. 7.

Multiple Cyclones. Another type of centrifugal 
collector is the Multiclone (Fig. 8) where small 
cyclonic units are arranged in parallel with common gas 
inlets and gas and dust outlets. In this apparatus the 
separating distance s is only 1 or 2 in. and the angular 
distance θ at least 4τr radians, so that very fine dis­
persoids can be removed at reasonable velocities. 
Satisfactory collection of dispersoids as small as 5μ is 
claimed. The first cost is from 5 to 25 cts. per cu. ft. 
per min. of gas at pressure drops of from 2 to 5 in. water.

Centrifugal Dry-gas Cleaners. So-called “cinder 
fans” and the like, where the circular motion of the gas 
is produced by impellers in the apparatus itself, are 
available, but no exact data as to performance have 
been made public. It is unlikely, however, that their 
efficiency exceeds that of the standard large cyclone.

The Filtration Method. It is ordinarily con­
sidered that the filtration method depends only on what 
might be called the sieving action, the filter being a 
sieve of a certain size, through which the particles like gas molecules 
and certain dispersoids smaller than the meshes of the filter pass and upon 
which the larger particles are retained. Collection by contact and adhesion 
undoubtedly, however, also plays a role here. 
Moreover, the filtering medium itself natu­
rally quickly becomes coated with the collected 
material, and thus the effective size of the 
interstices becomes more dependent on the 
nature of the dispersoid than on the filter 
medium. Consequently little can be said 
about the principles of this method.

Ordinary practical considerations obviously 
indicate the choice of a filtering medium which 
is sufficiently unaffected by the gas and the 
dispersoid as to have a reasonable life. It 
must also obviously be so chosen that the 
dispersoid is retained and at the same time 
does not produce too great a draft loss.

The collected material must ordinarily be 
dislodged from the medium by mechanical 
means, and the frequency of such mechanical 
cleaning of the medium also determines the 
nature of the medium itself, since the draft 
loss increases with the amount of material 
collected on the medium so that the greater 
this cleaning frequency, the “tighter” can the medium itself be.

By far the most common filtering medium is cloth. This can, of course, 
be used only for relatively cold, non-corrosive gases, although a good quality 
wool cloth may stand as much as 150oC. and small amounts of acid.

Fig. 7.—Induction-type cyclone. 
(FederalPneumatic Systems, Inc.)



SEPARATION OF DUSTS AND MISTS 1865
PurnnMAther gaf1es.' a≡best°3 and glass-cloth, steel wool, etc., and for analytical 
arA Δ8-°7called gɪass, etc., are also used, although these materialsp vv glɑŋɪɔ, VW∙, die Λ∣JL0<J
<,loth c°urse more eχpθnsive than ordinary 

thJκe Λag house> sh≡ ɪn Fig. 9, is 
ua,,-n 8 3rιown of this type of apparatus and 
30 ’ 5∙ cons⅛ts of bags or tubes from 6 to

ɪn. in diameter and from 6 to 30 ft. long. 
Un θse arθ usuaiiy suspended from their closed, 
fa «+θ'" θ,nds and have their lower open ends 
but ne<* and conne≡tθ<i to a gas inlet header 
e j may also be connected to headers at both 
seτv ' ɪɪ1 either case, the lower header also 
ɪ,. .es. ?S· tb? dust hopper. The collected 
call-,enal 18 dislodged from the bags periodi- 

y, usually not offener than once an hour, 
shat∙eailj °i hand- or mechanically operated 
elothɪɪrt ev'co3∙ Owing to the nature of the 
be n ’ ∙ draft resistance must usually not
und ri*, nf-ied to much exceed 1 in. water, and, 
;+ .er these conditions, the gas-volume capac- 
per18 o,dinariiy from ⅛ to 1 cu. ft. per min.

8q' ɪk θʃ hag area, depending on the dust 
concentration, 
cie"rfth Pr°per filtering mediums, the effi- 
s∩ nc? °f mθthod is very high, except 
med- lmθ,s im>uediately after the filtering 

-ɪtɪɪɪɪ has been shaken and cleaned.
e cost of such bag houses on large scale 

'y be from δθ cts. to $1.00 per cu. ft. per 
thɪɪɪ' °f gas treated. The cost of the bags 
ft 6rns8Jves ≡ay run from 2 to 3 cts. per sq.

∙> and these must be replaced at intervals v 
a*" s' depending on the nature of the service. 

... though such ordinary bag filters in 
,ls type of apparatus, like settling 

ambers, is perhaps most often con- 
1"∙∣w,ftd by the works engineer. 
jVlechanical Filters. Since, as 
ove stated, the rate of gas flow, or 

le draft loss, of a filter depends 
d⅛ely 011 the amount of collected 

Uiaterial which is permitted to accumu- 
‘ e on the filter medium and therefore 
ePend8 on the frequency of cleaning, 
an,y types of what may be called 

tltcaanjcaj "‘filters” are available. In 
ese∙ the cleaning or shaking operation 

Ioeeeds at regular, rather Shortinter- 
a s, by means of automatic mechanisms.

arpeitjθr tubular or flat screen tyPθ ⅛ee Fig· 10, the Sly dust filter)".’ They 
ordinarily built in reasonably small units, to handle for example 1000 cu. 

ib∙ per r~-- - -ι ι ` ∙ ..... . -

Fig. 8.—Multiclone. (W estern 
Precipitation Corp.)

varying from 30 days to several

the smaller sizes are on the market,

Fig. 9.—Typical bag-house filtering system.

The filter units of this type may 
They 

min. and may be so arranged in parallel that one unit after another
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can be taken out of service through closing off the gas stream and the filter9 
shaken (see Fig. 11, the Dracco Perfecto Filter). This cleaning or shaking 
operation is ordinarily automatic and usually comprises closing the dampers> 
shaking the filter units, either pneumatically or mechanically, sometimθ9 
accompanied by a reverse flow of cleaned gas through the filters, and, lastly, 
reopening the dampers. The fre­
quency of the operation depends 
naturally on the nature of the 
service but may be from four 
to fifteen times an hour.

With this type of apparatus, gas 
flows of from 2 to 6 cu. ft. per min. 
per sq. ft. filter area may be used 
without unduly high pressure drop. 
Although for very fine dust or very 
heavy dust loadings this rate may 
have to be reduced to ⅜ to 1 cu. ft. 
per min. per sq. ft. The first cost 
may vary from 20 cts. to $1.00 per 
cu. ft. per min. of gas cleaned.

Filters as Agglomerators. In 
certain cases filters are used, not to

Clean air chamber-

Djshchamber

Dusl ^ 
inlet ηg⅛
Bat'He s' 
plate 
doth'' 
filter bags

-'Dust 
wall

-Iz=Open 
enact 
bags

Clean 
air 
discharge

Cleaned 
gas 

Compartment 
in operation *

Cleaned

filter. (Dracco

Dust laden . 
gas

Fig. 11.—Dracco “Perfecto”
Corporation.)

Compartment 
during cleaning

Outside air
Dust laden 

gas

Dust hopper'
Fig. 10.—Sly dust filter. (W. W. Sly Manu­

facturing Co.)
retain the dispersoid but to agglomerate it in passing through the filter,.after 
which it is collected by other means. An example of this is the collection θɪ 
mist in passing through cotton, glass wool, or fritted glass. This action j9 
similar to the agglomeration of emulsoid particles, such as water dispersed in 
oil, where the emulsion is forced 
through beds of sand, etc.

The Spray or Scrubbing 
Method. Contrary, perhaps, 
to the generally accepted 
opinion, the effectiveness of this 
method does not ordinarily de­
pend so much on the contact 
between dispersoids and spray 
droplets but rather on the con­
tact with the wetted walls and 
baffles. Passing gases with dis­
persoids through straight, emp­
ty flues or towers fitted with 
ordinary sprays has, therefore, 
little effect, partly because the number of spray droplets is 
quate, considering the number of dispersoids, and partly because the latter 
nearly always are surrounded by a film of gas which prevents contact with the 
spray droplets. Nor is the mere passage or bubbling of the gas through a 
column of liquid very effective, even when comparatively high column9 
are used, unless the gas itself be dispersed very highly throughout the 
liquid.

Spray Towers. As has been stated above, the open tower or flue, 
fitted with sprays, producing a finely divided “ rain ” or else several solid “ cur­
tains” of spray liquid, and employing fairly low gas velocities, is very ineffec­
tive. A proper spray tower should provide baffles which are continually 
wetted by the spray and so arranged that the tendency is to force the dis-

wholly inade-
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beɪfθ'ɪ? a≡a⅛st^these by centrifugal action. Hence the gas velocity must 

airly high. These towers are therefore really centrifugal apparatus.
Pa^r?0 8pray towers are merely cylindrical or rectangular flues with built-in 
BnΓ- 'tl0,ns ma∙ke the gas take a zigzag course (Fig. 12) and usually with 
arp8fin ɪoɑated between these partitions. Others, which are built vertically,

Gas outlet.

[ɑ. 12.—Baffle
spray tower.

13.—Packed spray 
tower.

snra 1 1,ΛAC <r z.i⅛zjc,j------ , ~
ar fin located between these partitions, Gιheι≈, v>hiu 
a e, ɪ j w’t,l^i gas-distributing material (Fig. 13), such 
Wh ' gr*c's, terra cotta shapes, and coke, tin
cu,.lcflψ0 gas Passθs, usually upward and cot 
th rTl ʤɪ16 spray solution which is supplied 
/ top. Such towers usually
Perate with relatively high 

Pressure drop, and they are very 
eɪent with solid mechanical 

ɪspersoids, where choke-ups 
Ii n ∙λ ^reven^ed, and with both

Quid mechanical dispersoids 
n some liquid condensed dis- 

Persoιds. Solid fumes are, how­
ler, largely unaffected. These 
owers can ordinarily easily be 

^onstructed by the works engi- 
. θ?Γ’ a.nd sevθral types of gas dis- 
ɪ1 Uting or “filling” material 

↑o∩ available (see PP∙ 1198 to
.^yl∙ Such towers are also 

o d by manufacturers, but data 
on costs and performances are 
j>ot available.
Tn ^et'' BafHe Chambers.

he ordinary centrifugal baffle 
apparatus, even when so con- 
8 ructed as to have the needed 
ceUtrifugal action, often fails

h solid mechanical dispersoids because the separated dust is again rediβ- 
bɛrsed. This is largely prevented by permitting a liquid to flow over the 
aaies, which thus serves the double purpose of retaining the separated dust 
n removing the same from the apparatus. Both in principle and in effect, 
Uch chambers practically are identical with the spray towers just described, 

θugh the gas path is usually simpler.
oɪmilar in action is the so-called “filter” wherein the filter medium is 
erely a screen, or similar coarse material, which is coated with a dust- 

retentive oil.
.J^echanical Washers. Mechanical washers are of two main types, one 
ɪth relatively coarse spray where the mechanical feature consists in the 

Uechanical dispersion of the spray in the path of the gas, and one where both 
Sas and spray li<lui<l are intimately dispersed together. The former, while 
e**eetive  on dust, is probably no more so than a properly designed spray 
cna∏ιber and is more expensive to operate. The latter is effective even on 

Ue fume, but its power requirement is so high that it is usually not practical 
0r ordinary mill or furnace gases. Thus for “fine” cleaning of blast-furnace 

eoTbustible gas, the Theisen washer, (Fig. 14) is widely used.
The Electrical Precipitation Method. Although several inventors 

ave been instrumental in bringing the art of electrical precipitation to its
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gas washer. (Freyn

1868
present stage, the three men who were chiefly responsible for the early pioneer­
ing work were Cottrell in America, Lodge in England, and Möller in Germany- 
On this account the method is known today as the Cottrell electrical precipi­
tation method in America, Asia, and Australia; as theLodge-Cottrell method 
in England; and as the Cottrell-Moller method on the continent (in Germany 
most often as E.G.R.—Elektrische Gas Reinigung).

In the operation of this method, a unidirectional electrical difference of 
potential is maintained and current set up between two electrodes insulated 
from each other and between which the gas is passed. Ordinarily one. of 
these, the discharge electrode, is of small cross section and curvature, like 
a wire, edge, or point, so as 
to make possible the high 
electrical field at its surface 
necessary for the ionization 
of the gas, while the other, 
the collecting electrode, has 
a lesser or no curvature and 
serves for the precipitation 
of most of the separated 
dispersoids. Owing to the 
high electrical field, the ions 
formed through ionization by 
collision near the discharge 
electrode and of the same 
electrical sign as this, are 
carried over through the gas 
to the collecting electrode 
with velocities probably over 
100 ft. per sec. When the 
gas between the electrodes j,ɪɑ 14,_τheisea disintegrator i 
carries dispersoids, the ions Engineering Col)
attach themselves to the 
particles which thus themselves become ions and are therefore also forced 
toward the opposing or collecting electrode. The velocity of these “particle 
ions” is, however, much less than that of the simple gas ions although 
undoubtedly considerably higher than ordinarily surmised.

In the so-called “two-stage” or precharging method the first stage only is 
equipped with corona-forming discharge electrodes to produce the gas ion® 
necessary for charging the dispersoids, while the second stage has non-dis­
charging precipitating electrodes opposing the collecting electrodes, between 
which is maintained a corona-free electric field for precipitating the particle 
ions from the first stage.

In the ordinary so-called “single-stage” method, corona discharge is 
maintained throughout, which, because of the space charge of the gas ionsβ 
makes for high-intensity precipitating fields. This corona field also recharges 
neutralized or discharged particle ions and moreover exerts a pressure on the 
precipitated material so as to hold it on the collecting electrodes and prevent 
redispersion.

The corona discharge besides serving to ionize or charge the dispersoids 
and maintain the space charge may also produce a certain amount of chemical 
activity, such as ozone and nitric acid formation in air. The two-stage 
method with its minimum corona is therefore particularly useful in air cleaning 
where the dust concentration is low and where minimum chemical activity 
is desired.
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ŋpjɪθ

f0r Uθ sπι'^e^s1"l"e ɪɑθthod is, however, far more generally applicable since 
PrecinifnT ɪɪɪ^eʒɪ ,c0ncentratifjn of dispersoids in industrial gases its corona 
materini ∖°n ɪɪθɪɑ ɪ8 neceaSary to prevent redispersion of the precipitated 

reasonable gas velocities -
0r mist θrT ions are molecular, they are smaller than the smallest fume 
8as in Particles. The number of these gas ions ordinarily present in the 
Dna.ikJ Precipitator is also probably a thousand-fold larger than the greatest 
uussɪbiθ uu∏1ber of dis- 
Persoιd particles in that 
K a s conseQiiently the 
- c iveness of this process 
s not Iimited by the size, 
weight, or number of the 
nisPersoid particles. 
Moreover, since the elec- 
rodeβ can be built from 

material to withstand both 
mghtemperaturesand 
Ohenucally active gases, 
' e process is practically 

xi lversaIly applicable to 
‰≡-∙h,∙ "' “ 

æɪɪθ Precipitation or 
cilection efficiency of an 
Iectrical precipitator is a 

ɪɑnetion of the time that 
e gas remains in the ac- 

ɪve field and can be made 
? aPproach 100 per cent as 

closely as desired. Since, 
oPλTiver, ^ɪ16 size a∏d cost 

the apparatus increase 
ɪth the efficiency, an 

economic limit is neces­
sarily sefj which usually 
les between 90 and 99.9

Per cent.
ɪhe size of the precipita- 

0r for a given gas volume

^Gas 
outlet

Gas ΛΛΛΛJ

Side ElevafionSecfional End 
Elevafion

15.—High-duty plate precipitator. (Western

Gas ~ ∣. - 
outlet

HTinIet

trapper 
*bar,

—Discharge 
electrodes

VHTrapper 
shaft

∖
Collecting 
electrodes

'Distrlbu- ' 
tian pbie

Fig.--χ α. ⅛1veu gas volume ≡ - -, . i~ ∖ ⅛---- ∖-------- ----
«epends on the precipi- Λ∙e∞pjtatwn Corp.)

tɪon rate of the dispersoid in question in the type of precipitator used, 
tns Precipitation rate depends to a certain extent on the size of the particles 

sffi tileιr characteristics, as, for example, their surface conductivity, since 
Ufficient surface conductivity is necessary to permit the discharge of the 
ifsPersoid ions when reaching the collecting electrode.
1 or any given dispersoid of uniform size and character in a given precipita- 

` Vhe Precipitation efficiency E is related to the time t that the gas remains 
n the active field of the precipitator by the equation

log (1 — E) = t log K (24)
Γ⅛re. ʌ- is tile 8O-Called precipitation constant for that type of precipitator 
nd dispersoid and is always less than 1, and may vary from 0.05 to 0.50 for
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conducting dispersoids and normal electrode spacing, the time t being meas­
ured in seconds.

The precipitation rate increases very rapidly with the voltage, between thθ 
electrodes, and this is therefore always maintained at a maximum just belo W 
the break-down point for the gas. For a given precipitator, dispersoid, and 
efficiency, the precipitator voltage V bears the following approximate relation 
to the precipitation constant

log K = AV (25)

where A is a numerical constant.
One of the most important factors is, however, the surface conductivity 

of the dispersoid. Where this is inadequate the addition of water vapor, 
acid, or other conducting material which can be absorbed on the dispersoid 

Fig. 16.—Cement-Plateprecipitator. (Western Precipitation Corp.)

Legend
No Description

! Collecting Electrode Plate
? Dischoircje Electrodes
3 « ” Supports
4 »> » Connecting Lead
5 Outlet Damper

5asflmi
l-⅛

3-1.

μ?

—I— ⅛-4l 2⅛C ɪ JL ι

surfaces increases the surface conductivity and often increases the precipita­
tion rate many fold [see Schmidt and Anderson, Electrical Engineering, 57, 
332 (1938)].

Apparatus. Cottrell electrical precipitators may be divided into twð 
main classes, the so-called plate type (Figs. 15 and 16), where the funda­
mental unit is the duct between two parallel plates, screens, or rows of rods» 
chains, or wires; and the so-called pipe type (Figs. 17, 18, and 20), whei'β 
the unit is a pipe, which may be square, round, or any other shape. Thθ 
discharge or precipitating electrodes are in each case wires or edges. The9e 
are ordinarily placed midway between the collecting electrodes or in the center 
of the pipe, and in the duct may be either parallel or perpendicular to thθ 
gas flow. Where the collecting electrodes are screens, or rows or planes of 
rods or wires, the gases are usually passed parallel to the plane but may als° 
be passed through it.



15 is of this type.
are being collected, or in case of film 
water is circulated over the collecting

Electrical 
connections

Steam 
connections

Fig. 17.—Pipe precipitator with electron-tube power 
unit. (Research Corporation.)

outlet

Gas
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ɪ. Sectional or composite plate collecting electrodes permit continuous 
e∏xoval of the precipitated material and thus prevent redispersion. The 
1^u-duty Plate precipitator in Fig.
Except where liquid dispersoids 

pɪθeɪpitators where liquid 
eIectrode surface, thus con- 
luUously removing the 

Precipitated material, this 
haterial is dislodged from 
jθ ^ectrθdes either peri- 

Uuically or continuously by 
ueChanical rapping or 

8craping.
figures 19 and 16 show 

uterior and elevation view 
01 rod-curtain and plate 
*J ɪ'θeipi tators. Figure 

shows a two-stage, 
Jvater-film, pipe precipita- 
?r for cleaning ventilating 

uɪr at an ore-crushing plant, 
and Fig. 21 shows a two- 
s t a g e plate precipitator 
used chiefly in connection 

li√ aιr conditioning.
ɪ he best spacing be- 

wθe∏ the opposing elec- 
rodes is somewhat 
ePendent on the actual 

censity and character of 
ye gas anj ∩1θ co∏centra- 
,l.°u and character of the 

J lsPersoid but is ordinarily 
ɪoɪn 3 to 6 in., although 

y∙rιth two-stage precipi- 
utors, particularly where 
ue dispersoid concentra- 

. 1°n is low, electrode spac- 
lugs approximating ⅞ in. 
*hay be used. The smaller 
ue spacing, the lower the

uecessary voltage, but mechanical difficulties in maintaining proper alignment, 
as Jwrell as disturbances from the precipitated material, are increased.

ɪ he choice of the electrode type depends on the character of the gas and 
i≡persoids and to a certain extent on local conditions. It is almost entirely 

a Uiatter of cost since equal efficiencies can be obtained with every type when 
PfUperly dimensioned.

As already stated, the size of the precipitator for a given efficiency is pro- 
P<Utional to the gas volume and depends on the type used and on the pre- 
eiPitation rate of the dispersoid. The proportions of the unit must, however, 

e so chosen that the gas velocities do not exceed the critical limit beyond 
uich the precipitated material is again redispersed in the gas.
ɪʌhe electrodes are usually made from metal and most often steel. Other 

cUnducting material like carbon is also used where the gas conditions require
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it. Where the precipitated material is liquid so as to form its own conducting 
film, insulating material, such as glass, terra cotta, or wood, is also used.

Besides the ordinary highly conducting electrodes, special types constructed 
of material with fairly low conductivity, like concrete, are also used, ɪ11 
the latter, conducting rods are so placed as to tend to equalize the resistance 
throughout the field be­
tween the electrodes, and 
these are therefore called 
graded resistance elec­
trodes (see Fig. 16).

A recent development in 
the field is a low-voltage 
precipitator known as the 
Precipitron, developed by 
the Westinghouse Electric 
and Manufacturing Co. 
[see Penney, Electrical En­
gineering, 56, 159 (1937)]. 
The Precipitron (Fig. 21) 
consists essentially of three 
sections: an ionizing cham­
ber operating at 12,000 to 
14,000 volts, a collector 
plate chamber operating at 
5000 to 7000 volts, and a 
power-pack rectifying unit. 
The equipment differs pri­
marily from the Cottrell- 
type precipitator in the low 
voltage used for precipita­
tion and the small size of 
equipment necessary owing 
to a preliminary charging 
of the particles and the 
close spacing of the collect­
ing plates. It may be fur­
nished in units up to 50 
collector cells, rated at 600 
cu. ft. per min. per cell. 
The over-all dimensions of
a collector cell are approx- ɪs.—Exposed-pipe precipitator. (.Lurgi Ap-
Jmately 8⅝ in. wide, 19 in. paratebau Ges. m.b.H.)
high, and 36 in. long. The 
plate spacing is usually % g ɪɪɪ-> but for the higher dust concentrations a spacing 
of ⅞ in. is employed.

The Precipitron can be connected directly to a 110-volt, single-phase, 
25- or 60-cycle line. The power consumption is stated to be on the order 
of 30 to 80 watts per 1000 cu. ft. per min., and the pressure drop is stated to 
be less than 0.1 in. water. The equipment is not recommended for uβe 
at temperatures above 350oF. due to structural limitations. When it serves 
as a dust collector, dust loadings should not exceed about ⅛' grain per cu. ft. 
Bince at higher loadings the frequency of cleaning becomes excessive. Its 
chief field of application is in cleaning atmospheric air where a high degree 



SEPARATION OF DUSTS AND MISTS 1873
ɪnduɪɪ^ɪ'ɪɪɪ6.88 's r0clu'rθd, but ɪt has been applied in collecting a number of rl uustnal dusts of low
≡⅛otncal conductivity, λ ' "≈ ' .∙ ' * .
Ple chief difficulties

in ren,ov- f r rr ----- ʃz

τ*m1e⅛βl ∞e≡rrrmtiom / <K⅛ I

5,!re⅛roaous ¿ Otor- * . .∣i
‰βn⅛nioal rec- I ⅜ *h ' ^ . *

'l 'Viththenecessary ∣⅛ -·' ·/;■
vVitchboard and regu-

^í1 instruments.
-4Iectron, mercury-arc,
' nd contact rectifiers 
f∣e also used, but since 

ie Precipitation rate is 
-, iɪɪ^ʤɪθ affθctθd by the type of rectifier equipment used, and since the 
llieChanical rectifier is ordinarily the cheapest to build and operate, this is 
Table 7. The Relation between Electrode Spacing and Arcing 

Voltage

Fig. 19.—Interior view of rod-curtain type Cottrell electri­
cal precipitator. (Western Precipitation Corp.)

Spacing, in. Arcing voltage, kv.
bɪaɪneter of pipe, in.

Peak Root mean square

2
3
4.5
6

59
76
90

100

45
58
69
77

aIinost universally the standard equipment, except for the smaller size and 
foɪ*  two-stage precipitators (see Figs. 17 and 21).
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Voltage and Power Requirement. The voltage required in a precipitator 

depends largely on the electrode spacing and character of . the gas and is 
directly related to the breakdown or arcing voltage for the gas and electrode 
arrangement. Table 7 shows the maximum arcing voltage from a central 
small wire to pipes of different diameters with gases at atmospheric pressure 
and temperature of about 100oF. and containing water vapor, air, and CO2 
as well as mist.

Front Elevation Side Elevation
Fig. 20.—Two-stage water-film pipe precipitator. (WesternPrecipitation Corp.)

The maximum precipitator voltage varies approximately directly as the 
density of the gas (hence nearly inversely as the temperature) but is even 
more affected by the characteristics of the deposit, since even small amounts 
of poorly conducting material on the electrodes may markedly lower the 
arcing voltage. The data given in Table 7 are for the negative polarity of th® 
discharge electrode. For positive polarity the arcing voltages are very 
much lower.

The power required in electrical precipitation is also very largely dependent 
on gas and dispersoid conditions but is in any event nearly proportional to 
the size of the precipitator. It is lower, however, for two-stage than f⅛r 
single-stage operation. Hence for dispersoids with low precipitating rates,
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- -' C lean-air discharge

^ig∙ 21α.—Sectional view of Precipitron.
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^tinghouse Electric & Manufactur- 
` Company.)

(Pangborn Corporation.')

Fig. 22.—Cottrell Process electrical equip­
ment. (Western Precipitation Corp.)
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the power requirement is greater. Taking as an example an average con­
dition of gas and dispersoid, with a precipitation efficiency of about 90 per 
cent, the power required will ordinarily not exceed ⅜ kva. for 1000 cu. ft· 
per min. of gas cleaned.

Cost of Construction. Since the first cost obviously is dependent on the 
size of the equipment, and this in turn is dependent on the precipitation rate 
of the dispersoids and on the efficiency desired, no specific statement in regard 
thereto can be made. However, for gases of such character that ordinary 
steel can be used in construction and for efficiencies of from 90 to 98 per cent, 
the first cost will usually lie between 25 cts. and $1.00 per cu. ft. per min. of 
gas to be treated.

General Operating Data from Practice
1. German Practice for Washing Blast-furnace Gas (Boynton, Trans. Am. Inst. Min.

Eng., February, 1928).
Maximum dust content washed gas, 0.04 gr. per cu. ft.
Cost central washing plant, $12,500 per 100 tons of pig iron per day.
Operating cost, $0.00177 to $0.00283 per 1000 cu. ft. per day.
Operating cost, $0,225 to $0.40 per ton iron per day.

2. Bag-house Practice at Metallurgical Plants (Eilers, Internat. Cong. Applied Chem.,
1912).

A. American Smelting and Refining Co., Murray, Utah: 
165,000 cu. ft. lead smelter fume per minute. 
570,012 sq. ft. filter area installed.
$127,195 cost of bag house, bags, flues, etc. 
Number and size of bags, 4032; 18 in. diam. × 30 ft. long. 
Operating cost, $16,500 per year.
Average-life cotton bags, 18 months. 
Average-life wool bags, 4 years.

B. American Smelting and Refining Co., Omaha, Neb.: 
124,000 sq. ft. filter area installed.
$42,000 cost of bag house and accessories.

Performance of Cottrell Precipitators
Healy [Chem. & Met. Eng., 37, 366-368 (1930)] summarizes some results on 

the effectiveness of Cottrell precipitators of mist and dust from sulfur-burner 
gases.

Table 8. Performance of Hot Cottrell Precipitator

Total dust PbSO1 Fe2O3

Mg. per 
CU. ft.

Lb. per 
day

Mg. per 
CU. ft.

Lb. per 
day

Mg. per 
CU. ft.

Lb. per 
day

In................................................ 453 2960 96 620 357 2340
Precipitated... ............................ 419 2720 82 529 337 2∣o∣
Out............................................. 34 240 14 91 20 149
Efficiency................................... 91.8% 85.4% 93.7%

Temperature in, 820oF.; temperature out, 655oF.; pressure drop, 0.2 in. HaO; gas volume, 2060 cu. ft. 
per min. at 0oC. and 760 mm.
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Table 9. Performance of Cold Cottrell Precipitator

In.

H2SO4, 
mg. per cu. ft.

As2O3, 
mg. per cu. ft.

PbSO4, 
mg. per cu. ft.

168.0 5.2 7.75fc> primary... 4 2 0 13 0 ∩10
¼ secondary, No. J... 0.23 0 0023 0 003Î
t> secondary, No. 2........ 0.015 0.00013 0.0007

jte, l"' 85 f∙> teɪɪɪpɑ'atɪɪre out, 70~95°F.; pressure drop, I in. HsO; gas volume, 2800 cu. ft.
⅛ttP*S∙  at 0 ɑ-.and mm∙ The power consumption of the hot CottreIl was 3.5 kw.; that of the cold 

treu was: primary, 0.8 kw.; and secondary, 3.2 kw.
CΛθriormance of Cottrell Precipitator on Gases from a Doré Furnace, 
r ɪ ɪ anf} Heimrod [7Vαns. Electrochem. Soc., 61, 77 (1932)] give the following 

sults of the treatment of Doré furnace gases:
3200 cu. ft. per min. at 125oF.
Gold, 0.013 
Gold, 0.0002 
Gold, 98.3

Analysis of Collected Material

Gas volume.............................................
Inlet concentration mg. per cu. ft... 
Outlet concentration, mg. per cu. ft. 
Collection efficiency, per cent...........

Silver, 0.913
Silver, 0.0061
Silver, 99.3

Cu
Ag.
Au.

investment and Operating Costs of Cottrell Precipitators. Lan- 
°lt [Chem. & Met. Eng., 29, 588 (1923)] gives the following table for typical 

*nStaIIations:

15.51%
2100.8 oz. per ton
483.9 oz. per ton

Table 10

Metal­
lurgical 

fume

H2SO4 
mist 

concen­
tration

Spray­
drying 
solids 
recov­

ery

ɪ 0Vestment per rated cu. ft. per 
∙1√mn................... ............................

tθmperature gases treated, oF........
leaning cost per 100,000 cu. ft 
⅛er consumption, kw-hr. per 
p,>θp,000 cu. ft. per hr...................
4i⅛cιency of removal of suspended 

*flatter, per cent...........................

$0.56 $1.80 $3.75 $0.11 $3.00 $1.28 $0.50
500 250 70 300 1200 100 150

$0.05 $0.09- $0.18 $0.01 SO. 16 $0.11 $0.05
0.10

0.75 1.00 0.67 0.25 0.55 0.88 0.56
90-95 98 99.9+ 90 95 95-98 95

Comparative Cost Figures for Cottrell Precipitators on Cement- 
«In Gases. Schmidt [Trans. A. I. Ch. E., 21, 11 (1028)] gives compara­
re approximate average figures for different types of precipitators, treating 
cement-kiln gases, in the following table, made on the basis of treating 100,000 
°n∙ ft. of gas per minute at 90 per cent collection efficiency:
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Table 11

Type of precipitator
Space 

required,
CU. ft.

Approx, 
cost 

dollars

Operating 
power, 

kw.

Labor, 
man-hr. 
per day

Iron pipe electrodes........ ...............................  ɪ 1∣ < ɪ <.... 57.000 $100,000 30 43
Iron plate electrodes......................................................... 50,000 80,000 20 24
Graded resistance electrodes............................................. 35,000 55,0 00 10 12

AIR FILTERS
By C. E. Lapple

The equipment previously described is intended primarily for the treat­
ment of process dusts. Air filters are employed in the elimination of atmos­
pheric dust. The difference in application is not so much one of qùality of 
dust as it is of quantity. Process dust concentrations may run as high as 
several hundred grains per cubic foot, although usually not exceeding 20 grains. 
Atmospheric dust concentrations are generally below 5 grains per 1000 cu. ft. 
The following table gives average atmospheric dust concentrations that may 
be expected in various districts:

Dust Concentration, 
District Grain per 1000 Cu. Ft.

Rural or suburban...................................................................................... 0.2-0.4
Metropolitan........... ................................................................  0.4-0.8
Industrial............... ................................................. ........................ 0.8-1.5
Dusty factories or mines ............................. ......................................... 4.0-80.0
(1 grain per 1000 cu. ft. = 2.3 mg. per cu. m. = 0.065 mg. per cu. ft.)

In the elimination of atmospheric dust, no attempt to recover the dust is 
usually made. Air washers may also be employed for cleaning air, but these 
are installed primarily for humidifying or cooling the air and dust removal is 
only of secondary importance.

Air filters may be classified into three groups on the basis of the type of 
filter medium employed: viscous, dry, or automatic.

Viscous filters are so called because the filter medium is coated with a 
viscous material to catch and to retain the dust. The filters are supplied 
in units of convenient size (generally of the order of 20 by 20 in. face area) 
to facilitate installation, maintenance, and cleaning. Each unit consists of 
an interchangeable cell or replaceable filter pad and a substantial frame which 
may be bolted to the frames of other similar units to form an air-tight parti­
tion between the source of dusty air and its destination (Fig. 23). Felt liners 
are sometimes used to make the assembly of individual cells air-tight. Some 
types of cells may not have a separate cell frame but are clamped directly 
to the superstructure.

Typical commercial viscous filter units are shown in Fig. 24. The filter 
pad may consist of one of a wide variety of materials, including glass fibers, 
animal hairs, wood shavings, corrugated fiberboard, split wire, or metal 
screening. These are coated with a dust-collecting liquid, such as mineral 
oil, and chemicals of high viscosity and flash point to act as a dust holder.

In the matter of servicing or reconditioning, the viscous-type filters fall 
into two classes. With most units employing a metallic medium, the unit 
cells are taken out and washed or steamed, reoiled, and then placed back 
into service. With the other type the cell or cell pad is discarded, once the 
maximum allowable dust load has accumulated, and is replaced by a new one-
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Dry filters are supplied in units similar in size to the viscous filters, except 

that the depth is usually greater. The various filter media used have, as a 
rhle, smaller passages for air flow than the viscous media, and hence lower

Fig. 23.—Typical types of filter-bank installation. a, flat or L-type installation. ¼ 
V-type installation.

Fig. 24.—Typical viscous unit filters, a, throwaway type, Dustop. (Owens Corning 
Fiberglas Corporation.) b, cleanable type, Air-Maze Type B, cutaway open end view. 
(Air-Maze Corporation.)

b

air velocities must be used in order that the pressure drop will not be excessive. 
This low velocity necessitates a relatively large filter surface to handle a 
given gas volume and the filter media are usually arranged in the form of 
Pockets to bring the frontal area within customary space requirements.
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Typical dry filters are shown in Fig. 25. The filter media are generally 
sheets of cellulose pulp, cotton, felt, or spun glass. Filters< using felt or 
similar materials are generally reconditioned by vacuum or dry cleaning· 
Where the air contains much soot, dry cleaning is usually necessary. With 
filters employing inexpensive cellulose media, reconditioning is most economi­
cally accomplished by replacing the filter medium. Mechanical loading 

ci. Sectionoil View

Fig. 25.—Typical dry filters, α, throwaway type, Airplex. (Davies Air Filter Corpora­
tion.) b, replaceable medium type, Airmat PL-24, cutaway view. (American Air 
Filter Company.) c, cleanable type, Amirglass Sawtooth. (Amirton Company.)

devices are often supplied to replace the filter sheets in the frames. In some 
cases the complete unit cell is discarded when the maximum dust load is 
reached.

Automatic filters might readily be classed under one or another of the 
previous groups, since they employ either a viscous-coated or dry-filter 
medium. They form a distinctive group in the air-filter field, however, in 
that the cleaning operation is essentially continuous and automatic. Most 
commercial automatic filters are of the viscous type and consist of perforated, 
crimped, or woven metallic screens in series (see Fig. 26). The apertures are 
graded so that the air first meets the larger openings and is subjected to the 
finest filtering action just before it leaves. The screen curtains are drawn 
around in a vertical direction, either continuously or intermittently. The
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∖0υt!et lnleł—

b c
Fig. 26.—Typical automatic air filters, α, dry type, 

Airmat Dust Arrestor. {American Air Filter Company.) b, 
Multi-Panel. {American Air Filter Company.) c, Stay- 
new Model A. {Staynew Filter Corporation.)

ʊiɪ bath serves to rinse out the dust and coat the screen with a fresh film of 
ŋjɪ*  The dust is then 
allowed to settle out as 
a sludge in the bottom

the hopper. Such 
filters may be furnished 
ʌvith a hand crank or 
nιotor drive as desired.

The Airmat Dust Ar- 
ɪestor (Fig. 26α) is a dry 
aUtomatic filter. It 
can, however, only be 
considered automatic 
njhen applied to dusts 
that are relatively non- 
sticky and easily shaken 
°ff∙ It is also used as a 
dust collector rather 
than an air filter since 
't can handle relatively 
h⅛h dust loads. The 
fUr flow must be stopped 
0l' diverted, however, 
'vhen the filter is vi­
brated.

GeneralDesignand 
Performance of Air 
Filters. The charac­
teristics of the various 
types of air filters are 
compared in Table 12. 
The pressure drop 
through a filter in­
creases as dust accumu­
lates. The filter should 
oe replaced when the 
Pressure drop starts to 
jUcrease rapidly or else 
the air capacity will de­
crease. The maximum 
allowable pressure drop 
ranges from about 0.20 
to 0.50 in. water de­
pending on the type of 
filter medium. The 
cleanliness of the fil­
tered air may also suffer 
*f cleaning or replace­
ment of dirty air filters 
is neglected. The dust
loading of the air handled generally determines the life of unit filters. For this 
reason automatic filters become increasingly attractive as the dust concentra­
tion of the air to be cleaned increases, since dust capacity is not usually an
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important item with such filters. The operating cycle or life of a unit filter 
may be estimated from the following formula:

t = 500,000 (26)

where t = length of operating cycle, days.
L = dust capacity per cell, lb.
Q = air volume handled per cell, cu. ft. per min.
C — dust concentration in air to be filtered, grain per 1000 cu. ft.
B = filter efficiency, per cent.

This equation is based on a material balance of dust entering and leaving 
the filter cell. Average dust concentrations encountered in various types of 
localities were given previously. Dust capacities for unit filters generally 
range from 0.5 to 4.0 lb. per standard 20- by 20-in. unit. In general, the life 
of viscous-type filters handling average city air may range from 2 to 5 months, 
while for dry-type filters it will range from 1 to 3 months. For the average 
chemical plant the Ufe will be from one-half to one-third that of the same 
filter handling “average” city air and may at times be considerably less due 
to the higher dust loadings involved.

The matter of a proper schedule for servicing filters cannot be too strongly 
stressed if satisfactory operation is to be obtained. The over-aU time cycle 
for reconditioning washable viscous filters is generally about 24 hr. Unless 
they are allowed to drain sufficiently, an entrainment of oil by the filtered 
air may result.

Ordinary air filters will have a negligibly low efficiency in separating 
particles below 0.5μ in diameter. For particle sizes over 10μ the filter 
efficiency for most makes is generally over 85 per cent. An oil impregnation 
of dry-filter medium has also proved useful in eliminating any possibility of 
lint carry-over from the medium itself. Many of the dry media have also 
been fireproofed by suitable treatment.

Power costs may be computed by the following approximate formula with 
reasonable accuracy (based on an over-all fan-motor efficiency of 63 per oent) :

cu. ft. peι∙ min. × resistance (in. water)
4000

The additional power required for the operation of automatic filters is pro­
portionately very small and may be. neglected.

The approximate purchase cost ranges for commercial steel filters are 
given in Table 12. For special service, filters may be obtained of stainless 
steel, galvanized iron, cadmium-plated steel, brass, or aluminum.

Miscellaneous Air-filter Equipment. A special type of equipment 
applicable to air filtering is one employing a water spray over glass fibers. 
An example of this is the Fleischer capillary conditioner. A recent develop­
ment in the field is the utilization of an electrostatic field in addition to the 
usual filtering medium in order to secure a greater degree of air cleanliness. 
The Electromatic air filter (American Air Filter Co.) is an automatic viscous- 
type filter employing an electrostatic field, and Annis (Glendale, Calif.) 
has developed a felt filter employing such a field. See also Precipitron, 
p. 1872.
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CRUSHING, GRINDING, AND PULVERIZING*  
by s. B. Kanowitz

THEORY OF CRUSHING AND PULVERIZING
Size reduction of materials of various kinds is an important operation in 

many industries. Machinery used for this purpose may be divided into three 
classes, depending upon the nature of the force applied. In the first class, 
breaking is accomplished by continuous pressure; this class includes equip­
ment used in coarse crushing. In the second class, reduction is effected by 
blow or impact, and in the third by grinding or abrasion; the latter classes 
include machinery used in fine crushing and grinding.

Reduction of a material may be accomplished by crushing and splitting, or 
by cutting and tearing action. The ability of a material to withstand reduc­
tion generally depends upon its hardness, but the manner in which it is frac­
tured is frequently an important factor. A foliated talc, or a flake graphite, 
is easily reduced to a certain size beyond which further reduction is accom­
plished only with great difficulty. Other factors affecting the grinding charac­
teristics of a material are water of combination, hygroscopicity, tendency to 
agglomerate, combustibility, and sensitiveness to changes in temperature. 
Glauber’s salt, for instance, gives off water of crystallization at a compara­
tively low temperature, causing clogging of equipment if the temperature 
rises above a certain point; calcium chloride is so hygroscopic that it may 
actually dissolve in the moisture absorbed; most barium compounds have a 
tendency to agglomerate, even when absolutely dry; synthetic resins and 
gums become soft and plastic beyond a certain temperature; other materiale 
may burn or char; certain chemicals and dyestuffs are unstable and may ignite 
or explode if the temperature is excessive; many mineral pigments, such as 
ɔehres and siennas, tend to change in color at high temperature.

The main object in most pulverizing operations is to obtain a product 
smaller than a certain specified size; the higher the percentage of impalpable 
powder contained, the more desirable the finished product. This is particu­
larly true for a product finer than 100 mesh or 200 mesh. Where a coarser 
product is required, a minimum percentage of fines is usually desired. The 
type of pulverizer selected plays an important part in this respect. A set 
of rolls will produce a material with less fines than a hammer mill grinding to 
the same maximum particle size. Another factor of importance, which is 
affected by the type of pulverizer used, is the particle shape. It will be found 
that in the case of certain mineral pigments, such as the oxides of iron, a prod­
uct of a richer color will be obtained when the pigment is ground in one type 
of mill than in another.

As crushing and pulverizing are primarily operations of size reduction, 
determination of size and particle shape of feed as well as of the finished prod­
uct is of primary importance in the efficiency of the operation. Three 
methods of particle-size determination are in use to-day, sieving, elutriation, 
and microscopic examination. The special ranges of size to which each of 
these methods is applicable are the following: (α) Sieving is rapid and accurate 
to as low as 74ju. Separation is determined by the minimum cross section 
of the particles which pass through all screens having apertures greater than

* This section is a condensation of material now in preparation for a detailed treatise 
on Crushing, Grinding, and Separating.—S. B. Kanowitz.

1888
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5 to^'in∩num∏"°L^ sections∙ (W Elutriation has its greatest usefulness from 
law ∏,τ∕i' ,. ltnin tilat interVal separation is supposed to follow Stokes’s 
ɪias'th e dlauIeter may be calculated as that of a spherical particle which 
ɪnɪerɔsθ aa.me settiiug velocity as the actual particle, or it may be measured 
few ft>C+KJC r i Microscopic sizing has been developed for the range of a
0r mo”™8 τι,'μ t° ab°ut ɪ0 0r 2°m' but, witil care, it may be used up to ɪθθ" 
least rpe- ʃ . Partioie diameter may be taken in several ways, but the 
m⅛in>>lam+v 1 ɪ8 usYaiiy missed because flat particles generally lie with their 
⅛,, „ ,m tujekness in a vertical direction. (For more complete data on siev- 

A d.elutriation' see Sec· ɪ5> page i728∙)
SievesreaThea'°f confusiou eɪɪsts in comparing silk bolting cloth with testing 
same ’ - θ 8∙lze °f operlinK in siik bolting cloth of a certain mesh is not the
standar!111 a s'eve.oi the same mesh. It will often be found that there is no 
bet,,, ard testing sieve corresponding to a particular screen opening as it falls 

W k W0 8tandard sevens·
rubbU expended ɪɪɪ overcoming friction and inertia of machine parts, in 
in Pr â -etween Particles and between particles and crushing surfaces, 
the(er Yem? deformation without breaking, and in generating electricity in 
cieñe ." ʌ'' 1? nYt “useful” as the word is employed in the discussion of effi-
the ʒd - indication of useful work can, however, be reached by measuring 
therpt uctloY in size of Particles in the crushing operation and attributing 
m,.r,, t° certain energy values in arbitrary units. When this is done, a State- 

of relative efficiency can be made as follows:

redif'+-'^ = reiaFive mechanical efficiency; W — number of units of size 
°f ɪnt °'∙1 fer unιt weιgilt oi ma-terial crushed; T = number of units of weight 

aterɪaɪ crushed per unit of time; and P = number of units of power used. 
Ienc ɪɪfθɪɪ18 riividetI a≡ to the method to be employed in assessing the equiva- 
fj1 e 01 useful work and size reduction. Two methods have been proposed. 
thei8e 3X8 named respectively Kick’s method and RittingeFs method from 
Vol∏r propUuents. In the former the energy required is proportional to the 
0rtj∙lue reduction of the particles. To each size of material is assigned an 
The11al numher> representing the work expended in arriving at that size. 
ProdenTrgy spent ou a given sample is taken as proportional to the sum of the 
Ordi 1 8 °f 'bc weight percentages retained on the various screens and the 
Ulrina numbers corresponding to these screen sizes. The useful work is 
en en etJUal to the total energy expended upon the final product minus the 
in τgy expended on the feed. The basis for the method is given by Stadler 

⅛sz. Min MeL¡ 19> 478 (I909-I910).
SUrflttllJger s 'aw states tilat tile w°rk required is proportional to the new 
of th c + lormed∙ Much controversy has taken place regarding the correctness 
des' e 1 ° metil°ds. From a theoretical point of view both leave much to be 
Cesidt ’ |For crushinS large particles Kick’s law appears to give the better 

lts> Whereas finer materials conform more nearly to Rittinger’s law.
Crit e Uardness of a material as measured by the Moh scale is not always a 
is toeik°n °i 'ts Feaistance to crushing or even pulverization, unless the material 
abr ∙ puiverized very fine. It is, however, a fairly good indication of the 
teaasιve cilarY⅛tFr oi the mineral, a factor which determines the wear and 
Scai °n ™e griuding mediums. Arranged in increasing order of hardness the 
feɪdθ ɪ8 aι follows'∙ 1, taic' 2> gyPsum', 3, calcite; 4, fluorite; 5, apatite; 6, 

spar; 7, quartz; 8, topaz; 9, corundum; 10, diamond.
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TYPES OF CRUSHERS AND PULVERIZERS
Gyratory Crushers (Fig. la). The housing of a gyratory crusher has the 

shape of the frustums of two cones placed together with the narrow sections in 
the center. An eccentric at the lower end gives the shaft a gyratory motion ; 
this causes the head to approach or recede from the concave surfaces, breaking 
the feed on its downward path. The three general types are the suspended- 
spindle type, the most widely used; the supported-spindle type, an uncommon 
design; and the fixed-spindle type, rapidly growing in favor. The first two 
are usually designated by numbers, about one-half the feed opening (in 
inches) ; in the third type a number equal to the gape is used. In addition, 
the first type is designated by the letter K, the second by the letter D; the 
length of the receiving opening is usually designated by the circumferential 
distance (along the outer edge of the feed opening) between adjacent faces 
of the spider arms multiplied by the number of spider arms; this length is 
about eight times the gape in lever-type crushers below size 9, seven times in 
larger sizes. A No. 7-D crusher is of the supported-spindle type with 
14- by 112-in. feed opening; a No. 20-K crusher is of the suspended-spindle 
type with 4.0- by 280-in. feed opening.

Among the common types is the Austin gyratory, which is made in six 
standard sizes, with hourly capacities from 10 to 150 tons; feed opening from 
8 by 24 to 19 by 57 in.; normal ring size 2¼ to 4 in., and smaller ring size 
1 to 3 in. The Superior-McCuUy is made in nine standard sizes, 15 to 25 
to 300 to 500 h.p., all equipped with two feed openings from 8 by 34 to 60 by 
182 in. and it has a range of output from 25 to 1420 tons per hr. for finest 
setting, 1⅛ to 6½ discharge opening, and 47 to 1900 tons for coarsest setting, 
2½ to 10⅛ in. Secondary reduction is made on a fine-reduction MeCullyin 
three standard sizes, with feed openings 6 by 40, 10 by 52, and 18 by 68 in., 
respectively, and with the following hourly capacities; 24 to 69 tons, 50 to 
75 h.p.; 100 to 214 tons, 100 to 150 h.p.; and 310 to 735 tons, 150 to 200 h.p∙ 
Discharge openings range from ⅜ to 4 in.

The Traylor Bulldog gyratory is used for primary and secondary Crushing- 
Fourteen standard sizes are made with receiving openings varying from 2¼ 
by 14 in. to 72 by 242 in.; primary capacity, for ⅜- to 12-in. ring sizes from 
J4 to 3400 tons per hr. ; for ⅜- to 9-in. ring sizes from ⅜ to 2500 tons per hr. ; 
secondary capacity from ⅜ to 700 tons for ⅜- to 7-in. ring sizes, and ⅜ to 
370 tons for ⅜- to 4¼-in. ring sizes. The Traylor finishing gyratory type T 
comes in five sizes, 25 to 200 h.p., with 4⅜- by 27⅜-in. to 20- by 80-in. 
receiving opening. Hourly capacities for ring sizes 1 to 2⅜ in. range from 
23 to 310 tons; for ring sizes ⅜ to 2 in., 6 to 225 tons.

The Allis-Chalmers Newhouse, used mainly for secondary crushing, has no 
foundation but is suspended by three cables which absorb much of the vibra­
tion. If necessary, it may be mounted on a foundation with spring cushions 
under the base. Operating characteristics for four sizes of this type are : 
ring size, 5, 7, 10, and 14 in. respectively; discharge openings, ⅜g to 1⅜, 
⅜ to 2, ⅜ to 2⅜, and ⅜ to 3 in.; hourly output, 10 to 44, 35 to 134, 60 to 
200, 130 to 440 tons; motors 30, 60, 100, and 200 h.p.

The Allis-Chalmers type R crusher is a new development for fine crushing· 
It employs a built-in hydraulic jack to control the vertical position of the 
mantle relative to the concave ring, and a relief valve permits tramp iron to 
pass through without harm to the crusher. A feed up to 2 ⅛ in. in size can 
be reduced to a size from less than ¼ in. to less than ⅜ in. at rates of 20 to 
33 tons per hr., while with coarser products the rate may run up to 46 tons
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ʌ P°wer input of 25 to 30 h.p. is required for the only size available, 

ɪhe Kennedy-Van Saun gearless gyratory is driven by a built-in synchro- 
nθ^motor or ky ɪɔθɪt to a Pulley on the vertical shaft. The standard crushers 
90 f?. ^yPθ are available with feed-opening sizes from 3 by 8 in. to 66 by 
ɪɑo in., crush to from ⅜> to 10 in. at ⅜ to 3600 tons per hr., and require from

to 250 h.p. The fine crushers are built with feed openings from 1⅜ to 
*4 in. wide.

The fixed-spindle or pillar-shaft gyratory, known as the Telsmith Breaker1 
. 5s ? ɪ'ɪ^ s^a^∙ which does not rotate or gyrate; the full stroke is exerted on 
Tb *arg?8^ Particles as they enter the bowl, thus speeding up the crushing, 

ne main advantages are rigid shaft eliminating breakage, compact and 
ɪ Ugged construction, decreased head room, and effective increased receiving 
opening. Seven standard sizes are made, from 15 to 20 h.p. to 100 to 125 

'P∙, receiving opening from 6⅜ by 35 in. to 25 by 106 in. Hourly 
caPacities range from 17 to 18 tons for the smallest size to 300 to 350 tons for 
ɪne largest,, discharge opening from 1 to 4 in. The Telsmith reduction or 
secondary crusher has a large bowl, much wider at the bottom than at the 

allowing free escape of the material. Four standard sizes are made, 
u to 65 h.p., 5- to 8-in. feed opening, ⅞- to l⅝-in. discharge opening, with 
°urly capacities ranging from 18 to 21 to 85 to 100 tons.
4aw Crushers. These may be divided into three groups: the Blake, with 

Uiovable jaw pivoted at the top, giving greatest movement to the smallest 
uɪnps; the Dodge (Fig. le), with the movable jaw pivoted at the bottom, giv- 

1 aS greatest movement to the largest lumps; and modifications of the two, 
fuvιng nearly equal movement to all sizes. The Blake has a removable crush­
jug plate, usually corrugated, fixed in a vertical position at the front end of a 
hollow rectangular frame. A similar plate, at a suitable angle, is attached 
ŋ a swinging lever (movable jaw) suspended from a shaft resting in the 
ɪɑes of the frame. Movement is accomplished through a knuckle action by 
ue rising and falling of a second lever (pitman) carried by an eccentric 

shaft. The vertical movement is communicated horizontally to the jaw by 
w° plates (toggles).

7Ihe Traylor type A Blake, in 11 standard sizes, from 7 to 75 h.p., with feed 
opening from 7 by 10 to 24 by 36 in., has an hourly output ranging from 6 to 
ʤ tons with 2- to 5-in. ring size, and 2.5 to 41 tons for 1- to 3-in. ring size, 
ɪype B, in four sizes, 75 to 130 h.p., with feed openings from 15 by 60 to 
ðŋ by 60 in., ranges from 94 to 180 tons per hr. for 4- to 6-in. ring size, and 
h4 to 125 tons for 2- to 4-in. ring size. The Traylor type H crusher is dis- 
•uuguished by a welded-plate construction, making it lighter in weight, and 
purved jaw plates, believed to be more efficient for secondary and fine crush- 
ɪhg. It is available in sizes from 10- by 16-in. to 24- by 36-in. openings with 
caPacities varying from 10 to 170 tons per hr. when producing minus ⅞-in.

minus 4⅜-in. stone. The maximum power requirements of the sizes 
arθ from 15 to 75 h.p. The more rugged Bulldog type, in seven sizes, from 
ðθ to 250 h.p., with feed opening from 28 by 36 in. to 56 by 72 in., crushes 
ɪɪ'θm 105 to 535 tons per hr. for 5- to 10-in. ring size, and 44 to 310 tons for 

~ to 7-in. ring size.
ɪhe Dodge has been found impractical in sizes above 11 by 15 in. It will 

cru≡h larger pieces than any breaker of similar size and gives a more uniform 
Product than a Blake or a gyratory. Typical performance data for 4-, 7-, 
a∏d 9-h.p. Traylor Dodge crushers with 6 by 9-in., 7 by 11-in., and 11 by 15-in. 
Openings are 3 to 5, 6 to 8, and 10 to 20 tons per hr.z respectively, crushing to a 
lχ2-in. product.
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Fig. 1.—(a) Gyratory crusher; (fc) gyrocentric crusher; (c) swing-hammer pulverizer; 
(d) ball mill; (e) jaw crusher; (/) cone crusher; (iz) roll crusher; (Ä) pan or chaser mill; 
(») roller mill. (Badger and McCabe, “Elements of Chemical Engineering.”)
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F nɪɑ' ɪ 10°ni∞ued).—ɑ) Attrition mill; (k) disintegrator or multiple-cage mill; (Z) 
Uller air-separation mill; (m) colloid mill; (ra) vertical-beater mill; (o) Raymond Iow- 

sɪde air-separation mill; (ρ) buhrstone mill. (Badger and McCabe, '‘Elements OfChemlcal 
^7iOineering. ’ ’)
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The capacities and power consumption of a Dodge (Allis-Chdlmers) type 
jaw crusher operating on a tough ore which offers considerable resistance to 
reduction are shown in Table 1.
Table 1. Performance Data of Dodge (Allis-Chalmers) Jaw Crusher

Size of opening, in.

Capacity, tons per hr.
Approx, horse power 

requiredSize of product

½ in. ¾ in. 1 in. 1½ln.

4 X 6 ¼ ½ 1 3
7× 9 1 2 3 6
8× 12 1 3 4 10

ɪɪ × 15 2 4 6 15

The force-feed jaw crusher has the pitman mounted directly on the eccen­
tric shaft so that it receives a downward as well as a forward motion. The 
lower end of the pitman is held in position against the toggle by a tension 
rod. The bottom of the pitman cannot drop directly away from the station­
ary jaw so that large pieces of stone will not pass through until they are 
crushed.

The Universal crusher combines the principles of the Dodge and Blake; 
combined vertical and horizontal action ensures uniform product. Two 
crushing strokes occur for each revolution: a primary crushing blow at the 
tip, where most needed; and a secondary stroke at the bottom of the jaws. 
Table 2 gives performance data for several types and sizes of this crusher.

Table 2. Performance Data for Universal Jaw Crushers

No. Jaw opening, 
in.

Capacities, tons per 10 hr.

Horse 
powerSize of product

2½in. 1½1l ⅜-l in.

1 15X36 300-450 200-275 150-200 50-70
2 12×24 175-225 150-175 80-120 40-60
3 12 × 20 150-20C 100-150 75-100 30-50
4 8×36 200-300 120-175 95-150 45-65
5 8 X 18 125-175 60- 90 50- 75 20-35
6 8 X 10 25- 40 20- 30 15- 20 10-15

1½ln. 1 in. ¾ln. ¼ in. and 
finer

7 5X48 180-275 150-200 125-175 50-70
8 5X36 125-200 100-150 75-125 40-50
9 6× 16 25- 35 20- 30 15- 25 10-15 20-30

10 6 X 12 20- 30 15- 25 12- 20 8-10 15-20
11 5× 6 8- 10 >- Ί 4- 6 3- 4 3- 4
12 4× 6 5- 7 4- 5 4- 4 2- 3 2- 3

In Table 2, crushers 1 to 3 inclusive are used largely in the rock-quarry 
and mining industries, where a large feed opening and a high ratio of reduction
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required. Crushers 4 to 6 inclusive are well adapted for crushing rejec- 

l°nf, ɪɪɪ*  anc^ ^ner> aɪɪd will produce a fine uniform product suitable for 
ɪ ushed aggregate for concrete construction and other materials of similar 
ature. Crushers 7 and 8 are large-capacity recrushers and are used in 

conjunction with large crushers to increase the output of %- to l⅜-in. 
ɪnaterial. Crushers 9 to 12 inclusive are suitable for producing small sizes of 
θc5 in moderate capacities. They can be used advantageously to produce a 

satisfactory feed for a pulverizer.
The Telsmith jaw crusher has neither levers nor toggles. It comes in four 

s andard sizes, 12 to 30 h.p., with feed opening from 7 by 12 to 15 by 24 in., 
fallest bottom advisable ranging from % to 2 in., largest from 1⅛ to 3⅛ in.

ourly capacity for an average grade of limestone varies from 3 to 38 tom , 
he Champion jaw crusher is used to a large extent as a secondary crusher 
though it can do moderate primary crushing with reductions from 8 to 1 in. 
°urly output ranges from 10 to 45 tons, with 15 to 50 h.p. Jaw opening 

va∏es from 10 by 20 to 10 by 40 in., set to close from % to 1⅜ in.
ɪhe Buchanan jaw crusher is used foi*  small or medium plants or as a 

ɑrusher in large plants. It comes in 10 standard sizes, from 4 to 
ŋ h.p., with jaw opening from 4 by 12 to 18 by 36 in. Ten-hour capacities 

range from 8 to 375 tons for reduction to ⅛ to 2 in., and from 30 to 650 tons 
°r reduction to 2-⅛j to 4 in. The Fairmount comes in three sizes: the smallest 
as a feed opening 24 by 60 in. and crushes 100 to 250 tons per hr. to 5 to 
ɪɪɪ-; a médium size, 36- by 60-in. feed opening, crushes 150 to 500 tons to 6 to 
1h. ; and a large size with 60- to 48-in. feed opening and an hourly capacity 

θɪ ʒθθ 1500 tons, to 10 to 15 in.
Syι∏ons Disk Crusher. Crushing is done between two dish-shaped 

ιsks, rotating in the same direction at the same speed, their concave sides 
hcing. ɪhe feed is introduced between the disks and thrown toward the 

Periphery, where the finished product is discharged. Crushing is increased 
Y an eccentric, which places the inner disk at an angle to the shaft and the 

°uter disk. Table 3 gives the operating characteristics for this crusher.
Table 3. Operating Characteristics for Symons Disk Crusher

Size of mill, in. Feed, in. Minimum exit open­ing, in.
Size of product, in. and capacity, tona per hr. Horse power requiredSize, in. Tons Size, in. Tons Size, in. Tons Size, in. Tons

18 1.5 % ⅜ 5- 8 ⅛ 8-10 ¾ 10- 12 1 12- 15 12-1824 2.5 ½ ¼ 12-15 ⅜ 18-20 I 20- 25 ∖⅛ 25- 30 18-2536 3.5 ⅜ ⅜ 25-30 30-45 1½ 45- 60 2* 50- 65 40-5048 6.5 1 45-60 1.5 60-80 2* 80-100 2½* 100-120 60-75* Special.
ɪhe Symons vertical-disk crusher is designed somewhat differently for 

coarse crushing than for fine, the upper disks being slightly modified to suit 
the particular product. It has been used for cracking graphite, schist, 
Pyrite, quartz, monazite, porphyry, copper ores, gravel, limestone, and coke. 
When used for coarse crushing, it can take materials up to 4.5 in. from a 
ɪɔlake or a gyratory at a rate of 100 to 120 tons per hr., reducing it in one pass 
to 1 in. or less, with the disks set about ⅞ in. open on the closed side, the 
Power requirement being about 65 h.p. Under different conditions it reduces 
ŋ- to 4-in. material to ½ in. or finer in one pass, at a rate of 90 to 100 tons per 
ɪɪ1*>  with about 55 h.p. Taking a feed of 1⅝ to 2⅛ in., it handles 20 to 35 
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tons per hr., crushing to ⅝ in. and less with about 60 h.p. As a rule the disks 
should not be set closer than in.

Cone Crushers. In recent years the cone crusher has tended to replace 
the disk crusher as well as many other types of secondary crushers, as it is 
better suited for finer sizing. The conical head rotates so rapidly that every 
piece of rock is pinched several times as it progresses through the crusher, and 
very little oversize reaches the discharge opening. An umbrella-shaped head 
is fixed on a gyratory shaft without upper support or suspension bearing. 
Heavy springs hold the upper frame fixed; when choked by overfeeding or 
tramp iron, the springs allow the upper frame to rise at the point of stress. 
The two common types are the Telsmith and the Symons (Fig. lʃ). Operating 
characteristics for the two types are given in Table 4.

Table 4. Operating Characteristics for Cone Crushers

Type of crasher Width of 
feed 

opening, 
in.

Capacities, tons per hr.

Horse 
powerDischarge

% in. ½ in. % in. ⅜ in. 1 in. 1¼ in. 1 ½ in.

Telsmith No. 24.......... 3 15-20 20-25 25- 30 30- 35 25- 30
Telsmith No. 36.......... 4½ 35-45 45-55 55- 70 70- 90 90-110 110-130 50- 60
Telemith No. 48.......... 7 50-65 65-85 85-105 105-135 135-170 170-210 75-100
Symons 2ft................. 3 25 30 35 45 50 60 25- 30
Symons 2 ft................. 1⅜ 20 25
Symons 3 ft.......... . 4½ 40 55 70 80 85 90 50- 60
Symons 4 ft............... 6¾ 8 100 120 150 170 75-100
Svmons 5½ ft............. 9¾ 130 160 300 275 300 375 150-200
Symons 7 ft....... . 14 225 330 450 560 600 250-300

The Seymour impact crusher is a secondary crusher. There is a tendency 
with this crusher to produce a more cubical product and to decrease the 
wear and maintenance associated with the average impact crusher. The 
velocity of the incoming feed is so timed in relation to the speed of the rotating 
impeller that the entire area of an impact plate strikes the material as it 
enters the crusher. The object is to utilize the full surface for crushing—the 
material, being struck at right angles with no slip, decreases wear on the crush­
ing surfaces. After receiving its initial crushing by impact at the propeller, 
the material is projected horizontally forward and strikes a heavy top plate 
where it is further reduced in size. Owing to the design, a great deal of the 
crushing is accomplished by material impinging on material, which tends to 
decrease wear and to give a more rounded product.

This crusher has its greatest application in making chips, granules, and 
other finely crushed materials such as stone, sand, agstone, etc. It is particu­
larly adapted for handling wet and dirty stone as there are no grids or grates 
to clog up. These units are manufactured in capacities from 25 to 225 tons 
per hr. using from 25 to 150 h.p. The exact capacity and power depend on 
the nature of the rock and the fineness of reduction.

Rotary Crushers. These crushers operate on the same principle as an 
ordinary household coffee grinder. A rotating vertical shaft carries a cone 
with large teeth at the top, for initial crushing, and small teeth or furrows at 
the bottom for finer crushing. The shell—the upper part of the machine—is 
equipped with corresponding teeth. A No. 4 Tiartlett and Snow crusher, 
operating on burned lime or gypsum, has an hourly capacity of 3 to 5 tons 
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K?der ⅜-in. size and requires 8 to 10 h.p.; a No. 1 small rotary grinds about 
itv0n per ɪɪ1- w*th  3 to 4 h.p.; the No. 2 unit produces about twice as much 

l,ι√,^ t° δ fi-p' ɪɪ1 cases the discharge is between ⅜ and ⅛ in.
Ihe Sturtevant is well adapted for fine crushing of burned lime, gypsum, 

ard clays, and phosphate rocks. It comes in five standard sizes, from 1 to 
r°,il'p'.' with speeds ranging from 200 to 1150 r.p.m. Hourly capacities, with 
eductions to ⅛ in. and below, vary from 1 to 10 tons.
ŋrushɪɪɪg Rolls. Theory. This term includes a variety of machinery 

Onsisting of one or more cylinders rotating in a horizontal plane; the rolls 
'a,y °e smooth or corrugated, the same size or different sizes, and may run 

e V same 0r at different speeds. The simplest type consists of a single roll 
pushing against a breaker; it is generally used for fairly coarse crushing. 
A°r ιfiner Produots Pairs of rolls are used, revolving toward each other.

r≡all (Richards and Locke, “Textbook of Ore Dressing”) gives the following 
.°rmula for the diameter of rolls: 0.0476 D = Sn, where D is the roll diameter 
n inches, and Sn the diameter in inches of the maximum particle in the 
⅛βd' -Tfie angle ol nip' t'ile anSte formed by the tangents to the roll faces at 
ɪɪe point of contact with a particle to be crushed, is determined by the foɪlow- 

W formula:
2V

cos —
τ + a

2 r —∣- ð
Miere ʃ = radius of rolls, a = one-half space between rolls, b = radius 

Particle, and N — angle of nip. The angle of nip varies from about 0 to 
ɑθ deg.
thæɪɪθ capacitJr in0reases w'th the length and the diameter of the roll. When 
ne rolls are kept full, the crushing is done not only by the action of the rolls 
ut by the attrition between the particles themselves. This is called “choke" 

°tushιng. In free crushing the rolls are fed at such a rate that each particle 
s crushed and ejected before the next is nipped. Free crushing produces a 
nɪger proportion of coarser sizes and is generally more advantageous, whereas 
noke crushing is resorted to for the production of a fine product if other 
ypes of crushers are not found more suitable.

One of the shafts moves in fixed bearings, the other in movable bearings, 
r ∣,e distance between rolls is adjusted by shims or, for medium or smaller 
oils, by a set of gears. A nest of powerful springs holds the movable roll 

aSainst the shims.
The following procedure may be used to determine operating characteristics 

f* rolls, bearing in mind that capacity is influenced by the character of the 
. . ■ fineness of reduction, and the required manner of operation. Capacity 
'S in direct ratio to width and peripheral speed and may be calculated by the 
o*lowing  formula:

„ T × W ×s
1728

wid’n G ~ cu.bic feet per minute∙ τ “ distan°θ between rolls in inches, W = 
th of rolls in inches, and »S = peripheral speed in inches per minute. This 

aives the theoretical capacity and is based on the rolls discharging a con- 
lnu°us, solid, uniform ribbon of material. On account of irregularity in the 
eeru; the value obtained for C should be divided by 4 to obtain actual capacity.

Ihe peripheral speed at which rolls usually operate is from 500 to 1200 ft. 
ɑ min. occasionally as high as 1500 ft. Economical range of reduction is 

3Ually limited to a 12- to 16-mesh product. Roll diameter required for a
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Table 5. Operating Characteristics for Traylor Roll Crushers

Size of roll, in. Size of product, in. Max. size of feed, in. Capacity, tons per hr. Speed, r.p.m. Horse power
Type A:9× 10 ⅛ ½ 2 300-350 618 × 10 ⅛ ⅜ 5 250-300 824 × 12 ½ ¾1 10 180-230 1030× 14 ⅛ 15 130-180 1530 × 16 1 20 130-180 1536 X 16 .¼. 1¼ 30 100-150 2542 × 16 H 1⅜ 35 85-100 35TypeAA:48 × 18 ⅜ 2 50 75-105 6054 × 20 ⅜ 2¼ 65 70- 95 7060×24 ½ 2⅝ 90 65- 85 9072×24 ½ 3 100 50- 75 10072 X 30 ⅛ 3 130 50- 75 125

Table 6. Operating Characteristics for Bartlett and Snow Roll 
Crushers

Roll size Capacity, tons per hr. for various-size Horse power at given capaci-products ties for various sizes
IWam., in. Width, in. ÿ 1⅛ in. 2 in. 3 in. 4 in. 1⅛ in. 1½in. 2 in. 3 in. 4 in.

Max. size of feed, in·
Single-roll Crushers

Four-roll Crushers

26 24 ... 50 75 100 150 .. 39 43 4626 36 100 135 175 250 66 69 7230 36 110 150 190 265 71 75 7837 36 115 155 2(X) 280 74 78 8137 48 165 220 280 390 100 105 110

24 50 75 100 125 150 200 40 45 48 48 4736 75 110 150 185 225 300 53 59 65 64 6136 80 125 160 200 240 315 55 63 69 68 6736 85 125 165 205 250 330 58 ! 65 70 69 6948 105 160 215 270 330 440 68 79 87 86 86



TYPES OF CRUSHERS AND PULVERIZERS 1899
given reduction is determined by the maximum size of feed which can be 
111PPed without slippage. This size is calculated from the formula

2Ä = 0.08r + 2α ■
where 2X = the maximum size of feed, r = radius of roll in inches, and 2a 
— distance between roll faces (also see Tables 7a and 76 for determining roll 

cParacteristics).
The Traylor rolls are made in two types, the four-tension rod type, and the 

>eavy-duty type, both of which may be fitted with automatic lateral adjust­
ments. Operating characteristics are given in Table 5.

artlett and Snow Roll Crushers (Fig. 1⅛). For many purposes the singɪe- 
ɪɑll crusher is as satisfactory as the larger multiple-roll units. When Crush-

Table 7a. Specifications of Buchanan Rolls

Maximum 4 : Í reduction
Size of roll, in. Averager.p.m. Horse power Smooth Corrugated

Distance apart, in. Size of cube, in. Distance apart, in.
T-Vpe C aad type CS:24 × 1430 X 1436 × 1642 × 16CS 42 X 24- CS 48 X 24rype E:60 X 2464 X 2464 X 3072 X 2472 X 3078×2478 X 3078 X 36

125-17590-140 12- 3015- 25 11¼ ¼ ' 22½80-125 20- 35 1½ ⅜ 370-100 30- 45 l⅝ 3½70-100 45- 75 1⅜ 3½65- 85 50- 80 2 ¼ 460-100 70-125 2½ ⅝ 560-100 75-150 2⅜ >¼β 5θ∕660-100 100-150 2¾ I⅜ 5⅜50- 85 125-172 3 ¾ 650- 85 150-200 3 ¾ 650- 80 150-200 3¼ 6½50- 80 170-225 3⅛ 6½50- 80 170-250 3¼.......................... ⅛β 6¼
ɪɪɪg coal it should be confined to conditions where a product 1J4 in· or larger 
m desired, and where an excess of fines is not objectionable. This machine 

, ɪ turn out a product which will be satisfactory for stokers of the plunger 
ype, but for chain-grade stokers requiring a more uniform size of coal the 
>Wo-roll or the four-roll crushers give better results. The single-roll crusher 

Works by abrasion rather than by cracking, which accounts for the high per­
centage of fines, whereas the two-roll crusher cracks the coal. When the 
capacitj>- is large, or where the size of the product must be small, the four-roll 
crusher is the most economical in use. Operating characteristics of the three 

are given in Table 6. The data are based on crushing bituminous coal, 
lslle Jeffrey single-roll crusher is available in sizes having openings from 
° by 18 in. ⅛o ɜg by 54 ¡n. with capacities of from 20 to 700 tons per hr. on 

hard bituminous coal. The power requirements vary from 7.5 h.p. for the 
smallest size to 25 h.p. for the largest.

The Buchanan type E roll crusher is also equipped with four steel tension 
rθds, two above and two below the bearings. Each linear inch of roll surface 
develops a pressure of 12,000 to 36,000 lb. per sq. in., equivalent to a crushing 
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strength of 35,000 to 100,000 lb. per sq. in. of effective crushing surface (about 
0.3 of the width of the face). The rolls may be fitted with any type of shell, 
corrugated, grooved, or plain.

For crushing coarse material the roll speed should be less than for fine 
material, especially when corrugated shells are used. For soft and brittle

Table 7b. Capacities of Buchanan Bolls
Cubic feet per hour

Openiûg 
between 
faces, in.

Speed of roll face, ft. per min.

500 600 700 800 900 1,000 500 600 700 800 900 1,000

Kiice ot Koil, 14 Ln. K ace ot ɪʌ Oil, !0 n.
Me 60 72 84 96 108 120 69 83 97 111 125 13«
⅛ 120 144 168 192 216 24C 138 166 194 222 25C 276

182 216 252 288 324 364 208 249 291 333 375 414
¼ 240 288 336 384 432 480 277 332 388 444 500 552
¾β 305 360 420 480 540 61C
⅜ 364 432 504 576 648 728 416 498 582 666 750 828
½ 486 576 672 768 864 972 555 664 776 888 l,00C 1,104
⅝ 607 720 840 960 1080 1,214 694 830 970 1,111 1,25C 1.380
⅜ 729 864 1008 1152 1296 1,458 833 996 1,164 1,332 1,500 1.656
⅞ 850 1020 1176 1344 1512 1,700 971 1162 1.358 1,554 1,75C 1,932

1 960 1152 1344 1536 1728 1.944 Illl 1328 1,552 1,776 2,000 2,222
l⅛ 1250 1494 1,746 1,998 2,250 2,484

Fi t'Λ of Ro∏, 20 n. F ce of Ro⅛ 24 n.
M 347 416 486 555 624 694 417 500 583 666 750 833
⅜ 520 624 729 833 936 1,040 625 750 875 999 1,125 1.250
½ 694 832 972 1110 1248 1,389 833 1000 1,166 1332 1.500 1,666
⅜ 867 1040 1215 1388 1560 1,734
⅜ 1041 1248 1458 1665 1872 2,082 1250 1500 1,749 1,998 2,250 2,500

ɪ 1389 1664 1944 2220 2496 2,778 1666 2000 2,332 2,664 3,000 3,333
1¼ 1736 2080 2430 2775 3120 3,472 2080 2500 2,915 3,330 3,750 4,165
1½ 2079 2496 2916 3330 3744 4,158 2500 3000 3,498 3,996 4,500 5,000
l⅜ 2430 2912 3402 3885 4368 4,858 2917 3500 4,081 4,662 5.25() 5,831
2 2778 3328 3908 4440 4992 5,556 3333 4000 4,664 5,328 6,000 6,666
2¼ 3125 3744 4374 4995 5625 6,250 3750 4500 5,247 5,994 6,750 7,497
2½ 4168 5000 5,830 6,666 7,500 8,334

Fa ce of Roil, 30 : ɪu Fs ce of Ro⅛36: n.
⅜ 780 937 1094 1250 1406 1,560 936 1122 1,308 1,494 1,680 1,972
½ 1041 1248 1460 1660 1870 2,082 1250 1496 1,744 1,992 2,240 2,500
⅝ 1302 1560 1825 2080 2350 2,600
⅜ 1562 1874 2188 2500 2812 3,120 1872 2244 2,616 2,988 3,360 3.744

2083 2500 2920 3330 3745 4,167 2500 2992 3,488 3,984 4,480 5,000
1⅛ 2605 3120 3650 4160 4680 5,200 3124 3740 4,360 4,980 5,600 6,248
l½ 3124 3744 4380 51100 5616 6,250 3750 4488 5,232 5,976 6,720 7,500
1⅝ 3645 4370 5100 5824 6550 7,290
2 4167 5000 5840 6660 7500 8,334 5000 5984 6,976 7,968 8,960 10.000
2¼ 4687 5616 6570 7490 8425 9,374 5624 6732 7.848 8,964 10,080 11,248
2⅛ 5207 6240 7300 8320 9370 10,400 6250 7480 8,720 9,960 11,200 12,500
3 7500 8976 10,464 11,952 13,440 15,000

materials a much higher speed may be used than given in the table, although 
a higher linear speed than 1500 ft. per min. is not advisable. The reduction 
ratio of 4:1 should not be exceeded; in fact, when feeding large pieces, espe­
cially if the rock is hard, it is advisable not to attempt a 4:1 reduction; 3:1 
or even 2.5:1 gives better results. For small material, about one-third or one-
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eve11?· κf thβ actual thickness that the rolls will nip, a reduction of 8:1 or 
fine» '*  ,may.bo made with satisfactory results, if a preponderance of 
T m ɪ8 „ o⅛cctιonable. Operating characteristics of the rolls are given in 
cables Ta and 76.
1 ⅛omple. Find the size and speed of rolls for crushing rock from 5⅛ in. down to 
τS≈ , , rate of 230 t0ns per' hr∙> assuming the rook to weigh 100 lb. per cu. ft.
of +hΓa ii’''".4θ∞.0u∙∕t∙ per ɪɪr. The nearest proper roll diameter is 64 in. and the face 
ear,nX'r sefi TaMe 7°'b h'*rriiiK  to Table 7δ, we find the nearest larger
= 9« * t° 4000 t° be 4662∙ fl°urly tonnage capacity is therefore 4662 × 100 ÷ 2000 
the „ ∙0Jε∙ ,τhe circumference of a c4--il>∙ rɑɪɪ is 16.66 ft. We note from the table that 
or ip-al velocιty for this condition is 800 ft. per min.; 800 ÷ 16.66 = 48 r.p.m..

a°ont O0 r.p.m. Thus the 64-in. diameter by 24-in. face corrugated rolls at 50 r.p.m 
m crush 230 tons of rock per hr. from 5.25 in. down to 1.7S in.

The Patterson gyrocentric crusher illustrated in Fig. 16 has a single moving 
ar. *he  manganese roll which by rapid gyro-eccentric motion operates 
gaɪnst two concave manganese crushing plates. The roll fitted with a shell 
oes not revolve with the shaft but creeps slowly, thus distributing the wear 

e eι ɪ . θn*∖re surface. The revolving eccentric shaft imparts the gyro- 
centric motion to the roll, there being two crushing strokes to each revolu- 

on. The crushing action is compressive, which tends to produce a low 
Percentage of fines. The standard size machines have a production range 

ɑrɑ ⅞ to 1½ in. in size with corresponding capacities from 15 to 85 tons per 
"?th a power consumption of from ⅜ to 1 h.p. per ton of material 

crushed.

Table 8. Screen Test of Product from Steam Stamp Mill

θn 5 mesh 
wough ⅜ in.

On IO 
mesh 

through 5

On 20 
mesh 

through 10

On 40 
mesh 

through 20

On 60 
mesh 

through 40

On 100 
mesh 

through 60
Through
100 mesh Loss

44.5% 11.Ifc 7.0% 6.2% 4.8% 3.0% 22.2% ∣.2%

Table 9. Operating Characteristics of

Weight of 
fiwnp, lb. Drops per min. Height of drop, 

in. Screen, In. Tons per stamp 
per 24 hr.

Water per 
stamp, gal. 

per min.

750 100 7 0.0148 2.5 3 5900 88 10.5 0.0220 4 7-81050 95-98 5.5-8.0 0.0235 3.875 51500* 0.0197 8.0-9.5 10-11

u :ssen stamp. All others regular five-stamp mortars.

Starnp Mills. Crushing is effected by the blow of a pestle or stamp upon 
n⅛teriai resting in a mortar. The end of the stamp, the shoe, and the bottom 
, ʃ16 mortar, the die, are replaceable. Two main types are used, the steam 

mP anfI the gravity stamp. Grinding in water is the usual practice, the 
Ushed product being then discharged through a screen. The use of five 

tarnp3 in one mortar is almo⅛t invariable in this country. Table 8 gives the 
Thlng *0st a pu*p *rom a steam stamp crushing through a ⅝-in. round hole.

ɪɪe capacity of the stamp in this case was 653 tons per 24 hr.
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The Ross pounder is in reality a stamp. It is used for crushing materials 
such as cochineal, olibanum, mustard, and other oily seeds. This unit is 
made singly or in multiples of any number. Operating results obtained in 
modern gravity stamp mills is given in Table 9.

Ball Mills, Tube Mills, and Pebble Mills (Fig. ld). These mills have 
a cylindrical, conical, or spheroidal shell, rotating on a horizontal axis and 
charged with a grinding medium such as balls of steel, flint, porcelain, wood, 
or hard rubber, or with steel rods. The ball mill differs from the tube mill 
by being short in length; the length, as a rule, does not exceed the diameter. 
Standard ball mills use large balls on a coarse feed to produce a comparatively 
coarse product; the tube mill is usually long in comparison with the diameter, 
uses smaller balls, and produces a finer product. The compartment mill, a 
combination of the above types, consists of a cylinder divided into two or more 
sections by perforated partitions; preliminary crushing takes place at one 
end and finishing crushing at the discharge end. Rod mills are similar to 
tube mills but use rods as the grinding medium, depending on line contact 
instead of point contact for grinding. Rod mills deliver a more uniform 
and more granular product than other revolving mills, thus minimizing the 
percentage of fines which are detrimental in some industries. The pebble 
mill is a tube mill with flint pebbles as the grinding medium and is lined with 
silex or other non-metallic liners. The pot mill consists of a spheroidal shell 
with an inner bowl made of one solid piece of vitreous material.

Theory of the Ball Mill. It is difficult to formulate a general theory of the 
operation of a ball mill. Most of the research work on the subject has been 
done with various types of ores and, to a lesser extent, with cement clinker. 
When it is realized that the ball mill is used for wet arid diy grinding, for 
batch, continuous, and closed-circuit grinding of materials with such diverse 
characteristics as hard silica, ores ground dry, and a mixture of oil and soft 
pigments, it will be appreciated that it is impossible to give general formulas 
valid for all operating conditions.

Experimental evidence presented in a paper by Coghill and DeVaney 
(Ball-mill Grinding, U.S. Bur. Mines, Tech. Paper 581, 1937) causes the 
authors to draw the following conclusions:

1. In wet-batch ball milling with ore charges from 200 to 350 pounds (about 75 pounds 
of ore was required to fill the interstices of the balls at rest) and speeds from 30 to 80 
per cent critical, the slow speed gave the same type of grinding as high speed. Heavy 
ore charges yielded a little more selective grinding of the coarse particles than light 
charges. Best capacities were obtained with light charges and slightly better effi­
ciencies were obtained with heavy ore charges. To split hairs about efficiencies at 
various speeds the reader will have to study the table and be his own judge.

2. Some of the characteristics of dry-batch ball milling were unlike those of wet 
grinding. In the dry work, efficiency as well as capacity was best with the light ore 
charge. Power decreased with decrease in the amount of ore in the mill; in wet grinding 
it increased with a decrease in the amount of ore in the mill. In dry grinding high 
speed was more efficient than low speed.

3. In comparing wet and dry grinding the tests were paired so that all the set varia­
bles were the same, except pulp consistency (wet or dry). With an intermediate weight 
of ore charge, selective grinding was of the same degree; with a heavy ore charge, wet 
grinding was more selective, and with the light ore charge, dry grinding was more 
selective.

4. In comparing wet and dry open-circuit ball milling, wet grinding gave 39 per cent 
more capacity and 26 per cent more efficiency.

5. A small ball volume was not satisfactory in the overflow type of dry mill because 
too much ore built up in the mill. When building up of the ore was prevented by 
simulating the low pulp-level mill, the small ball volume did good work.
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It has 
Flint pebbles are used with silex lining, and cylpebs in 

- ʊɪvɪɪ uiagpeu ιιιuug. The wet-tube mill is usually fed by gravity from 
slurry trough in the form of an orifice or scoop feeder. It is furnished with 
eJJPheral or central discharge.

f , ɪ . Kominutor is a screen-type mill operated in closed circuit, usually the 
st m a two-stage unit where reduction is carried only to the size of a rather 

θarsθ mesh, which is fed to tube mills for final grinding. For dry grinding, 
thθ fθθder or cradle feeder is used. In wet grinding, water is added at 
/. -e feed hopper, passing the slurry produced through the mill as in dry 
binding.
foæɪɪθ Uni-Kom is a four-compartment mill, a section with large diameter 
, rmιng the first compartment, with a section of small diameter divided into 
lree compartments. The enlarged section is fitted with liner plates and a 

in+vɪɑ'ɪ screeninS arrangement which by-passes fines to the first compartment

The first chamber of the second section is equipped with

Xv ú ^ɪfɪɪ θθ Per eɑnt solids, pebbles the same size as balls did about the same type of 
ρ J.∖as baɪɪ8 when dolomite was ground, but they failed in selective grinding of chert,
k.e J√es gave about 35 per cent of the capacity and 81 per cent of the efficiency shown 
iy the balls.

hard and medium-hard ores, tetrahedrons were unsatisfactory for coarse 
grι∏dιng.
s ɛ* .^er-V hard balls (Ni-hard) were better than ordinary balls; this was particularly 
o when the ore was very hard.

sjy. , ɪhe efficiency of battered reject balls was about 11 per cent less than that of new 
sPnerical balls.
rj∏iθ, ʌ ɪɔall mill as small as 19 by 36 inches duplicated the work of a plant-size mill, 
th 6,t,es^s f° belief that if each of a variety of mills, large or small, is run under 

; same conditions, and if each applies a unit of work to a unit of ore, the effect (com- 
EfJlutlon)' as indicated by the products, will be the same—that is, the same relation 

ween, cause and effect will maintain.
ɪhe F. Ł. Smidth and Company’s mills find their principal use in cement 

(τιu'Js- nɪθ best known types are the Kominutor1 straight tube, Uni-Korn, 
'',an, and the Pyrator.
ɪɪɪe dry-tube mill is usually fed by a table feeder or a cradle feeder.

l.f'x or ⅛agpeb lining. I 
ɪndls with dragpeb lining.

^eJ⅛heral or central discharge.

first - ■ ... - ...
ŋɑarse mesh, which is fed to tube mills for final grinding.
,, e table feeder or cradle feeder is used. Iu weι grinding, warer is aααeα aτ 

.e feed hopper, passing the slurry produced through the mill as in dry 
≡rmding.
f ɪhθ ɪ8 a four-compartment mill, a section with large diameter
t∣r.rrun≡ the first compartment, with a section of small diameter divided into 

u`ee compartments. The enlarged section is fitted with liner plates and a 
8∏Qλ,'-I . . - . . - _ ∙* r
j - ~χ Vzvzxxxxxgs xxx i WiXgsVZiXXVZii υ ·■ iii VÜ f_, j i√ιx<w>jvzkj XlllVO VV VXXVz XXXOU Vt√lll∣√CU Ul-LlCll U

the second section and returns oversize to the granulating compartment for 
ɪɪ'ther reduction. The first chamber of the second section is equipped with 

≡rmding balls, the following compartments with cylpebs, graded downward 
lrι size.
e 1 he Unidan mill is a compartment mill, with three or more compartments, 
qually well suited for wet and dry grinding. Balls are used in the first 
0.lnPartment, which is also equipped with liners. The compartments for fine 

»rinding are equipped with special rings and steel-alloy lining and with cylpebs 
s>aded downward in size toward the discharge end. An added feature of the 

`ɪɪ ɪs a special screen arrangement mounted within the mill body; the ɪnate- 
>al does not leave the mill body ,until finally discharged at the outlet end.

⅛1. + e. pyrator mil1 ɪ8 usec* ior granulating, pulverizing, and drying damp 
a a'≡rial in a single unit; it consists of a two-compartment tube mill comprising 

ball chamber with liners; a combined screening-and ball-separating parti- 
J0n,a.τ∣d a fine-grinding chamber with special ring and alloy lining and cylpebs 
θ≡ grinding medium. The steel balls are heated and have the double capacity 

acting as grinding medium and supplying the heat required for drying, 
r °t aiɪ- circulates around the mill body which is provided with a jacket to 
1,e aιn the hot air in closed circuit, and the mill is provided with means for 

moving the balls, which are elevated, heated in a hot-air furnace, and 
urned to the feed end. When the material does not contain an excessive 

'n<>unt of moisture, this unit is very efficient, compact, and economical.
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The AUis-Chdlmers ball granulator is used for crushing 2- to 3-in. ore to a 
fineness of 10 to 80 mesh and also as a fine grinder for reducing 8- to 20-mesh 
material to —100 to —200 mesh. It has a variable pulp level which may be 
controlled to ensure maximum efficiency and is made in 25 standard sizes, 
from 3 by 5 ft. to 10⅜ by 12 ft. and from 25 to 750 h.p. Capacities range 
from 20 to 385 tons per 24 hr., reducing medium-hard quartz from 2 in. to 
48 mesh, and from 30 to 600 tons with reduction from 2 in. to 14 mesh. The 
speed for the largest types is 17 r.p.m., and for the smallest 44 r.p.m.

The Marcy ball mill, used extensively for wet and dry grinding of ores, 
grinds a 2½-in. feed to 8 mesh without use of screens or classifiers. Operating 
Characteristics, on 2⅜-in. feed, medium-hard rock, are given in Table 10.

Table 10. Operating Characteristics of Marcy Ball Mills

Size, ft Usual charge Horse power required Speed, r.p.m.
Capacity, tons per hr.

-8mesh -20 mesh -35 mesh -48 mesh —65 mesh — 100 mesh
3×2 ɪ,ooo 6- 8 35 20 15 20 10 7 44×3 2,500 15- 20 31 50 38 30 25 18 115X4 5,000 30- 40 29 125 94 80 63 44 256X4.5 9,000 65- 90 25 360 225 180 150 105 607×5 18,000 100-150 23 655 490 390 325 230 1308×6 28,000 150-225 22 1000 750 600 500 360 200

The Solo tube mill is widely used in the cement industry; it is a compart­
ment mill, generally with three compartments. The first compartment is 
loaded with balls ranging from 3 to 5 in. ; the intermediate compartment has 
1- to 2-in. balls, and the finishing compartment ⅞-in. balls. Operating 
characteristics of a mill grinding cement are given in Table 11.

Table 11. Operating Data of Solo Tube Mill, Grinding Cement

Size, diam. and length, ft................................................................................ 6 × 36 6.5 × 39.5 7.25 × 43 8 X 49.5Speed, r.p.m...................................................... .. ......................................................... 23 21 19 18Number of compartments................................................. ......................... 3 3 3 3Size of feed, in............................................................................................................ 1.5 I 5 2 2 5% through 200 mesh............................................................................................ 88+ 88+ 88+ 88+Tons per hour on raw mix..................... ........................................................ 15 18 28 ' 40Bbl. per hour clinker........................................................................................... 50 60 95 135
Improvements have recently been made in the design of the Solo mill by 

using it in conjunction with a special air separator which increases the capacity 
and fineness when grinding cement clinker.

The Allis-Chalmers Compeb mill has two or more compartments; reduction 
from 1⅜ in. to finished product is made in one operation, as grinding cement 
clinker to a fineness of from 85 to 98 per cent through 200 mesh. It operates 
more efficiently in closed circuit. Standard mills are available in sizes up to 
10 ft. in diameter and 50 ft. long. The preliminary or short compartment is 
charged with 2- to 5-in. forged steel balls, proportioned to give maximum 
efficiency; the finishing compartments have concavex grinding mediums, 
balls presenting both a concave and a convex surface, which have been found 
superior to spheroids.

The Hardinge conical mill is used extensively for wet and dry grinding, 
in open circuit and in closed circuit. A mixed load of large and small balls
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18 used ; the large balls assemble at the feed end where the diameter is largest, 
while the small balls arrange themselves in decreasing sizes toward the dis­
charge with the material to be crushed arranged in corresponding manner. 
Several types of feeders are used. Scoop feeders work best for wet materials : 
ʃθr smaller mills, grinding both wet and dry, the conical feeder is satisfactory. 
Ihurn feeders are used primarily for large ball and pebble mills, grinding wet, 
where the material is fed directly into the mill. A combination drum and 
scoop feeder is used for coarse feed, at the same time picking up oversize 
ɪroɪn the classifier. This combination is capable of handling any quantity

To atmosphere - - 
Product co//ector - -

Air and finished product-- 

Port indicating dial- 
Ports in inner cone - _ 
Adjustable sleeve------
Inner cone of classifier------
Outer cone of classifier-'---- /n co//ecfor

Air return

Reversing air currents x
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-Vent 
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"Air 
contro! 
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Fig. 2.—Hardinge conical mill with superfine air classifier.
which the mill may be capable of grinding, in addition to a circulating load 
°f 1000 per cent. For dry grinding in small diameter trunnion mills or where 
capacities are very high, a screw feeder must be used. Hardinge wet grinding 
ɪɪɪɪlls are now supplied with discharge arrangements for high, medium, or 
low pulp levels, depending upon the characteristics of the ore and product 
desired. For fine or medium products the high pulp-level discharge spout or 
the standard discharge spout with cone grate is supplied. When a granular 
Product or very high circulating load is desired, the low pulp-level discharge, 
which consists of a conical grate with discharge scoops, is used, ʌ similar 
discharge arrangement is used in dry grinding mills for granular products 
sι'ch as glass, sand, or abrasives.

ɪhe mill is fed by a Hardinge constant-weight belt feeder, which is 98 per cent 
accurate, thus making it possible for the operator to keep a record of the 
weight of the material fed. It is no longer necessary to use an enclosed type
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of feeder, as the feed end of the mill is under a partial vacuum and a slight 
suction is maintained at the feed chute to draw any dust into the mill.

Capacity, tons per 24 hr.Approx, weight, lb.

32.000

Closed circuit, ⅛ in. to 48 mesh

Table 12. Operation Characteristics of Hardinge Ball Mills

Size of mill
•

Mill Lining Balls or pebbles
Speed, r.p.m. Horse power to run 1 ½ in. to 90%, through100 mesh•

⅜ in. to 90%, through 200 mesh
½ in. to 98%, through 325 mesh

2, × 8" 900 375 400 40 1 4 3 l½4½' X 24" 8,100 5,400 4,500 28 25 48 36 186' X 48" 17,000 12,000 15,000 25 70 144 108 548' X 48" 27,000 23,000 31,000 21 160 360 252 12610, ×66" 51,000 35,000 65,000 18 350 840 600 300
1 ½ in. to ¾ in. to ½ in. to10 mesh 80 mesh 200 mesh

H × 8" 900 375 500 42 I 5 2½ 24½' X 24" 8,100 5,400 5,000 30 23 60 2 236' X 48" 17,000 12,000 18,000 26 66 230 110 908' X 48" 27,000 23,000 37,000 21 155 550 260 21510, X 66" 51,000 35,000 75,000 17 320 1200 550 465
½ in. to ½ in. to 8 mesh to28 mesh 65 mesh 200 mesh

?/ X 8" 900 400 175 42 , ¼ 1½ 1 ¾4½' X 24" 8,000 2,300 2,400 30 10 17 13 96' X 48" 12,000 5,000 8,500 27 26 75 50 338' X 48" 17,000 14,000 14,000 24 58 180 120 80KT X 66" 32,000 20,000 28,000 18 150 450 300 200
Open cir­cuit, ½-in. to 10 mesh

Hardinge air classifiers operate on the principle of reversed air currents, 
air being injected at the discharge end. The current reverses itself in the 
grinding zone and is drawn back to the discharge end carrying the product 
with it. Oversize drops out in the classifier above the mill and returns by 
gravity either to the feed end of the mill where it enters with the new feed 
or to the discharge end where it is pushed up by the incoming air current and 
blown back into the grinding zone. Two types are used, the superfine 
classifier for products from 60 to 325 mesh and the loop classifier for products 
from 10 to 60 mesh.
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The superfine classifier is shown in Fig. 2 (see Air Separation). Air is blown 

ɪnto the mill through the central pipe. As the air is withdrawn around the 
Pipe, the coarse oversize drops into the rotary classifier revolving with the 
null. The classifier is elevated to return the oversize to the mill by gravity, 
ɪn the superfine section the product is classified further as it passes up 
between the two cones within the classifier. TheJ finished product is blown 
to a cyclone collector, and the air from the cyclone is returned to the fan, 
Ivhich completes the cycle.

All Hardinge mills are lined with metal or flint liners, either of the wedge­
bar or the wave and rib type. The wearing bar of the wedge-bar type is 
Wade of chrome steel, and it serves the threefold purpose of taking the major 
impact of the balls, lifting the mass, and holding the plates in place.

The mills are equipped with special grates to prevent surges and to keep 
the balls from discharging. Operating characteristics for various types of 
Hardinge mills, operating in open and closed circuit, are given in Table 12.

The first five rows refer to dry grinding in ball mill in closed circuit with 
air classifier; the second five to wet grinding in ball mill; the third five to wet 
grinding in pebble mill; and the last five to dry grinding in pebble mill, open 
and closed circuit. The material ground is assumed to be of average hardness.

The Marcy open-end rod mill is designed for a heavy, slowly revolving rod 
mass and a low pulp line, permitting easy inspection and relining. It takes 
a 1-in. feed, reducing it in one pass to 8 to 20 mesh; the uniformity is explained 
by the fact that a mill with low pulp line does not make a displacement prod­
uct, as the difference in elevation of feed and discharge ensures rapid removal 
°f the finished product. Wherever a fine product is desired, closed-circuit 
Srinding is employed. Ten standard sizes are made, ranging from 1 by 2 ft. 
tɑ 7 by 15 ft., with 1 to 175 h.p., and 35 r.p.m. for smallest size to 15 r.p.m. 
for the largest. Grinding a medium-hard rock to 8 mesh, the capacity varies 
from 23 to 1280 tons per 24 hr., to 48 mesh from 12 to 640 tons, and to 100 
mesh from 5 to 264 tons. These figures are foɪ- wet grinding and should be 
reduced by about 30 per cent for dry grinding; for very hard rocks they should 
be reduced by about one-half; for very soft rocks they should be doubled.
Table 13. Characteristics of Allis-Chalmers Rod Mill, Grinding 

Medium-hard Quartz

Size, ft. Rod charge, lb.
xiorse power

Dry Wet I in. to 20 mesh ¼ in. to 60 mesh
Dry Wet Dry Wet

3× 6 4,900 15 95 45
3× 8 6,500 20 125 60
4× 8 12,000 45 36 140 240 60 UO
4 X 10 11000 55 45 175 300 75 140
5 × 10 26,500 100 80 300 500 130 225
6 × 12 47,500 160 135 550 800 250 350
The Allis-Chalmers rod mill is designed for both wet and dry grinding; the 

main difference between the two types is that mills for dry grinding have 
trunnion bearings cooled by water circulating through coils placed in flu 
babbitt metal. Table 13 gives the operating characteristics for grinding 
medium-hard quartz to 20 and to 60 mesh.
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The Traylor rod mill is built to stand up under hard duty and, with the 
exception of a few details, is of the same general design as the Traylor ball 
mill. It is built in sizes to handle 56 to 1500 tons per 24 hr. from minus 1-in. 
feed size to 20-mesh product size or 4 to 100 tons per 24 hr. from minus 1 in. 
to 200 mesh when wet-grinding ores of medium crushing resistance in closed 
circuit.

Jar mills, used extensively for small batches, are made of metal, porcelain, 
or glass, with grinding mediums suited to the material pulverized.' They 
may be used for wet and dry grinding and should have a feed of about 8 mesh. 
Table 14 gives the sizes and capacities of the Abbe porcelain jar mill.

Table 14. Sizes and Capacities of Abbe Porcelain Jar Mill

Outsidediam., in. Height, in.
Capacity

Dry charge based on sand Liquid charge
Content, gal.

Specimen............................................................Bacilli....................................................................No. 0.....................................................................No. I.....................................................................No. 2.....................................................................No. 3......................................................................No. 4.....................................................................No. 5..................................................................Domestic............................................................

5.205.758.7512.5013.0014.7517.7217.7222.5011.13
The Day triturator is air tight to prevent evaporation, and the charge does 

not come in contact with metal. It is generally used for triturating, grinding, 
pulverizing fine art colors, better grades of chewing gum, patent drugs, and 
similar materials. The inner jar is of heavy porcelain, the outer of heavy 
sheet iron. Operating characteristics of two simple units are given in Table
15.

Table 15. Operating Characteristics of the Day Triturator

Size of mill Inside diam., in. Inside depth, in. Capacity, gaL Horse power required
1 jar............................................................ 10 13 3 ¼2 jar....................................................................................... 10 13 6

The Day pot mill can, if required, be equipped with an inner bowl of one 
solid piece of vitreous material with grinding balls of the same material. 
Operating characteristics are given in Table 16.

Pan Mills. Edge-runner mills, chasers, Chilean mills, and dry and wet 
pans are included under the general head of pan mills (Fig. 1Λ). The pan mill 
consists of one or more rollers revolving in a pan ; the pan may remain station­
ary and the rollers be driven, or the pan may be driven while the rolls revolve 
by friction. In some types the rolls (mullers) are made of stone; in others they 
are of stone equipped with steel tire or of iron with steel tire. Iron scrapers 
or plows at a proper angle feed the material under the rolls. In wet grinding 
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Ihe pulp is fed into the center of the pan and distributed by pipe in front of the 
ɪunners. The height of the pan is varied by an adjustable curtain over which

Table 16. Operating Characteristics of the Day Pot Mill

Type Capacity, 
gal. Balls used Horse power 

required
Pulley 

speed, r.p.m.

Vitreous.... 6 4- 4 in 1 50No. ∣............;....................................... 6 3-1Ω Ih ɪ 50No. 2............. ................................ 8 5 3—10 Ih 1 50No. 3........... ................................ 24 3-10 Ih 2 50Ño. 4. 50 3-10 Ih 3 75

the material discharges. Fineness of product is regulated by height of curtain 
and volume of water.

ɪn the Bonnot pan the rolls are suspended by adjustable chains to permit 
regulation of the clearance between rolls and pan. The dry pan has a bottom 
htted with screen or perforated plates along the outer edge with perforations 
varying from ∏β to ⅜ in. The diameter varies from 5⅜ t° ɪθ ft., capacities 
ɪrom 1 to 6 tons per hr., and power consumption from 2 h.p. per ton for soft 
Uiaterial, coarsely crushed, to about 8 h.p. per ton for medium-hard material 
vrhen a comparatively fine product is made.

The Ross pan is used for dry and semidry materials such as enamel and 
glass which must be kept free from iron. In a standard machine the bed 
ɛtone is 4 ft. 6 in. in diameter, rolls 36 in. in diameter by 14 in. face. Rolls 
are of buhr or other stones. If contamination is of no consequence, mills are 
built with iron bed and iron rolls. Operating characteristics of a chaser mill 
are given in Table 17.

Table 17. Operating Characteristics of a Chaser Mill

Size of pan
Capacity, lb. per hr.

Horse power
Iicorice Dalmatian flowers Copper oxide

3'0" 50 35 200 3-7
4'8" 120 85 450 5.0- 7.5
7'8'' 250 175 1200 IO -12

Attrition Mills (Fig. 1 J). The term “attrition mill” is generally applied 
to a mill in which grinding takes place between two disks, of steel or stone, 
rotating in a horizontal or a vertical plane. In some machines each disk is on 
an independent shaft, separately driven and rotating in opposite directions, 
ɪn another type one of the disks is stationary. Each disk has bolted to its 
face grinding plates which may be removed for regrinding or replacement. 
Mills of this type are used for grinding seeds, hops, casein, leather, beans, 
uuts, cereals, and wood pulp. Among the prominent types is the Sprout- 
Waldron Monarch, operating characteristics of which are given in Table 18.

Buhrstone Mills (Fig. Ip). This mill is an attrition mill, hard circular stones 
serving as grinding mediums, generally French, American, or esopus buhr­
stones; rock emery or combination of French buhr and esopus or of pebble grit 
and emery rock are also used. Buhrstone mills are used extensively in the 
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milling industry for grinding cereals and grains. Other uses include grinding 
of minerals, colors, spices, and mineral pigments; reduction of cork and saw­
dust; wet grinding of enamels, mica, drop blocks, and polishing rouge. Feed 
enters the mill through a hole of one of the stones. It is distributed between 
the stone faces and ground while working its way to the periphery.

Table 18. Operating Characteristics of the Monarch Attrition Mill

No. 2 No. 3 No. 4
Whsat to flour, bu. per hr..................................................................................................... 4 ó 8Power required, h.p..................................................................................................................... 2 3 5Wheat to meal, bu. per hr................................................................................................... 10 15 25Power required, h.p...................................................................................................................... 4 5 7Cork ground, lb. per hr............................................................................................................ 50 75 100Power required, h.p.................................................................................................................... 15 20 25Sawdust ground, lb. per hr.............................................................................. ..... .............. 100 125 150Power required, h.p......................... ............................................................................................ 15 20 25Coffee ground, lb. per hr......................................................................................................... 400 600 800Power required, h.p...................................................................................................................... 5 7 10

The Sturtevant rock-emery mill is made in two types, a horizontal and a 
vertical; the former is made in one size and has 42-in. stones; it requires 15 
to 20 h.p. and produces 3 to 4 tons per hr. of 20-mesh product, 2 to 2.5 tons 
60 mesh, 1 to 1.5 tons 80 mesh, and 0.5 to 1 ton 100 mesh. Four standard 
sizes are made of the vertical mill, with 24-, 30-, 36-, and 42-in. stones, requir­
ing 12 to 15, 18 to 20, 30 to 35, and 45 to 80 h.p. Hourly capacities range 
from 1.5 to 15 tons for 20 mesh, 1 to 12 tons for 60 mesh, 0.5 to 7 tons for 80 
mesh, and 0.25 to 5 tons for 100 mesh. This mill is used for grinding coal and 
coke for foundry facing, shale, talc, siennas, ochers, and umbers. For very 
fine grinding they operate in closed circuit with a bolting reel or, in more recent 
installations, with an air separator.

The Ross conical buhrstone mill is especially adapted where the available 
head room is small. The material ground in this mill remains fairly cool, as 
the grinding is accomplished on a small circumference at high speed so that 
the material passes through the stones very quickly. The stones can be 
adjusted for fine or coarse grinding and granulating or for cracking materials 
as hominy and samp. Table 19 gives the operating characteristics for this 
mill.

Table 19. Operating Characteristics of Ross Conical Buhrstone Mill

Size, in. Speed, r.p.m. Max. horse power
Capacity, lb. per hr.

Bark Casein Cinnamon Cork Soy beahs
16 2200 25 300 1200 300 150020 1800 30 550 400 500 260024 1700 50 1200 80030 1450 8536 1150 100 .... 2000
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The Robinson Unique mill is equipped with arms slightly curved toward the 
closed head and forming a cup-shaped cavity back of the arms adjacent to the 
ɪθθd spout. The material passes down the spout and enters the cavity where 
lɪie centrifugal force tends to move it through the eye and keep a continuous 
flow of material to the grinding plates. It is also equipped with a tramming 
device to overcome the possibility of the disks being thrown slightly out of 
tram by stalling the mill, or by some unusual strain. Operating characteris­
tics are shown in Table 20.

Table 20. Operating Characteristics of Robinson Unique Attrition 
Mill

Size, in. Speed,r.p.m. Max. horse power
Capacity, lb. per hr.

Cassava root Peanuts Borax Mustard
16 2400 15 800 1,800 85018 2200 20 28ÓÓ22 1900 30 3,50026 1700 40 22ÒÔ 4,500 250032 1400 80 8,20036 1300 100 10,000-——

The Quaker City drug and chemical mills are used for grinding strychnine 
8eed, nux vomica, albumen, larkspur seed, sarsaparilla root, slippery-elm bark, 
ɛuɪn benzoin, myrrh, gum guaiacum, vanilla beans, and the general run of 
8eeds, herbs, spices, and chemicals. Operating characteristics of several sizes 
are given in Table 21.

Table 21. Operating Characteristics of Quaker City Mills

Type Capacity, tons per hr. Speed, r.p.m. Weight, lb. Horse power
G- 6½K- 7 C- 8H-12

50-100 200-350 300-450 450-600
175-250200-300200-400200-600

125174250400
1- 3
1- 3
3- 8
8-15

This type is also made for hand power with capacities from 20 to 75 lb. 
Per hr. The laboratory mills are made with interchangeable grinding units 
a∩d may be used for both wet and dry grinding. Changing of units may be 
done quickly, and it is advisable to keep several units on hand, one for each 
type of material handled. Operating characteristics are given in Table 22.

Table 22. Operating Characteristics of Quaker City Laboratory Mill
Size of pulverizer...................................................................................... Model 4-E

Power required (total)............................................................................ ⅛
Weight, including motor, Ib................................................................. 150
Length of base, in..................... ............................................................... 27
Width of base, in...................................................................................... 12
Height of mill, in.<................................ ................................................ 16
Fineness of product, mesh.................................................................... 75-100
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The Bauer attrition mill with suspended motor construction allows the 
rotors always to be in direct center and ensures uniform air gap or spacing. 
Plate diameters vary from 19 to 36 in. for the various size mills.

The Frigidisc grinder is a rugged heavy-duty attrition mill developed for 
the rubber reclaiming industry. The mill is especially suitable for products 
that must be ground with a minimum rise in temperature, such as reclaimed 
tire-tread scrap, synthetic rubber, and other products of a tough, resilient 
nature. Both the stationary and moving grinding disks are cooled with a 
circulating liquid so that a high pressure can be exerted on them. The mill 
can be driven with a 25-h.p. motor.

Hammer Mills (Fig. lc). This type of mill consists of a horizontal or a 
vertical shaft, rotating at high speed, on which is mounted the crushing ele­
ment, which may consist of hammers (fixed or pivoted), bars, or rings. Ham­
mer mills may be used to produce a finished product or to produce a feed 
suitable for a tube mill. Most types reduce the material by impact, while 
the material is in suspension, driving it against a breaker plate where a great 
deal of reduction takes place. A cylindrical cage or screen is placed under the 
hammers. When the material is reduced to the proper fineness, it is dis­
charged through the openings in the cage. The cage may consist of a per­
forated or slotted screen or of bars arranged in a manner similar to grate bars. 
The fineness of the finished product can be regulated by changing the spacing

Table 23. Operating Characteristics for Williams Hammer Mills

Type Size 
No.

Throat 
opening, 

in.

Capacity, tons limestone per hr.
Horse 
power

2 in. l¼ln. ¾ In.
Asphaltic, 
⅛ in. or 

finer

Super-Jumbo..................... 4 24 × 16 125 100 60 20 100
Super-Jumbo..................... 6 30 × 20 210 165 100 35 175
Super-Jumbo..................... 8 30 × 26 310 250 150 50-55 250
Super-Jumbo..................... 10 30 × 30 400 330 200 65-70 350
Camel Back....................... 4 20 × 24 15-20* 50-60 20-25 75
Camel Back....................... 6 36 × 24 30* 100 30-35 150
Camftl Back....................... 8 60 × 24 55-60* 200 45-50 225
Jumbo Junior.................... 1 17 × 24 6-10* 15-20 8 8-ÏÔ 25-35
Jnmbn Junior................... 2 22 × 24 10-15* 20-30 12 12 15 40-50
J;imbo Junior.................... 4 42 × 24 20-25* 40-50 22 20-25 * 75-90
Jumbo Junior..................... 6 62 X 24 30-35« 60-75 32 35-40 450

* Capacities based on producing the average grade of agstone. 
. t Capacities based on producing waste glass 1 in. and under.

of the cage bars and also by lengthening or shortening the hammers. The 
character of the finished product is determined to a large extent by the shape 
of the cage bars and the shape of the hammers. The hammer mill is made 
in a great many types and sizes and can be used on a greater variety of 
materials than any other type of machine. It can be used as a crusher, taking 
run-of-mine coal or rock 48 in. or over in size and reducing it in one operation 
to 1⅜ in. and finer. On the other hand, this type of machine is used for 
producing a finely pulverized material, taking ½-in. feed and reducing it to a 
practically 200-mesh product. The type capable of producing an extremely 
fine product is usually equipped with air separation, particularly if the product 
to be reduced is hard.
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The Williams machines are built in many types and sizes and may be 

equipped with various adjuncts permitting the use of wet, sticky feed. In 
.tle rcψ type> the breaker plate is replaced by a revolving roll which keeps the 
incoming material agitated. The roll may be heated by steam or electricity 
o prevent adhesion. For wet material no cage is used for regulation of the 

. neness, but the cages are replaced with corrugated grinding plates. Operat­
ing characteristics for several types of Williams hammer mills used for crush- 
ɪng large rock are given in Table 23.

With certain modifications the Williams mills may also be used for finer 
crushing, pulverizing, and shredding, the characteristics of the finished prod­
uct being controlled by varying the size and shape of screen and cage bars 
and the size and shape of the hammers. Straight hammers and pointed 

Mamers are well adapted for granulating work, production of a material 
With minimum fines. Twist hammers and chisel hammers are other types 
ysed; the latter are used for shredding and tearing. The Williams coal crusher 
'κ of the hammer mill type and is made in sizes from 2 to 3 tons up to 500 tons 
Wr hour. These machines may be equipped with dumping cages permitting 
dumping of clogged material if the pulverizer becomes choked.

ɪhe Stedman two-stage swing hammer mill has a series of disk plates 
separated by spacers; each disk has a series of holes for radial adjustment of 
'vorn hammers. Various types of hammers are used: double-end notched 
hammers for fibrous material where an excess of fines is required; a chisei- 
edged type which gives a shearing and splitting action; a heavy-duty yoke 
hammer for reducing large lumps of hard material. Rings are sometimes 
Used instead of hammers especially for abrasive materials.

In addition to these types, the smaller Samson and Troj an series produce a 
ugh percentage of 100- to 300-mesh material. They are used for grinding 

ume and gypsum in conjunction with a finishing mill and screen or air 
seParator,

Table 24. Operating Characteristics for Jefifrey Swing Hammer
Pulverizer

Size of machine, in.
Capacities, tons per hr.

Horse powerLimestone CoaI Burned lime Gypsum
⅛-in. bar open­ing

1-in.bar open­ing
⅛-in. bar open­ing

1-in.bar open­ing
⅛-in. baropen­ing

1-in. bar open­ing
½-in. bar open­ing 1-in. bar open­ing

Type A:15 X 1820 X 1224 X 1830 X 2436 X 2436 X 30IypeB:20 X 1236 X 2442 X 4854 X 48

½- 11 - 22-34-58 -1012 -152 - 2½10 -1230 -40

1- 23- 44- 67- 814- 1620- 254- 625- 35 125-175 125-200

⅜- 11½- 2½3-45-610 -1215 -182-312 -1540 -50

2- 34- 68- 1015- 2030- 3540- 506- 840- 40 140-175 175-200

1- 22- 44- 67- 814- 1620-253- 415- 2050-60

2- 34- 68- 1012- 1525- 3035- 406- 835- 4080-100 200-250

1 - i½2- 33½- 56-712 -1518 -203- 415 -1840 -50

I½-' 23-56-810 - 1220 - 2530 - 355 - 730 - 3575 -100175 -225

7- 1012- 1520- 2530- 4050- 6065- 7512- 2050- 75 150-250 200-350
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The Jeffrey swing hammer mill is a ruggedly built machine. Type A is a 
general purpose machine; type B is of extra-heavy construction and well 
adapted for severe duty. Operating characteristics for the two types are 
shown in Table 24.

A screen analysis of the products made with bars spaced as indicated is 
given in Table 25.

The Jeffrey Type A Shredder is made in five standard sizes, from 20 by 12 
to 36 by 30 in. and 15 to 90 h.p. Handling pine chips with a ¼-in. bar open­
ing, these machines have an hourly capacity from 1 to 8 tons; with ⅜-in. 
bar opening, the corresponding capacity for tan bark is 1 to 7 tons per hr.

Table 25. Screen Analyses of Products from Jeffrey Swing Hammer 
Pulverizer

Material Bar opening, in.
% through sieve

½ in. ¾ in. ¼ln. ⅛ in. 10 m. 20 m. 35 m. 65 m. 100 m.
Limestone....................................... ⅛ 99.8 95 81 61 46 361 95 90 80 58 40 30 20 15 10Burned lime................................ ½ 98 92 80 71 651 97 93 88 72 60 51 41 36 32Bituminous coal....................... ¼1 94 74 44 26 1797 93 86 68 48 33 18 9 6DypaiiTTi............................................ ⅛1 97 87 69 53 4299 98 93 75 58 48 35 25 18Scrap fire brick.............. ½ 96 78 42 20 9

Table 26. Operating Characteristics of Jay Bee Pulverizer

Material Type and size Screen size, in. Capacity, lb. per hr. Horse power
Asbestos......................Bones, dry.................Chicle...........................Chili pods............... ..Cocoa-bean shells. Cocoa-bean shells. Cocoa-bean shells. Copra.............................Copra.............................Glue................................Malt...............................Leather scrap............Mace..............................
Nutmeg.

Sawdust..........
Tankage..........
Tobacco stems.

No. 2 StandardNo. 3 JuniorNo. 2 JuniorNo. 2 JuniorNo. 3 Direct-connectedNo. 3 Direct-connectedNo. 3 StandardNo. 1 StandardNo. 2 StandardNo. 1 StandardMidget millNo. 2 Direct-connectedMidget millFirst grindingSecond grindingNo. 3 JuniorFirst grindingSecond grindingNo. 1 StandardNo. 2 StandardNo. 2 Humdinger

⅛4

7∕ιβ

9003400300300 1850 2700 4000 1000 2000 1500250200
175

170100040001000
Type E shredder comes in two sizes, 80 to 90 h.p. and 120 to 130 h.p., capacity 
per hour 10 to 12 tons and 16 to 18 tons, respectively, with J4-in. bar; and 
type B in six sizes, from 15 to 300 h.p., shredding wood for blower systems 
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βt a rate'of about ⅜ ton per hr. for the smallest size, and 12 to 15 tons per hr. 
for the largest.

The Jay Bee pulverizer is of the screen-hammer-mill type. It has a hori­
zontal shaft rotating at high peripheral velocity in ball bearings and has disks 
mounted on the rotor, between which are double-hinged hammers. It 
Usually operates in connection with an air conveyor. Operating charac­
teristics are given in Table 26.

The Pennsylvania hammer mills find use for size reduction of cement rock, 
uɪnestone, and shale in the large tonnages required in cement-mill practice 
and in limestone and gypsum operations. They are of steel construction 
and have built-in tramp-iron separators.

American ring crushers and pulverizers are equipped with a horizontal 
⅛aft on which are mounted steel disks and spiders or cross arms. On the 
⅛ces of the disks are inserted the ring shafts on which are mounted the grind­
ing rings. The rings are held outwardly by centrifugal force and grind by 
1Uipact and attrition. Operating characteristics of several sizes of type S 
1,ng crushers, operating on run-of-mine coal, are given in Table 27.

Table 27. Operating Characteristics of Type S American Ring 
Crushers and Pulverizers

Number of 
mill

Capacity, tons per hr.
Horee 
power1½ln. 1¼ in. 1 in. ⅜ in. ½ In.

15 8 80 50- 65 45- 50 35- 40 25- 30 20- 2524 S 150 130-140 100-120 80-100 60- 70 30- 4038 8 300 225-250 200-235 175-200 125-150 60- 7548 S 400 350-375 330-350 300-325 225-250 100-12560S 500 425-450 400-425 350-375 275-300 150-175
The Mikro Pulverizer embodies several distinct features, such as a special 

feeding device, special hammers, cooled housing and cover, and closed or 
adjustable air inlets. This machine is used for grinding dyes, dry colors, and 
fiber-press products, and may also be used for materials which tend to ignite 
or explode. It is also well adapted for grinding crystalline organic materials, 
sUch as sugar or citric acid. It is available in the following rotor diameters: 
8, 12, 18, and 24 in., as well as a Bantam for laboratory or small-scale com­
mercial use. A 24-in. machine, 40 h.p., reduces about 4000 lb. sugar per hr. 
to XXXX grade and a 12-in., 7.5-h.p. machine, 700 to 750 lb.

The Mead mill, used for drugs, chemicals, colors, and dyestuffs, is of the 
nɪgh-speed disk type. It is made in five standard sizes, capacities ranging 
from 100 lb. to 8 tons per hr.

The Raymond screen pulverizer is adapted for filter-press products, chemicals, 
colors, and dyes. It is easily cleaned when changing from one color or 
chemical to another. A screw conveyor in the bottom of the hopper forces 
the feed into the,grinding chamber uniformly against the tips of the hammers. 
This screw is designed to pack the material, making it act as a seal, thus 
ensuring dustless operation. Operating characteristics are given in Table 28.

Larger sizes, in. combination with air separators, are used for asbestos, mica, 
und similar fibrous and flaky materials. They cannot be cleaned so easily as 
the smaller sizes and are therefore used where changes of material are less 
frequent.
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The Ball and Jewell rotary cutter makes use of rotating knives set at an 
angle to obtain a shearing cut. Material is retained in the cutter by a screen 
until sufficient size reduction has taken place to allow its discharge. It is 
useful for granulating plastics to a uniform fineness and may be used wet or 
dry. Other applications are for cutting fibrous materials such as roots, 
shavings, and leather.

Table 2S. Operating Characteristics of a Raymond Screen 
Pulverizer

Material Capacity, lb. per hr. Fineness ' Horse power
Para red................................................................................................ 800 97 % through 200 mesh 5Tartaric acid....................................................................................... 600 99 % through 60 mesh 5Soap powder....................................................................................... 2000 30 mesh 7 5Ultramarine blue............................................................................. 1500 98% through 200 mesh 7Boric acid............................................................................................... 1000 92% through 100 mesh 6 5Malted milk......................................................................................... 1500 20 mesh 5Bismarck brown............................................................................ 400 98 % through 200 mesh 5Sugar........................................................................................................... 650 90 % through 200 mesh 5

The Sprout-Waldron rotary knife cutter is made in several different styles 
and sizes, but the principle of operation is the same. A revolving cylinder 
or rotor equipped with adjustable knives rotates within an enclosure con­
sisting of stationary knives and perforated screens. The material to be 
cut is passed through the knives and is cut as it falls through the perforated 
screens. The top and bottom screen feature serves to give a large area for 
cutting capacity. It is used for granulating cork, copra, and plastic materials 
and for flocking sulfite pulp and fibrous materials.

The Abbe rotσ,ry cutter consists of a rotor with attached steel knives, moving 
in a casing with stationary knives. It is well adapted for fibrous material 
such as asbestos, cocoa shells, paper, and leather, and is often used to produce 
a feed for attrition mills and buhrstones. It is made in six standard sizes, 
1 to 50 h.p., with capacities from 25 to 3000 lb. per hr.

The term “disintegrator” is often applied to mills consisting of one or more 
“concentric squirrel cages” in which adjacent cages revolve in opposite 
directions (Fig. 1⅛). Single-cage mills are generally used for disintegrating 
lump materials, for instance for tempering, blending, cutting, and aerating 
sand. A 5-h.p. mill, operating at 235 r.p.m., has an hourly capacity of about 
15 tons, a 20-h.p. mill of 135 tons. The double-cage disintegrator is well 
adapted for breaking sandstone, clay, and marl. A 30-in. cage, operating at 
500 r.p.m., breaks about 15 tons sandstone per hour, a 54-in. cage, 350 
r.p.m., 70 tons per hr.

Table 29. Operating Characteristics of Stedman Disintegrator

Cage diam., in. Rows of bars Speed, r.p.m. Capacity, lb. per hr. Horse power
18 4 1800-2000 3,000- 3,500 15-2030 4 1000-1500 6,000- 7,000 30-3536 4 800-1000 8,000-10,000 40-5042 6 700- 800 12,000-14,000 60-7048 6 500- 600 14,000-16,000 70-75
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ɪhe Stedman disintegrator consists of a number of rows of bars (up to six), 

although the four-bar machine is the standard. The two cages containing 
ɪ ® multiple rows of bars rotate in opposite directions and grind by impact. 
1 v∙8 usec^ ʃθɪ*  °lay*  colors, lithopone, molding sand, salt cake, acid phosphate, 
J’hite lead, and similar products. Operating characteristics are given in 
1 able 29.

The vertical-beater mill has the beaters mounted on a vertical shaft which is 
ɑɪ'ɪven from a horizontal shaft through a set of bevel gears. Figure In illus- 

1*ates  the Whirlwind or Centropact pulverizer which consists of three grinding 
stages: top, intermediate, and bottom. Beneath the bottom or third stage 
18 the discharge chamber from which the finished product is removed by 
n*θans  of a two-blade fan mounted on the vertical shaft. When grinding 
clays or lime this machine has a capacity of from 1.5 to 3 tons per hr. and 
reQuires from 25 to 50 h.p.

The Rietz disintegrator is designed for size reduction of dry or wet material, 
and for hot, cold, sticky, or gummy services. It is essentially a vertical 
θater or hammer mill in which the vertical rotor is direct connected for 

oPeration at 1800 or 3600 r.p.m. Rigid hammers on the rotor may have 
w*dely  varying size, shape, number, and arrangement. The hammers are 
Usually staggered with shorter ones at the feed end. Screens of various sizes 
may be used so as to give different vertical and peripheral exposures. The 
ŋutting screen is held in place by a backing screen. Wire cloth can be 
Qsed for wet disintegration and homogenizing. Uses include disintegration 
θɪ ≡ugar, resins, oyster shells, vegetables, and fish.

The Aero and Riley Attritor mills are heater mills of the unit type for coal 
8rmding. These are described on pp. 1964 and 1965.

ɑolɪoid Mills. Theory. The colloid mill was originally intended for the 
Preparation of colloidal suspensions. Later on, it was developed for eɪnul- 
s*fications,  dispersions, and homogenizations. The Plauson mill was the first 
commercial type, although von Weimarn had built a laboratory unit twelve 
years prior to the introduction of the Plauson mill. Von Weimarn’s original 
ɪdea was that colloidal dispersion could be obtained by mechanical grinding 
0r a shearing action in the presence of some stabilizer exerting a protective 
action on the particles produced. Plauson believed (A. W. Kenney, Chem. 
^Iet., yoι. 27, No. 22) that colloidal solutions would result if any massive 
material could be subdivided to particles between 1 and 0.01μ. in diameter 
and suspended in a non-conducting medium. He therefore singled out the 
'mpact mill as the most promising type. His mill utilized two principles now 
'Undamental for this type: (1) To obtain extremely fine disintegration, the 
mushing force must move at the highest possible velocity, and the mill, 
therefθre, rotates at a very high speed. (2) It is essential to disintegrate in a 
“Quid medium which serves to propagate the force of the blow. Accordingly, 
tn® charge feed to the mill consists either of two or more liquids or of a finely 
ground solid mixed with a large excess of the liquid used as dispersing medium.

Plauson claimed that if the peripheral velocity is less than 10 m. per sec., 
"O better effect is obtained than by grinding in air (lμ in size under best 
condition); with 30 m. per sec., particles 0.1ju were produced and at 40 m. 
Per sec., true colloidal solutions. Higher velocities were recommended to 
a°celerate the action. The use of such high velocities caused mechanical 
difficulties, and the mill was therefore modified so that the moving parts 
yould rotate in opposite directions in a manner similar to that employed 
'n the ordinary attrition mill, thus maintaining the same relatively high 
!'ftHpherai speed with half the original velocity. Figure 3 shows a mill
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colloid mill.

designed in accordance with this idea, known as the friction type or th® 
English Plaiison. The solid material to be ground, suspended in the liquid 
medium, is fed at A through the hollow rotating shaft under pressure into 
the space between the rotating disks 59 and 62; after being subjected to th® 
rubbing action it is thrown into the chamber 64, 
the outlet 65. Cooling water is introduced 
through a hollow shaft 72 and is discharged at 
73. The original Plauson mill was generally 
operated as a batch machine, whereas the so- 
called English PIauson is operated with contin­
uous feed and discharge.

Modern colloid mills may be classified into 
three main groups: the beater type, the smooth­
surface type, and the rough-surface type. In- 

. eluded in the first type is the original Plauson mill 
with its various modifications one of the most 
recent of which is the Oderberg mill. In the 
Plauson mill a large part of the power consumed 
is not available for actual work but is dissipated 
through the friction between the material and 
the housing. The Oderberg design was evolved 
to eliminate most of this friction in order to de­
crease the power consumption. In this mill, the 
material to be milled is conducted tangentially 
past the beaters; the mill chamber, with the 
exception of the beating point, is empty, so that 
unlike most other types there is no rotation of 
the material within the housing. It is claimed 
that under similar conditions the Oderberg mill 
requires only 15 per cent of the power consumed by the Plauson mill.

Smooth-surface mills depend only upon hydraulic shearing forces; machine® 
of this type consist of a smooth moving surface which passes a smooth fixed 
surface at a high velocity (12,000 ft. per min. or higher). Films of fluid on 
both surfaces cause tremendous shearing stresses in the intermediate thin 
layer of liquid. These stresses disperse the particles suspended in the liquid­
operation is continuous, but the rate of flow between the working surfaces 
differs in the various types. One variation maintains a steady flow of 
material past the working surface by means of centrifugal force, while a 
second modification has its working surfaces so shaped that the movement 
of the passing material is delayed. Centrifugal smooth-surface mills have 
as their working surfaces either a truncated cone rotating within a fixed cone, 
or flat disks rotating in opposite directions.

In the Premier colloid mill (Fig. Im) the rotor speed varies from 1000 to 
20,000 r.p.m., with a minimum clearance of 0.002 in. The rotor acts as a 
centrifugal pump and draws the material continuously and with great force 
through and between the conical surfaces. The mills are furnished with a 
jacket that permits heating or cooling during operation. It is generally 
direct-connected to a 3600-r.p.m. motor and attains the following peripheral 
speeds: 5-in. mill, 5000 ft. per min.; 10-in., 10,000; 15-in., 15,000; and 20-in., 
20,000 ft. per min. Operating characteristics are given in Table 30.

The Hurrd mill is of the delayed smooth-surface type and is used for dis­
persion of solids, plastics, and liquid masses. The No. 1, type B adjustable 
mill has a speed of 11,300 ft. per min., 3600 r.p.m., a clearance of 0.002 to 0.05 
in., hourly capacity 300 to 600 gal., and 20 to 30 h.p. power consumption.
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The rough-surface colloid mill differs from the smooth type only in one 

*aspect, the use of roughened working surfaces, which adds to the hydraulic 
Siearing action a dispersing action of intense beating and turbulence, pro- 

need by eddy currents in the liquid between the irregular surfaces.

Table 30. Operating Characteristics of Premier Colloid Mill

Horse powerSize, in. Rotor diameter, in.
Speed Capacity, gal. per hr.R.p.m. Ft. per min.

5 5 13,000 17,000 50- 3005 5 3,600 5,000 7- 5010 10 1,800-3,600 5,000-10,000 50- 20015 15 1,000-5,000 4,000-20,000 500-2000
2 - IO0.5- 22-5025 -100

Type
⅛αid (a).J>te(6)..⅛te (c)._ jj<luid (d).
mavɪɪɪ6 ɑf t⅛e trials handled are (α) emulsions, inks, chocolate drinks, and milk of magnesia; (&) yonnaise, heavy emulsions, toilet creams, dye pastes, and ointments; (c) asphalt, emulsions, ointments, ɪɪts, and tooth paste; (d) milk of magnesia, insecticide, emulsions, and inks.

Table 31. Operating Characteristics of Charlotte Colloid MillSize of mill No.
4506507258008501050Laboratory............No. 7.No. 20. ’ ’............No. 50. ..................No. 75./..................

Capacity, gal. per hr. Speed, r.p.m Horse power
20- 100 3600 5- 10100- 350 3600 15- 20200- 400 3600 25- 30300- 600 3600 35- 40400-1000 3600 40- 501000-5000 3600 85-1005- 20 3600 1- 220- 100 3600 4- 7100- 400 3600 18- 20400-1000 3600 35- 401000-5000 60- 75

gravity feed, and. the

colloidFig. 4.—Charlotte mill.

The C‰w∙fo‰ mill, shown in Fig. 4, consists of a grooved conical rotor A 
Within a correspondingly grooved stator B. It has 
material is forced into the gap between rotor and 
stator by centrifugal force. In the illustration the 
ɪnlet is G, the outlet H, the shaft .1, and the water 
Jacket L. This mill is used for reduction of solids 
parried in a fluid medium, for homogenization of 
mɪmiseible liquids, and dispersion of plastic materi­
as· Operating characteristics are given in Table 31.

Capacity ratings depend on the nature of the 
Product and the result desired and not upon the 
amount of material forced through the mill. As the 
r°ugh-surface mill does not depend entirely upon hy­
draulic shear, the Charlotte mill can operate at a 
slower speed than the smooth-surface type; it is usu­
ally connected directly to a 3600-r.p.m. motor.

The U.S. colloid mill has a vertical and a hori- 
z°ntal design. One feature of this mill is that the material can be held in 
the grinding sphere for any length of time necessary to obtain the desired 
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results. It is surrounded with a water jacket for heating or cooling. The 
vertical type is more suitable than the horizontal for grinding and mixing 
heavier pastes, creams, and pigments.

The chief applications of the colloid mill may be summarized as follows:
1. Emulsification of vegetable, animal, and mineral oils, resins, waxes, and similar 

materials.
2. Intensive mixing of liquids and solids and the blending of various chemical prepa­

rations, the constituents of which are difficult to mix.
3. Minute dispersions of solids in liquids.
4. Extraction and washing of oils.
5. Extraction of fibrous material with water or solvents.
6. Incorporation of pigments in the more fluid paints and enamels.
7. Grinding of color pastes, of oil or water with special application to the textile 

and leather industry.
8. Regeneration of milk and cream from sweet butter and milk powder.
9. Fine dispersion of water and solids in edible fats.

10. Extraction of oils, fats, resins, and juices from vegetable or animal tissue.
11. Manufacture of “water paints” and distempers.
12. Manufacture of pharmaceutical mixtures, ointments, and emulsions.
13. Manufacture of toilet creams, lotions, and shaving creams.
14. Manufacture of printing inks and some types of lithographic inks.
15. Dispersion of pigments, fillers, and oils, in rubber latex.
16. Manufacture of mayonnaise, creams, sauces, and other foodstuffs.
17. Manufacture of asphalt emulsions for paint, roofings, and floors.
18. Preparation of paper pulp and fiber for roofing felts and paper stock.
19. Recovery and deinking of pulp from paper.
20. Selective separation applying to the removal of clays and graphite and other 

materials.
21. Speeding up chemical reactions.
22. Pharmaceutical extractions such as tannin, ginger, and similar drugs; quinine 

from cinchona bark, cocaine from cocoa, caffeine from tea.

It should be borne in mind that the colloid mill must generally be used in 
conjunction with a pulverizer of some kind, particularly where the raw mate­
rial contains particles of appreciable size. The feed should be about 80 
mesh, or the largest particle should not be much larger than 175μ. The 
choice of pulverizer as a preliminary' to a colloid mill is of great importance 
as it is evident that proper preparation of the feed reduces the amount of 
work to be performed by the colloid mill proper, with resulting increase in 
capacity, improved dispersion, and longer life of the parts which come in 
contact with the material.

USE OF AIR SEPARATION WITH CRUSHING AND PULVERIZING 
EQUIPMENT

Air separation may be applied in two different ways: extraneously as an 
independent piece of equipment, or as an integral part of the mill. Prac­
tically all efficient systems employ the principle of centrifugal action for 
removal of oversize. They are divided into two types: the counteraction or 
whizzer type, and the multi-vane or deflector type.

Whizzer Air Separation. The whizzer type, applied to a hammer mill, 
is shown in Fig. 5. A fan is placed on one end of the hammer shaft; between 
the fan and the hammers is the whizzer consisting of two or more thin blades 
with tips tapered to conform to the housing. Distance between blades and 
housing is regulated by moving the whizzer along the shaft. The action of the 
whizzer is that of a fan wheel opposing the action of the main fan. With 
minimum clearing between blades and housing, a maximum Countercurren t
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feed
enrθʤ ɪfɪ*  ^ɪɪθ Periphθry ɪɪɪ the direction indicated by the arrows. An air 
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Fig. 5.—Whizzer air separation as applied to a 
Raymond hammer pulverizer.

W}√^n, su°b as relative sizes of the main fan and whizzer, the exact taper of 
θf h^T tiPe and of housing, diameter of whizzer, and number and width
eh la5* es∙ ɪbe all-important factor is the taper of the housing in the whizzer 
ɪɪ amber, as it determines the effective- 
dθfl8 ɑʃ. ^ɪɪθ countercurrent of air and the 
» cPθction of the coarser particles to the 
Panimers. — * - 
^hen 
thθ^ ɪɪɪv κeParabeu proαucυ passing 
ɪs rμJlgk t*le wbizzer enters the fan and 

blown to a cyclone collector where 
ThS ^charged into bins or containers.

Pθ return air goes back to the pulver- 
zθr> completing the cycle.

A cross section of an extraneous air 
eParator with whizzer separation is 

glJeu in Fig. 6. It consists primarily of 
.xv° cones with an annular space be- 
Weθn them. A hollow vertical shaft ex- 
e∏ds through the top of the separator, at 

e center, down into the inner cone. 
P the shaft, near the top, is mounted 

z e main fan; below the fan is the whiz- 
. er, and below the whizzer the distribut­
es plate. As this plate rotates at a high 

eIpcity, the centrifugal effect on the ma- 
throws it radially, in a uniform stream, in the space between the edge of 

e plate and the inner surface of the inner cone, into the path of an upblast 
a*r∙ The dust-laden air passes up through the whizzer where the coarser 

Particles are eliminated, and discharges through the fan into the annular space 

Discharge spoυf-∖-
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between the cones. The rotating fan blades throw the material to the inner 
surface of the outer cone, and it is discharged through a valve in the bottom 
of the cone, while the air returns to the inside of the inner cone through the 
portholes formed by the deflector blades or vanes, placed radially around the 
inner cone. Material discarded by the whizzer drops to the bottom of the 
inner cone and is spouted from the separator as tailings.

Some types of separators use horizontal adjusting plates which may be 
pushed in or out of the separator at the fan opening. The opening into the 
fan can be thus decreased or increased, tending to some extent to increase oɪ*  
to decrease the fineness of the finished product.

The whizzer type of air separator is often built with two whizzers one above 
the other. The purpose of the two whizzers is to obtain a finer product than 
is possible with the single-whizzer type. It is in fact a two-stage separator. 
This is of particular advantage when separating a material which is poor 
in fines, the first whizzer throwing out a high percentage of oversize, so that 
the upper whizzer receives a richer mixture on which to operate.

An extraneous air separator constructed along the same lines as shown i» 
Fig. 6 makes use of a spinner or of spinner blades for precipitating oversize 
particles and to control the fineness of the finished product in the same 
fashion as the whizzer.

Multi-vane Air Separation. In the multi-vane (deflector) type, the 
objective is to spread the pulverized material on a revolving sheet of air; the 
coarser particles are thrown to the periphery of this sheet against the housing, 
fall down, and are discharged through a spout in the bottom. A rotating 
movement of the air is attained by compelling it to enter the chamber through 
a series of portholes guided by tangential deflector vanes. The fines, traveling 
toward the center, are pulled out by a fan and discharged. In one of the two 
common types, the centrifugal type, the material is fed directly into the 
separation chamber, where it is met with the upward traveling air which 
imparts to it a rotary motion that causes separation.

In the other system, the vacuum type, the pulverized material is mixed 
with air before it enters the separation chamber. The mixture enters the 
chamber through the ports and the rotary motion is imparted to air and 
solids simultaneously, whereupon separation takes place as described. 
Centrifugal multi-vane separation is applied only to an extraneous separator, 
whereas vacuum multi-vane and whizzer separation can be applied as an 
integral part of the grinding equipment. In general design the multi-vane 
separator is similar to the whizzer separator, with the exception that instead 
of a rotating whizzer it has adjustable vanes that can be set tangentially 
toward the periphery of the inner cone, giving the air a rotating motion. In 
the whizzer separator the vanes are fixed rigidly in a radial position between 
the cones, their only function being to permit the dust-free air to enter the 
inner cone uniformly and radially with minimum resistance. In the multi­
vane separator, they are placed in the inner or the outer cone, pivoted near the 
periphery in a manner similar to a louver, so that they can be opened by 
pointing radially toward the center or closed by being set at an angle. In 
the former case no rotary motion is imparted to the incoming air, the centrif­
ugal action is at a minimum, the least amount of separation takes place, 
and the finished product is the coarsest. As the vanes are closed, the centrif­
ugal action increases, more material is thrown off, and the product becomes 
finer. To some extent the fineness may also be regulated by adjusting the 
opening into the fan.

The general design of a vacuum multi-vane separator is shown in Fig. 7. 
It consists of a double cone, the outer cone being shown open in the illustra- 
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tjθn∙ Suction is maintained through, a sleeve at the top. In actual practice, 
''ηe separator is usually placed on top of the pulverizer, or connected to it 
With a pipe, admitting the pulverized material to the space between the two 
cones by the upward blast of air, which enters the inner cone guided by 
t⅛ deflector vanes. The greater the angle of these vanes, the finer the 
8eParation.

ɪhe air containing the pulverized product travels upward between the 
tWo cones and enters the inner cone guided by the deflectoι, vanes. These 
va∏es may be in pairs, as shown in Fig. 7, or theymay be placed continuously 
aiOund the inner cone iιi the form of a louver. They are pivoted and may be 
i°tated through a definite angle. This adjustment,is made from the top of the 
8eParator by means of a pointer running over a calibrated segment. With 
⅛e pointer at zero the deflector vanes point radially toward the sleeve or 
1Ptake pipe at the center. There is no rotating motion of the air and it travels 
directly toward the center. As the air expands in the inner cone, some of the 
°versizβ drops to the bottom; the remainder enters the intake pipe and goes 
!? a cyclone where it is discharged as 
PPished product. This arrangement 
8iγes the coarsest separation. As the 
Point is rotated, the deflector vanes also 
1°tate, causing the material to enter the 
1Pner cone at an angle and imparting a 
vθtating motion. Each particle is 
then acted upon by two forces, the 
eePtrifugal force of rotation and the 
°rce tending to move it radially to­

ward the intake pipe, induced by the 
Sweater suction. Particles above a cer­
tain size, upon which the action of 
°rιner force is greater than that of the 

latter, are thrown to the periphery and 
discharged through the bottom of the
1Pner cone. The greater the angle of Fig. 7.—Multi-vane vacuum air
the deflector vanes, the farther the ma- separator.
terial is thrown from the intake pipe, and the nearer the periphery. More and 
Plore oversize is thrown out, until the deflectors reach the extreme angular 
Position where the cyclonic action becomes so great that the maximum 
a∏ιount of material is thrown by centrifugal action; the product floating 
aKainst this action is then extremely fine. As the deflectors are closed, the 
effective area of the portholes is diminished, decreasing the flow of air, which 
a∣so tends to make a finer separation.

The bottom of the inner cone is equipped with a flap valve for returning 
°versize. When the inner cone is empty the suction keeps it closed. As soon 
aa the tailings accumulate to a definite height, their weight opens the flap 
valve, causing the tailings to flow without admitting any unseparated material 
°r ɑɪr. In some installations the flap valve is replaced by a positive-driven 
star roll which discharges the tailings continuously.

The most recent development in air separation has been the use of rotating- 
Whizzer separators instead of the double-cone vacuum type. Its design 
and method of installation are shown in Fig. 8 as applied to the roller mill. 
The whizzer disks rotate in a horizontal plane. They may consist of one or 
two disks in number, each one fitted with multi-whizzer blades. The whizzer 
is driven through a variable drive and the fineness of the finished product is 
regulated by the speed of the whizzer. The faster the whizzer rotates the
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part of the Raymond roller mill.

more particles are thrown out and the finer becomes the finished product. 
The raw material passes up from the grinding surfaces vertically and, before 
passing out of the machine at the top, is compelled to pass between the 
rotating-whizzer blades. The oversize is returned to the periphery and 
dropped back for further grinding while the desired fines pass up through the 
whizzer blades into the duct leading to the cyclone collector. This type of 
separation may be applied to 
any of the air-separation 
pulverizers wherein a current 
of air conveys the pulverized 
material.

The Imp Pulverizer. In 
the discussion of the whizzer 
type of air separation in con­
nection with hammer mills, 
the mill described in the text 
and shown in Fig. 9 is the 
Imp type of pulverizer. 
This machine is made in 
many sizes, from the small­
est having one beater disk 
with fixed blades to the larg­
est size with six or more rows 
of swing hammers. Figure 
9 shows how the air system is 
fitted to the pulverizer 
proper; the machines are 
equipped with a hopper be­
low which is the star feeder, 
actuated by a pawl-and- 
ratchet mechanism. A vent 
from the top of the return 
air pipe passes through a 
tubular dust collector which 
makes the operation of the 
system dustless.

The Hardinge air-swept conical ball mill with superfine air classifier is used
for fine dry grinding of abrasives, minerals, ores, and chemicals. A descrip' 
tion of the mill and classifier is given on p. 1905, followed by a table of oper­
ating characteristics.

Cylindrical ball mills or tube mills can be operated in closed circuit with 
extraneous separators with or without air sweeping, as shown in Fig. 14≈ 
for the same purposes as for the mills with integral classifiers.

The Schutz-O'Neill Limited mill consists of two or more beater plates on 
which are mounted beater blades or fixed hammers which pulverize th® 
material against a shell which usually is corrugated. Sometimes a perforated 
shell, similar to a grater, is used. This is of advantage in pulverizing tough» 
fibrous material. Fineness of the finished product is regulated by a cone with 
attached blades or whizzers. The pulverized material travels longitudinally 
toward the cone and whizzer. When the cone plate is moved into the mill» 
a coarser product is obtained. With the plate in the extreme outer position» 
flush with the end of the mill, only the fines pass through, while the coarser 
particles are thrown into a tailings groove on top of the grinding chamber»



Imp pulverizerFig. 9.—Raymond 
with whizzer air separation and dust 
conveying and collecting system.
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the end of which a rotary valve returns it to the feed end of the mill. 

5,or very fine grinding and for extremely hard material, a perforated plate 
P10Unted on the shaft in front of the beater is employed. A row of holes 
ɪɪ the plate, varying from to ⅞ in. in diameter, provides an exit for the 

finely ground material and relieves the air pressure, thus permitting cooler 
0Peration. Table 32 gives the capacities 
and power requirement of the 20-in. 
ɪɪɪnited mill, grinding a variety of 
Materials.

Automatic Pulverizer. The Raymond 
automatic pulverizer is a beater-type ma- 
°fiine equipped with air separator of the 
Vacuum multi-vane type. It has a 
fi°rizontal shaft on which may be mounted 
°ne or more disks fitted with beater blades. 
911 the door of the pulverizing chamber 
ɪ8 mounted an automatic throwout, the 
*Pnction of which is to remove refractory 
Materials contained in the feed, such as 
8and and gravel from clay. A star feeder 
wιth pawl-and-ratchet mechanism receives 
‰ raw material from a stock bin and 
or°ps it into the pulverizing chamber, on 
⅛ of which is mounted the air separator, 
ɪ- he air enters the pulverizing chamber at 
the rear and removes the pulverized ma­
terial. Particles of proper fineness are 
°l°wn to the cyclone, which discharges to 
bins or containers, while oversize is re­
turned to the pulverizer through the 
b°ttom valve of the inner cone. Impuri­
ties accumulate in the grinding chamber 
Pptil they are picked up by the rapidly 
rθVolving beaters and thrown through the 
sɪŋt on the door into the throwout cham­
ar, where they are finally rejected through the flap valve. . The slide 
ʤmper on the top of the throwout may be adjusted to admit air from the 
a∙tmosphere which enters the pulverizer through the slot in the door. In its 
travel through the throwout the air cleans the rejects and blows fine particles 
°ack into the pulverizing chamber.

ɪhe automatic throwout is often used for concentrating valuable constit­
uents in an aggregate, such as phosphatic granules, which are separated from 
?fit and clay. In this case the product discharged through the throwout 
18 the valuable material. The automatic pulverizer can be made to function 
as an extraneous air separator, receiving pulverized material from another 
Machine. The beaters are run at comparatively low speed, doing no pul- 
v°rizing but stirring the material and throwing it into an air current. The air 
carries the material into the separator in the normal manner, the fines are 
r°moved, and the rejects eliminated through the throwout.

ɪn the Williams impact mill with air separator actual grinding is accom­
plished with a hammer mill. The air separator extracts material of the 
ʤsired size and returns the oversize to the mill for regrinding. A spinner 
seParator may be used.
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Ring Roll Mills. These mills are equipped with rolls or balls rolling 
around a grinding ring, pulverization being done between rolls or balls and 
ring. In one class, pressure is maintained with heavy springs; in another, by 
the centrifugal force of the rolls against the ring. In most mills, either the

Table 32. Capacities and Power Consumption of 20-in. 
Schutz-O’Neill Limited Mill

Material Production, lb. per hr.
Nux vomica* ............................................... 30- 40Pyrethrum flowers....................................... 35- 45Areca nutsf.......................................... 40- 50Quassia........................................................ 75- 30Senna leaves......................................................... 100-125Buchu.................................................................... 100-110Stramonium........................................................... 125 150Bay leaves............................................... 125 150Celery seed.................................................... 125 150Foenugreek seedf...................................... 100-125Tragacanth gum................................ .. 50- 60China twigs.............................................................. 75- 80Cassia................................................................. 90-100Ginger................................................... 90-100Cloves............................................................................. 125-150Pepper, white............................................................ 200-225Pepper, Singapore................................................. 225-250Gelatine................................................... 60- 70GIue.............................................................................. 100-125Cocoa cake................................................................... 400 500Cayenne pepper....................................................... 100-125Dry colors..................................................................... 600-700Sugar............................................................................... 400-500

Horse power
15-2015-2020-2515-2020-2520-25 20-25 20-2515-2015-2015-2020-2520-2520-25 20-25 20-25 20-25 15-20 20-25 25-30 20-25 30-35 30-35

For ordinary commercial powder; if extrafine product is required, it should be passed through a buhr ∙5rp c i 5ber.cove≡g whιch ιs screened out, after which the hard nux kernels are passed through the mill tor final reduction. This operation applies to many seeds, beans, and nuts with tough fibrous covering. T Areca nuts should be broken down in a disintegrator before they are fed to the limited mill.J h Oenugreek seed should be passed through the mill quickly, sifted outside the mill, and the tailings mixed with the feed. This method is used for materials, part of which is powdered more easily than the remainder.
ring or the rolls are stationary ; there isa type, however, where both rings and 
rolls rotate. The grinding ring may be placed horizontally or vertically. 
The following three classifications are made:

1. Mills without internal separation:
a. Sturtevant ring roll mill.
b. Kent ring roll mill.

2. Mills with screen separation:
a. Huntington type.
b. Bradley roller mills.
c. Griffin mills.
d. Fuller mills.

3. Mills with air separation:
a. . Fuller mills.
b. Bethlehem or Whiting.
c. Raymond mills.
d. Bonnot mill.

The Sturtevant mill is of the first class. It has a concave, vertical grinding 
ring and is used for non-metallics, especially phosphate rock. A No. 1 mill 
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air separator grinds 2 to 4 tons limestone or phosphate rock per hour, 90 

^ɪrθtɪgɪɪ ɛθ mesh; a No. 2 mill has twice this capacity.
ɪ ɪhe Kent Maxecon mill, also of the first class, is used for bauxite, coke, 

ɪɑθstθne, magnesjte> and phosphate rock. It requires 6- by 7-ft. floor space, 
θɪghs 6 tons, and consumes 25 to 50 h.p., grinding by 1000 lb. per sq. in. 
ɪ essure. Hourly capacity, in closed circuit with screen or air separator, is 
ŋns phosphate rock for acidulation or 10 tons limestone for fertilizer.
Ihe Bradley three-roll mill has a vertical shaft with three roller journals, 

,/ɪɪɪdiɪɪg pressure ɪ8 causθd by centrifugal force produced by the rotation of 
θ rolls. A screen of proper size surrounds the grinding chamber. This 

s . 18 .a^so usθd ɪɪɪ dosed circuit with external screen, in which the internal 
ɛɪθθɪi is equipped with large openings. Hourly capacity is from 2 to 4 tons 

* Kmestone or phosphate rock, with 25 to 35 h.p.
ɪ he Bradley-Hercules three-roll mill is used extensively for semifine grinding 

θ hard materials such as cement, rock, and cement clinker. The grinding 
jɪɑdiuɪn consists of three rolls revolving in and against the inner surface of the 
θrιzontal annular ring against which the crushing is done by the centrifugal 

e° .i?n ɪθɪɪ3, ɪɪɪe ɪɪɪɪlɪ is so designed that the material is fed before
'ach roll, allowing each grinding roll to take care of its proportional amount 

feed; the mill discharges through an internal screen, down through the 
0Undation. This machine is capable of taking material up to 2 in., reducing 
t∙ ʊθ a fineness of from 50 to 65 per cent through 100 mesh in a single opera- 

1°n, Specifications and operating characteristics are given in Table 33.
Table 33. Operating Characteristics of Bradley-Hercules Mill 

Size of feed, in. Hourly capacity Fineness of product Screen on mill
2½ 56 tons 65% through 100 mesh; 48% through 200 mesh93.5% through 20 mesh; 61.2% through 100 mesh; 50.8% through 200 mesh

8 mesh2½ 54 tons 8 mesh
2½ 30- 35 tons 70 % through 100 mesh 12 mesh2½ 25 tone 99.3% through 20 mesh; 64.6% through 100 mesh; 50% through 200 mesh32 % through 200 mesh

16 mesh
2½ 42 tons* 5 mesh135-150 bbl. 36% through 200 mesh Number 1567 Tor»150 bbl. ClΙof0 through 100 mesh; 42.9% through 200 mesh 8 mesh210 bbl. 62%-65% through 100 mesh 8 mesh175 bbl. 32 % through 200 mesh 5 mesh159 bbl. 42% through 100 mesh; 30% through200 mesh Number 595 TonCap

Feed
Limestone.Limestone.
⅛θstone. jjllBestone.
Limestone...............ɪɑɪn-run clinker. Kiln-run clinker. Kiln-run clinker. ⅞∙1 ɪɪ`run clinker.-t^ln-run clinker.

Weight of mill, Ib.................................................................Speed of vertical shaft, r.p.m....................................Speed of horizontal shaft, r.p.m.............................Diameter of roll heads, in............................................Diameter of grinding ring, in....................................Crushing effect of each roll against ring, lb.4 Weight of roll head, lb........................................................................................................................................................ ∣,vwthis output was obtained in closed circuit with Hummer screens; circulating load about 80 tons.
A 300-h.p. motor is used for grinding limestone and raw material in cement 

Plants; for maximum capacity on cement clinker a 350-h.p. motor is prefer-

60,000125-130 360-400226613,0001,000



1928 CRUSHING, GRINDING, AND PULVERIZING

able. On the raw end it is often advisable to pass the discharge to a screen 
or an air separator, removing a finished product of the required fineness, the 
tailings going to a tube mill the discharge of which is sent to a second separator 
or back to the first separator.

The Griffin mill has a chilled iron roll revolving against and around a 
grinding ring. The ground material is discharged through an internal screen 
by the aid of an air current resulting from the speedily revolving roll. Oper­
ating characteristics for the Giant and the Junior Giant mills are given in 
Table 34.
Table 34. Operating Characteristics of the Giant and Junior Giant 

Griffin Mills

Material Output per hr. Fineness of product Screen on 
mill, mesh

Giant:
Limestone................... ..................
Cement clinker preliminary to 

tube mill.....................................
White cement clinker....................

Coal screenings..............................
Limestone.......................................

Cement clinker..............................

Air-cooled slag...............................

Iunior Giant:
Coal................................................
Clinker...........................................
Firebrick........................................

Phosphate rock..............................
Feldspar.........................................

Coke...............................................
Limestone.......................................

4.5-5 tons

26 bbl.
35 bbl.

3.5-4 tons
3-3.5 tons

12-14 bbl.

7 tons

1.5- 2 tons
5.5- 6 bbL

2.25 tons

3.5- 4 tons
1.5 tons

0.5-0.75 tons
2 tons

83.2% through 200 mesh

62 %-64 % through 200 mesh
72% through 100 mesh; 54% through 
200 mesh

95 % through 100 mesh
96.5% through 100 mesh; 82.5-200 
mesh

96.6% through 100 mesh; 82.8-200 
mesh

67.5% through 100 mesh; 49.8-200 
mesh; 35.9% through 300 mesh

88 %-90 % through 100 mesh
80 %-82 % through 200 mesh
91 % through IOO mesh; 69% through 
200 mesh

35 % through 200 mesh
97.8% through 100 mesh; 87.6-200 
mesh

90% through 100 mesh
82%-85% through 100 mesh

30 and 35

6
6 and 8

30
35

35

3 and 4

30 and 35
35

30 and 32

16
30 and 35

35
16

Giant Junior 
giant

ɪ)iameter of ring, in............................................................. . ...................................
Diameter of roll, in...................................................................................................
Crushing effect of roll against ring, Ib......................................................................
Speed of pulley, r.p.m...............................................................................................
Weight of mill, Ib......................................................................................................

40
24 

15,000 
175 

26,000

30
18 

7,000
210 

13,000

The Fuller-Lehigh mill is of the vertical-ball type. It is made in two 
designs, with screens and with air separation. The screen type is equipped 
with two sets of fans rigidly attached to the yoke on the shaft of the mill» 
above the grinding elements. As these fans rotate with the shaft, the pulver­
ized material is lifted from the grinding zone by the first set of fans, the upper 
set acting as an exhauster. It draws the fine material from the separating 
chamber and forces it through the screen, which completely encircles this 
chamber. The finished product drops through annular openings in the mill 
base into a lower compartment containing a fan sweep which aids in with-



USE OF AIR SEPARATION WITH CRUSHING 1929
Rawing the discharge, 
la sucked from the mill 
sɪɪves the capacities and 

×4~iu. limestone with

In the air-separation type the pulverized material 
by an exhauster and blown into a cyclone. Table 35 
power consumption of this mill, grinding a normal soft 
maximum 4 per cent moisture for the air-separation

ɪable 35. Operating Characteristics of Fuller-Lehigh MillCapacity, ɪb. per hr. Horse powerNumber of mill Screen type Air-separated Screen type Air type
-_______ type Mill Fan

33 5.000 4036 6,000 60 304042 9,000 10,000 75 7548 14,000 15,000 100 125 5054 20,000 150 6057 18,000 15070 24,000 30,000 250 300 100
type and 2 per cent for the screen type; the fineness of the finished material 
s about 80 per cent through 200 mesh.

i ʌ iuodifi<5ati°∏ of the standard Fuller-Lehigh air-separation mill illustrated 
n rig. IZ has two grinding tracks, one above the other, with two sets of 
ɔalls. The manner in which grinding takes place is essentially similar to that 
a the Babcock and Wilcox type B pulverizer described below. Instead of 
lScharging the product to extraneous screens or air separators it is equipped 
ɪth an integral air separator. This pulverizer is built in sizes up to 40 tons 

Pθr hr.
1 he Naymond roller mill is of the integral air-separation type. The base 

ŋ the mill carries the grinding ring, rigidly fixed in the base and lying in 
θ horizontal plane. Underneath the grinding ring are tangential air ports 

hrough which the air enters the grinding chamber. A vertical shaft with a 
Cvel gear near the bottom and resting on a thrust bearing is driven by a 

. °rizontal shaft through a pinion. Keyed rigidly to the shaft near the top 
Js a spider which carries the roller journals. These journals have rolls on the 
P°ttom. rotating on their own bearings while traveling around the ring. Two 
∩r m.ore J θurnals are pivotally suspended by trunnions fastened at the top of 
ke journal housing and supported in the arms of the spider. They hang 

aIinost vertically, so that when the mill is at rest the rolls press only lightly 
aSainst the grinding ring.

ʌ recent development in connecting the air-separation system to a Ray­
mond mill is shown in Fig. 17. Here the location of the main exhauster is 
sɑeh that it blows the air into the mill instead of sucking from the mill, so 
ɪhat the pulverized material does not pass through it.

The roller mill with air separation is used extensively for the grinding of 
c°al, coke, limestone barytes, gypsum and practically all of the non-metallics 
θxcept the siliceous materials of an abrasive character. It is also used to a 
ɪarge extent in the grinding of the chemical and mineral pigments, partic­
ularly where a product is required of a minute particle size.

The method of separation used with Raymond mills depends on the fineness 
uesired. If a medium-fine product is required, up to 85 or 90 per cent through 
100 mesh, a single-cone air separator is used (see Fig. 10). This consists of 
a housing surrounding the grinding elements with an outlet on top through
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Fig. 10.—Raymond low-side five-roller ɪniɪɪ 
with low-side separator and dust conveying and 
collecting system.

which the finished product is discharged. This is known as the low-side mill· 
For a finer product and where frequent changes in fineness are required, the 
vacuum or whizzer type of separation is used. Its mode of operation is 
described on p. 1923. This type of mill is known as the high-side mill.

The Bethlehem (Whiting) is a mill of the roller type in which the journals 
carrying the rolls remain stationary in a horizontal position. The grinding 
element or table rotates in a horizontal plane. The grinding pressure is 
obtained by means of adjustable springs operating on the roller journals. 
The material is fed to the center 
of the table and owing to the 
centrifugal force travels to the 
periphery between the rolls and 
the rotating grinding rings. 
After being pulverized it is thrown 
into a current of air, passes up to a 
classifier, and is discharged in a 
manner generally similar to that 
of other types of roller mills 
equipped with air separation.

The Babcock and Wilcox type B 
pulverizer is a modification of the 
FullertypeB. Itisusedinclosed 
circuit with an extraneous air sep­
arator. Raw material is led di­
rectly into the pulverizer through 
a feed spout and is deposited into 
the center of the mill on a table 
fastened to the rotating intermedi­
ate grinding ring. Centrifugal 
action of the table throws the ma­
terial outward into the path of 
the inner row of grinding balls; it 
then passes to the outer row in 
which the second stage of pulver­
ization takes place. From this 
stage the ^material is discharged 
outside the outer top row of 
grinding balls and passes through 
an adjustable ledge gap into the space below', where it enters the path of th® 
lower row of balls, the third stage.

Upon leaving the lower row, the material is discharged into an annul»1’ 
compartment containing a number of sweeps, by the action of which it i≡ 
rapidly discharged from the mill, whereupon it is elevated to the mechanical 
air separator.

The Jet Pulverizer. The jet pulverizer is based on a different principle 
from the pulverizers previously described. Figure 11 illustrates a pulverize1’ 
of this type known as the Micronizer. It consists of a shallow circular 
grinding chamber wherein the material to be pulverized is acted upon by 0, 
number of gaseous fluid jets issuing through orifices spaced around the peri ph" 
ery of the chamber. The gaseous jets introduced are generally super" 
heated steam at pressures from 100 to 500 lb. per sq. in. in a temperature up 
to 500oF. superheat. Compressed air at 100 lb. pressure may be utilize<! 
instead of steam. The pulverizing chamber varies from 12 to 36 in. in dia∏1' 
eter and from 1 to 2⅜ in. in axial height.
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Jet orifices are drilled through the peripheral wall of the grinding chamber 
and vary in number from 6 to 16, equally spaced around the chamber; the 
orifices vary in diameter from ⅝ to ¼ in. They are generally placed in a 
tangential position so that entering steam or air will promote the rotation 
θf the material to be pulverized in the same direction.

The operation of the Mieronizer depends on the fact that, when a gas of 
high energy content is introduced into the small pulverizing chamber, the 
applied fluid pressure is transferred into velocity head by expansion to 
substantially atmospheric pressure. This 
causes a high-speed rotation of the contents 
of the pulverizer chamber. The centrifugal 
force of rotation causes the material to con­
centrate at the periphery where the jets are 
ɪɪitrodueed. Since most of the energy of the 
fluid jets is dissipated near the point of entry, 
there are set up intense local velocity gradients 
and intense interactions within the circulating 
material. A great deal of reduction of the 
material is thus caused by the impinging of 
the particles upon themselves which tends to 
reduce the wear on the pulverizer housing, 
l'or abrasive materials the pulverizer may be 
ɪined with rubber to reduce the wear.

The gaseous fluid supplying the grinding 
energy is withdrawn at an inward point, tend- 
ɪng to cause the dust-laden gaseous fluid to 
travel spirally. The smaller particles are thus 
withdrawn and the coarser particles thrown 
to the periphery are subjected to further re­
duction.

The outlet from the grinding chamber 
ɪeads directly into a concentric centrifugal 
collector. This collector receives the material 
as it is traveling in a high-velocity rotary mo­
tion which is conducive to the separation of 
the material from the fluid so that about 85 
to 95 per cent of the product is collected in
the concentric collector. The remainder of the material may be filtered out 
11'θm the discharged fluid with a standard air filter. An injector operat­
ing on the principle of the aspirator is utilized to introduce the feed 
mto the outer portion of the grinding chamber. The main application of 
the Micronizer is for the production of an extremely fine product from a top 
81ze of 20μ down to 5μ. Certain materials may be produced wrhere the 
average particle size is under 2μ. It has been found particularly applicable 
ɪn the production of face powder and other cosmetics, in insecticides and in 
many precipitated products. It has been used for the reduction of barites, 
cAryoIite, sulfur, pyrolusite, and other iron-metallic minerals where extremely 
small particle sizes were required and the cost of production was of secondary 
cOnsideration.

The steam consumption varies with the nature of the material and the 
fineness of reduction. For the softer materials 1 to 10 lb. of steam are used for 
1 lb. of finished product, while for the harder minerals the steam consumption 
may average from 20 to 30 lb. and for the harder materials, particularly
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FiG. 11.-—The Micronizer.
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Fig. 12.—Percentage of total grinding accomplished at 
various distances from the feed end of a tube mill.

Mechanical
Cfir 

separator

MUI 
feed hin-.

Ejevdtor - Λ

Iinished 
product

Fig. 13.—A hammer 
mill in closed circuit 
with an air separator.

with Screen Separation. 
circuit with a pulverizer,

where a product is required with a top size of 5μ, the steam consumption 
may go up to 60 to 75 lb. 
per lb. of finished product.

Closed-circuit Grind­
ing. In closed-circuit 
grinding the grinding unit 
does not deliver a finished 
product but discharges to a 
separating device, the func­
tion of which is to remove 
the fraction of the feed 
which has been reduced to 
the desired fineness, re­
turning the oversize, or 
tailing, to the feed end of 
the grinder, thus complet­
ing the circuit. The sep­
arating device may be a 
water classifier, a screen, or 
an air separator (see Closed- 
circuit Grinding with Hy­
draulic Classifiers, Sec. 15, 
pp. 1603 to 1609).

Closed-circuit Grinding 
Screens are used in closed . ,. jr_______ r
particularly where a uniformly coarse or granular prod­
uct is required. For fine separation where air sepa­
rators are not adaptable, bolting reels with silk 
bolting cloth are used. This is particularly the case 
in grinding cereals where flour rolls are used for grind­
ing equipment.

Closed-circuit Grinding with Air Separation. When­
ever the fineness reaches a point where screen separa­
tion becomes inefficient, air separators are used. The 
main object in closed-circuit grinding is to increase 
capacity for the same power consumption, as the mill 
does not have to furnish a product which is entirely 
within the size requirements but is allowed to dis­
charge a product coarser than ultimately desired.

As the raw material travels through a tube mill, 
the greater portion is reduced in the first few feet of 
travel. A test was made in a 6- by 26-ft. tube mill 
(Rock Products, June 8, 1921), in which samples for 
screen analysis taken throughout the length showed 
that about 80 per cent of the total grinding is ac­
complished within the first 5 ft. and that the remain­
ing 20 per cent of the grinding consumes about 80 per 
cent of the power consumed. The results are illus­
trated by the curve in Fig. 12; the results show that if 
a 5-ft. mill were used, the product would be within 20 
per cent of the specified fineness. This product could have been fed to an air 
separator in closed circuit with the mill, the fines removed, and the oversize 
returned to the mill.
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It is debatable whether closed-circuit grinding does not give a product 

'ɪn ɪθ88 powder than when the mill is operated as a finishing
mul. This all depends on the meaning given the term “impalpable powder.” 
J hen grinding certain fillers or pigments, or even cement clinker, a tube mill, 
ɪ properly operated, undoubtedly produces a higher percentage of particle

Feed from 
prιrrιary gr'ιnot ł

I Separator

^Finish

3 compartment' 
milt

Fig. 15.—A three-com­
partment mill in closed cir­
cuit with an air separator.

Separator

ΞH

Finish

Fig. 14.—Primary
grinder and tube mill in 
closed circuit with an 
air separator.

under 20 to 10μ, when oper­
ated in open circuit. It 
may not be so economical as 
c osed circuit, but economy 
must sometimes be sacrificed 
o obtain the requisite qual- 

*ty∙ For many purposes, 
neness is not the only cri­

terion, as particle shape or 
ensity may be more impor- 
ant. Certain fillers seem to 

Possess more desirable prop­
erties when they are retained 
m the mill until they are in 
ueir finished form. Open- 

eɪʃeuit grinding will often 
^ɪve best results in grinding 
∏aky or tough fibrous ma­
terials.- j —-'Xxfc- — iɪɪe,ɔ MC/ ULOWt IUl DllUll m<XLt√H<X10, UUl1 bile St

e only after the material has passed through a long tube mill or even" a 
se∏es of one to four mills.

here are many possible flow sheets for connecting separators in closed 
reuɪt with grinding equipment; the most suitable flow sheet depends upon 

ype and number of grinding units and the 
ɪature of the finished product. A simple flow 
sheet of a hammer mill with air separator is 
∣ Iown in Fig. 13. A similar arrangemen 

θ m ade with a tube mill and separator.
figure 14 gives a flow sheet where the prod- u ∙ 

oct from a primary grinder, instead of going m 
irectly to the tube mill, is first passed to a sep- 

ijʃator together with the tube-mill discharge. " 
ɪhe separator removes the fines from both 
Products, returning the oversize to the tube 
ttull∙ A similar arrangement can be made for 
a two-compartment mill, both compartments 
discharging to the separator. A little different 
arrangement may be used for a ball mill and a 
tube mill served by one separator. The ball­
hull discharge goes to the separator, the tailings 
rom which are returned to the feed end of the 
all mill, while the fines go to the tube mill. In this case the ball mill operates 

“ closed circuit with the classifier, while the tube mill functions as a finishing 
m’ll ln, θlɔθɪɪ circuit. This hook-up may also be used for a two-compartment 
nm, the second compartment of which may serve as finishing mill, 
witkg^re ɪ5 sjlows an arrangement used for a three-compartment mill

1 h single separator. Tailings and fines from the separator may be returned 
o any compartment, depending upon the amount of fines required in the

Air separation, may be used for such materials, but the separator is 
V after the ma∣terifll ħas r⅛f∣.∣a<≡ofi +TivmtnrTi ŋ inn» +nim -mili ∏τ∙ a.™«*«

I'5S
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Fig. 16.—The effect of vari­

ous moisture content in different 
materials on the capacity ob­
tained from a pulverizer.
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Fig. 17.—A kiln mill equipped with accessories 
for drying, grinding, air separating, conveying, and 
collecting.

finished product. For a three-compartment mill with two separators the 
following arrangement may be used: The first separator receives the dis­
charge from the first compartment and the second separator the discharge 
from the second compartment and the fines from the first separator; tailings 
from the two separators are the feed for the second compartment, while the 
fines from the second compartment go to the third compartment which func­
tions as finishing mill. Many other flow sheets may be used for compartment 
mills as well as for separate 
units.

Drying, Dehydrating, 
and Cooling. Drying.
Mills with air-separation units 
may be so equipped that the 
air may not only be condi­
tioned in respect to moisture 
content and temperature, but 
it may be mixed with gases or 
liquids (spray) so that it may 
react chemically with the ma­
terial pulverized. Practically 
all materials can be ground 
to better advantage when dry; 
in drying finely divided prod­
ucts especially, the capacity 
decreases very rapidly with in­
creasing moisture content. 
The rate of decrease is not the 
same for all materials; some 
may contain an appreciable 
amount of moisture before any 
decrease is noticeable. The 
curves in Fig. 16 show the 
grinding characteristics of 
kaolin, bauxite, and precipi­
tated calcium carbonate, all ground to 99.9 per cent through 200 mesh. 
Eastern Pennsylvania clay, ground to 100 per cent through 200 mesh, showed 
four times the capacity when bone dry than with 10 per cent moisture.

Many materials have also been found easier to pulverize when hot than 
when cold; a material which, although perfectly dry, may be difficult to 
grind on account of sticking, will if heated tend to disperse and flow more 
freely. Certain materials are reduced faster when dried in the mill than 
when dried outside; this is probably a result of the rapid, almost explosive, 
removal of the moisture when the wet particles come in contact with the hot 
gas. This action tends to shatter the particles. The system used for con­
ditioning the air is the same whether the mill is of the roller or the swing 
hammer type, and whether the system is used for drying, dehydrating, or 
cooling. A Raymond kiln mill, used for these purposes, is shown in Fig. 17. 
A duct carrying hot air is connected to the return-air line of the separation 
system. The pipe for venting the surplus air and the moisture extends from 
the fan discharge to a concentrator, the object of which is to collect most of 
the dust in the surplus air and return it to the mill, the surplus air going 
through a vent fan, and a vent pipe to the atmosphere. The vent fan over­
comes the pressure drop in the air system. Waste gases from industrial
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Uinaces may be used when available, except where discoloration or con- 
Uinination of the product must be avoided, in which case hot air must be 

used. The system of pulverizing and 
ɪiown as flash drying. This system is 

Used for the drying and grinding, not only 
ŋɪ raw materials containing a moderate 
Uinount of moisture, but also precipi-
Uted products in the form of a sludge 

θr those coming from a filter or a cen- 
rιiuge. Figure 18 shows a flash-drying 

1Ustallation for handling a wet sludge, 
ɪhe raw material is fed into a mixer 
which receives some of the dry material 
ŋuɪng produced for the purpose of con­
ditioning the feed to the flash dryer so it 
will be in the proper mechanical condi­
tion. The material from the mixer drops 
1Uto the flash-drying system where it is 
dispersed by means of hammers or cage 
ɪɔars and thrown into the hot-air cur- 
rθnt. The dust-laden air passes up to a 
cyclone collector and is discharged in the 
usual manner. The vent containing the 
surplus air and water vapor is discharged 
tθ the atmosphere. Where this is not 
Icasible, the vented gases pass through 
a standard air filter. In Fig. 18 we show 
the cyclone collector discharging the 
dried product into an air separator which 
ls only used when it is desirable to ob­
tain a much finer product than is pro­
duced by the flash-drying system. In this case the tailings or oversize from 
the air separator is discharged to the mixer and mixed with the raw feed. 
Where the air separator is not used, a dry divider is placed on the bottom of 
the cyclone collector so that any amount of finished product may be by­
passed to the raw mixer. In Table 36 is given the cost of pulverizing and dry- 
lng precipitated calcium carbonate.

Table 36. Cost of Grinding and Drying Precipitated Calcium 
Carbonate

drying simultaneously is generally

Cy c/one -

Vent

Fcm-
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Finish / [____
Tails' Mixer'1

Drying ar 
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Raw wet 
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Wmill -*KHn mill - —
Fig. 18.—Flash-drying, pulverizing, 

and air-separating system.

Material........................................................................................ Calcium carbonate
Initialmoisture.......................................................................... 55%
Final moisture of the dried product................................... ⅛ %
Tons of finish per 24 hr.......................................................... 20
Heat used, B.t.u........................................................................ 4,000,000
Inlet temperature...................................................................... 600oF.
Kilowatt hour............................................................................. 43

The cost of operation is at the rate of $1.86 per ton of finished product. 
This is based on a power rate of 1 ct. per kw.-hr., on natural gas containing 
1000 B.t.u. per cu. ft. at 25 cts. per thousand and labor at 60 cts. per hr.

Table 37 gives a list of products dried and pulverized on the flash-drying 
system. Table 38 gives data obtaining in grinding and drying bauxite.

Dehydrating. The term “dehydration” is used to denote the removal of 
combined water as well as free moisture. Often the term “calcination” is
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Table 37. Partial List of Dried Products

Name of material Dewatering equipment
Dryer moisture, % net basis

In Out
Chlorine powder.... Chrome green...............Clay (acid treated)., Cooked blood................Copper sulfate.............Diatomaceous earth. Distillery slop:Grain...............................Syrup..............................Sludge.............................Garbage..............................Gypsum............................Milk albumin............... ..Orange pulp....................An organic.......................Rye culture.....................Sewage sludge...............Sodium sulfite...............Starch...................................Steamed bone...............Sulphur concentrate. Synthetic casein.... Tannins...............................Waste yeast....................

Filter Leaf filterFilterPressCentrifugal
ScreenEvaporator Centrifugal
CentrifugalFilter Centrifugal Filter Press Filter Filter Filter Leaf filter

25608045-⅛
57 avg.8520-2250-608256-58358250-52424025806060

0.185 Monohydrate2-6
7

84-10 0.01751.5735
Table 38. Operating Data on Grinding and Drying Bauxite

Initial moisture, %.................................................   9.75
Final moisture, %................................................................................... 0.75
Feed, lb. per hr................................................  12,560
Product, lb. per hr................................................................................... 11,420
Moisture evaporated, Ib........................................................................ 1,140
Temperature of gases entering mill, oF........................................... 700
Temperature of gases leaving mill, oF............................................. 170
Temperature of feed, oF....................................................................... 70
Temperature of material leaving mill, oF...................................... 150
Oil consumed, gal..................................................................................... 15.3
Heating value of oil, B.t.u. per gal.................................................... 142,000
Thermalefficiency, %............................................................................ 68.5
Total power for drying and pulverizing, h.p.................................. 105
Power for drying, h.p............................................................................. 10
Final product, % through 100 mesh............................................... 90

Table 39. Operating Data of a Kiln Mill Dehydrating and Grinding
Copper Sulfate

Type of mill.............................................................................................. No. 40 Imp
Feed, lb. CuSO4.5H2O per hr.............................................................   1500
Product, lb. CuSO4.H2O per hr.......................................................... 1000
Temperature of gases entering mill, oF........................................... 700
Temperature of surplus air and moisture to filter, oF............... 280
Water removed, lb. per hr................................................................... 500
Product, % through 300 mesh........................................................... 95
Oil consumption, gal. per hr............................................................... 11
Power required by pulverizer, h.p.................................................... 35
Power required by dehydrating system, h.p................................. 20
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Applied to this process, although this term really involves the use of higher 
θɪɪiperatures than used in dehydration. Table 39 gives the operating data 

obtained in a kiln dehydrating copper sulfate (CuSO4.5H2O).
CooimflL Many materials are difficult to grind on account of their low 

softening point, which causes them to stick. Others are so hard and tough 
iat excessive heat is evolved during grinding, and cooling must be resorted 
0Jn order to maintain constant temperature in the system. Certain dyes 
ɪɪd pigments change color if heated above certain temperatures. The same 

*ystem is used for cooling as for heating; cold water is generally used for 
Ooling the air, except where the temperature is very low, when brine is used, 
ɪɪ handling hygroscopic materials the air goes through a dehumidifier before 

ɪs passed through the pulverizer. Gases which react chemically with the 
Pulverized material are sometimes introduced into the kiln, such as chlorine 
δa≡ iɪɪ the manufacture of bleaching powders.

Grinding of Combustible Materials. Certain materials, such as sulfur, 
rarch, wood flour, cereal dust, dextrin, and coal, tend to ignite or explode 

Jvilen pulverized. Explosions may be caused by static electricity, sparks 
l°m furnaces or sparks caused by tramp iron, or by heat from chemical 

1 factions taking place in the charge. To guard against such occurrences the 
Pulverizer should be well grounded. Wherever a possibility exists for 

w° parts of the system to become insulated from each other, they should be 
connected electrically. Sometimes a narrow space between two plates may 

ec°me packed with material, and a condenser is formed. If the two plates 
θŋorne charged, a spark may discharge between them. It is now advisable 

.0 usθ bronze hammers and liners to decrease the danger of sparks caused by 
1*urnp iron. The best means for handling combustible materials and to 
θɑuee explosion hazards to a minimum is the use of an inert atmosphere, 

ijncil as carbon dioxide. The safe concentration of oxygen varies widely, 
r°wn and Clement [Ind. Eng. Chem., 9, 347 (1917)] give the oxygen limiting 

cθncentration as 12 per cent for dextrin, wheat starch, and flour; for oat, 
heat, and corn-elevator dust, 14 to 14.5 per cent; and for standard Pittsburgh 

ɛ'ɑal dust, 16 per cent. The critical oxygen content for sulfur mixture has 
θen found by laboratory tests at about 9 per cent and for hard rubber at 

. √,°u^ ɪɜ Per cent. Under actual operating conditions it is easier to designate 
he safe percentage of carbon dioxide, which may be registered easily by 

recording instruments. In general, if the carbon dioxide concentration 
ɑoes not go below 8 per cent, almost all combustible materials may be ground 
safely,

ŋse of inert gas is particularly adapted to pulverizers equipped with air 
seParation; flue gas is used for this purpose and enough is added to give a 
Predetermined content of carbon dioxide, or of oxygen. The system, 
shown in Fig. 17 is generally used for grinding sulfur. Instead of hot air, 
ɪnert gases are supplied. Table 40 gives the cost of installing and of operating 
a unit for grinding sulfur in inert atmosphere.

,Cost includes the actual grinding of the sulfur from the time it enters the 
rnɪll until it is delivered into the bin above the bagging system but does not 
1Uclude the cost of bags or the expense of bagging.

The installation used for sulfur can with certain modifications be used for 
starch, dextrin, and other combustible material. When beater mills or 
hammer mills are employed, it is advisable to make the beaters, hammers, 
iζhd liners of bronze to minimize the possibility of generating sparks.

Hard rubber is one of the few combustible materials which is generally 
ground on heavy steam-heated rolls. The raw material passes to a series of
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Table 40. Operating Characteristics of a No. 5057 Roller Mill with 
Double-Whizzer Air Separation

Capacity and power Cost of grinding per ton
Fineness Tons per hr. Kw.-hr. per ton Fixed charges per ton Mainte­nance per ton Power at 2 cts. kw.-hr. Labor 60 cts. per hr.

60 % 200 mesh70 % 200 mesh80 % 200 mesh90 % 200 mesh90 % 325 mesh95 % 325 mesh97 % 325 mesh99% 325 mesh99.5% 325 mesh 99.7% 325 mesh 99.9% 325 mesh 99.95 % 325 mesh 99.99 % 325 mesh 99 % under 20μ 99% under 10μ 99 % under 5μ

13.5011.509.006.504.503.753.503.002.251.751.501.251.000.65 .37 .20

6.67.79.813.017.019.220.624.032.539.045.555.067.0100.0170.0 300.0

SO.030 .035 .040 .055 .080 .095 .10.115.16 .20 .23 .28 .35 .53 .95 1.60

$0,005.005.005.010.010.015.020.025.030.035.040.050.060.090.130 .20

$0,135.155.196.260.340.385.415.480.650.780.9201.1001.3402.0002.4006.000

$0,010.010.015.020.030.035.040.050.060.070.080.100.160.220.350.600
The micron sizes were determined by microscopic count.The fixed charges include depreciation at about 7 % per year and interest on the investment at 6% less the interest earned on the depreciation reserve.The inert gas is based on using coke as a fuel at $ 18 per ton.The total cost covers the itemized costs given above and in addition includes lubrication and various other miscellaneous costs.

Cost of a Sulfur Grinding InstallationPrice of mill f.o.b. Chicago, Ill....................................................................................................................................... $11.000Price of preliminary crusher.............................................................................................................................................. 400Price of elevator....................................  375Price of raw bin, 10-ton capacity................................................................................................................................. 825Price of finished product bin, 5-ton capacity................................................................................................... 525Price of equipment to produce inert gas..........................................................................  1,500Price of motors............................................................................................................................................................................... 2,000Freight to Eastern port.........................  675Foundations and erection..................................................................................................................................................... 700Total cost..............................................................  $18,000be price of the mill includes the following:1 No. 5057 high-side roller mill1 Pneumatic feed control1 Main exhaust fan1 Double-Whizzer separator1 Variable drive including V-belts for driving whizzerI Cyclone dust collector1 Rotary valve at bottom of cycloneI Fan for introducing inert gas to millSufficient piping to connect the above parts so that the bottom of the cyclone may discharge the finished product 35 ft. above the base of the millThe above price does not include motors.
Motors Required for MillÎ 60-h.p., 1200 r.pjn. motor for mill1 40-h.p., 1200 r.p.m. motor for fan1 10-h.p., 1200 r.p.m. motor for whizzer separator1 1-h.p., 1200 r.p.m. motor for feeder1 1-h.p., geared-in-head 120 r.p.m. output for rotary valve on cyclone1 2-h.p., 1800 r.pjn. motor for CO2 fan.
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foils in closed circuit with screens and air separators. Farrel-Birmingham 
φ s are used extensively for this work. There is a differential in the roll 
'anιetθrs, an4 the particular size best suited for the average hard rubber is 
,le ɪθɪɪ8 w'*,τ' 13^ιn∙ and 17-in. diameter and 20-in. face. The motor

ru°+κ °β se∙'a'7lte^ from the grinder by a fire wall. It is also desirable to 
ɪɔ ɪɪ these machines at rather low speed and low differential between the rolls 

eca,1≡e it is. very easy to overheat hard rubber in grinding, making it 
off h f wl1,'f'h necessitates the shutting down of the grinder until it cools 
of .b .∣re.c'e.arinS out the charged material. The performance of a series 

rolls grinding hard rubber, producing a finished product, through an air 
seParator is given in Table 41.
Table 41. Operating Characteristics of Rolls Grinding Hard Rubber 

u∏ιber of roller mills..........................     . 3
«e of each millj jn...................... ......... . ■.......................................................... 13 and∙ 17 χ 2θ

"ɪotpr on each mill, h.p.......................................................................................... 50
ɪze of vacuum air separator, ft.................................................

p.zθ of motor on separator fan, h.p......... '. . . .....................
fineness of feed to separator, % through 100 mesh...........
^ɪneness of product from separator, % through 100 mesh 

°duction, lb. per hr............................................ .............

4.5
20
32
95

250
A larger production could probably be attained, but operation at the lower

ate ɪs advisable to prevent generation of an excessive amount of heat, 
w'tí 18 .a^way≡ advisable to equip systems for grinding explosive materials 

ɪth relief vents to take care of an emergency should the inert gas cease to 
notion properly. Recently, several installations have been made for 

Kiinding hard rubber in mills of the Bonnot roller type and in Fuller ball 
1 W⅞> ɪɪ16 inert gas ιs introduced hot at a temperature between 110o and 

u r ∙ Certain grades of rubber are more easily reduced when ground 
Comparatively hot.

Toduction of Granules. See page 1996. Itisoftennecessarytoproduce 
granule or a granular product of definite size limits, such as a granulated 

1Onocalcium phosphate that will all pass through a 50-mesh screen and, within 
a lew per cent, remain on a 200-mesh screen. This is not a simple problem of 
c* llftmng and grinding but involves a complete process including the selection of 
a Proper type of crusher or pulverizer, the best method of feeding, optimum 
Pmber of stages, and the most suitable method of screening, bolting, or air 

seP≡τati°n. The type of equipment to be used depends upon the nature 
0t the material and the nature of granule to be produced. Table 42 gives 
Table 42. Variations in the Fineness of Product Obtained with the

Same Material in Six Different Types of Pulverizers 

Percentage on B C D E F

0 0 0 0 0
30 10 3 0 0.5
18 12 5 1 I
10 14 7 2 3 5
9 13 15 12 10
9 12 18 5 4
6 11 15 10 5
6 10 10 II 12

12 18 27 59 64
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the analysis of products obtained by pulverizing the same material in six 
different types of pulverizers.

None of these mills gave a product satisfying the requirements of the gran­
ular monocalcium phosphate referred to (—50, +200 mesh). No pulverizer 
on the market will produce such a material in one operation. For this 
purpose it is necessary to use a mill that will produce the largest percentage 
of particles between 50 and 200 mesh, with a minimum —200 mesh. The 
pulverized material may then be passed over a screen to remove particles 
above 50 mesh, the undersize being bolted or air separated to remove all 
below 200 mesh. Oversize is usually returned to the pulverizer. In Table 43 
some of the data have been rearranged to show which mill will give the best 
results in producing the granular product required.

Table 43. Selection of Best Pulverizer for Producing a Granular 
Product, —50, +200 Mesh

Character of product A A
B C D E F

% remaining on 50 mesh................................. 35 30 10 3 0 0 5
% between 50 and 200 mesh........................... 42 37 39 27 15 14 5
% through 200 mesh........................................ 23 33 51 70 85 85

Soft materials, such as clays, fuller’s earth, diatomaceous earth, sodium 
bicarbonate, and monocalcium phosphate, are generally ground in regular 
flour mills to obtain a finely divided product. . A ratio of reduction of 2.5:1 
or even 1.5:1 is generally used; the material passes through a series of rolls 
with bolting reels. Sometimes air separators are used in the circuit for 
removal of fines. Table 44 gives the results obtained in granulating soft 
materials to various particle sizes.

Table 44. Granulation of Soft Materials to Various Sizes

Diatomaceous 
earth Fuller’s earth Sodium

carbonate

Size of product required, mesh................................... . . - 60 - 80 -120
+ 100 + ∣50 +200

Type of mill used............................................................
Number of mills in series................................................ 6 12 5
Size of rolls, in................................................................ 7 × 16 7 × 16 7 × 20
Capacity, lb. per hr........................................................ 1800 3500 2500
Recovery from original feed, %..................................... 75 80 55
Horse power required, total........................................... 35 80 30

Some clays, fuller’s earth, and diatomaceous earth are often calcined to 
obtain certain desirable physical properties. Such heat treatment hardens 
the material and makes possible granulation with a smaller percentage of 
fines.

Cleaning and Concentrating. Many materials may be cleaned by 
removing impurities in a pulverizer equipped with air-separation apparatus 
or followed by air-separation equipment. Sand may be removed from clay, 
and refractory impurities separated from hydrated lime. Phosphate rock 
may be freed from such impurities as clays and silt.
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l,he various oxides of lead, copper, and other metals often contain a certain 

3m°unt of unoxidized material. When such materials are fed to an auto­
matic pulverizer with air-separation equipment, the relatively soft oxide is 
Γ+l °θd ^ɪɪɪθ P°wder and separated from the metal. Results obtained with 
ɪtharge and copper oxide are given in Table 45.

Table 45. Removal of Metal from Litharge and Copper Oxide by 
Pulverizing and Air Separation

Litharge Copper oxide
Type and size of automatic pulverizer. Feed, lb. per hr...........................................................Metal in feed, %.......................................................Production, lb. per hr..........................................Tailings produced, lb. per hr........................Metal in product, %.............................................Metal in tailings, %..............................................Oxide in tailings, %................. Power required, h.p................................................Product, % through 200 mesh....................

No. 1 30000.580 67520 1000.025 0.370 6630 3470 3099.8 99
ɪo separate lead from dross, skimmings, and scrap battery plates, the 

material is first coarsely crushed in a high-speed hammer mill discharging to 
a screen. Oversize, almost all metallic lead, goes to the melting pot; under- 
sι≡6. a mixture of metal and oxide, goes to the pulverizer.

In the cleaning and Concentrating of clays, chalks, and marls, water flota­
tion is frequently used. The product is then dried and disintegrated in 
hammer or cage mills. If further cleaning is desired, the washed product 
Jhay be processed in a series of air separators, the tailings from one separator 
being fed into the next. Tailings from the last separator are either discarded 
0r fed to the water flotation system. Some clays give a sufficiently fine 
Product by dry pulverization and air separation.

Lime, after hydration, usually contains all the impurities of the original 
,ɪme, such as sand, gravel, core, and clinker. The mixture from the hydrator 
ls Processed in an automatic pulverizer with a throwout, or in a series of

Table 46. Cleaning and Concentrating Hydrated LimeSize of separator, diam., in..................................................................................................................................................... 12Size of automatic pulverizer.................................................................................................................................................. No. 1Power for separator, h.p............................................................................................................................................................ 25Power for pulverizer, h.p.......................................................................................................................................................... 7.5Power for pulverizer fan, h.p................................................................................................................................................ 40Feed to separating system, tons per hr....................................................................................................................... 8Production of hydrated lime, tons per hr................................................................................................................. 7.2Tailings, tons per hr...................................................................................................................................................................... 0.8
Chemi cal ,Analysis

Feed Finished product Throwout
88.95 98.80 5.123.16 0.15 28.612.26 0.12 20.422.63 0.26 23.153.00 0.67 22.7090 99.5 4.5

ŋɛlelum and magnesium hydrate, %...S⅛, %................................................................................∩θn and aluminum oxides, %.........................^aɪeium and magnesium carbonates, %.falcium and magnesium oxides, %...........fineness, % through 200 mesh.......................



1942 CRUSHING, GRINDING, AND PULVERIZING

separators, the tailings from the last separator being used for agricultural 
purposes. The results obtained in processing hydrated lime are given in 
Table 46.

Certain phosphate sands are cleaned and concentrated to remove sand and 
silt. Table 47 gives the results obtained in processing dry phosphatic sand 
/ɪi an automatic pulverizer with throwout.

Table 47. Cleaning and Concentrating Phosphate Sand
Size of automatic pulverizer... ;............
Feed, .tons per hr...................................................
Capacity (of throwout), tons per hr..
Fines, tons per hr.........................................
Power required by pulverizer, h.p.
Power required by fan, h.p..................

Chemical Analysis

Fines

C⅛i(P0ι) 2 content, %.....................................√........................................ ..

Fe2O3 + AI2O3 content, %.........................................................................

Throwout 
Prixluct

Feed

26
23

The throwout product contains .most of the valuable material and is the 
product required.

INDUSTRIAL APPLICATIONS OF CRUSHERS AND PULVERIZERS
Milling of Cereals and Other Vegetable Products into Flour and 

Granules. The roller mill is that most widely used for grinding wheat and 
rye into high-grade flour. A typical mill used for this purpose is fitted with 
two pairs of rolls, capable of making two separate reductions. After each 
reduction the product is taken to a bolting machine to separate the fine flour, 
the coarse product being returned for further reduction. The rolls run 
toward each other at different speeds in order to produce a rubbing action. 
Grooved rolls are used for crushing the grain, cleaning up the bran, and for 
grinding corn. For grinding to a finished product, smooth rolls are employed. 
Feed is supplied at the top where a vibratory shaker spreads it out in a thin 
stream across the full width of the rolls. For best results the feed should be 
regular, continuous, and even from one end of the roll to the other.

Rolls are made with various types of corrugation, special corrugations 
being used where certain results are desired. Two standard types are most 
generally used; the dull and the sharp, the former mainly on wheat and rye, 
and the latter for corn and feed. Under ordinary conditions, a sharp roll is 
used against a sharp roll for very tough wheat; a sharp fast roll against a 
dull slow roll for moderately tough wheat; a dull fast roll against a sharp slow 
roll for slightly brittle wheat; and a dull roll against a dull roll for very brittle 
wheat. Table 48 shows the operating characteristics for several sizes of 
roller mills. Speeds given refer to the pulley on the fast Side of the mill; 
the speed on the slow side depends upon the differential in speed required, 
which usually is 2¼j.∙l for corrugated rolls and Ijq :1 for smooth rolls.

Milling of wheat is not only a question of grinding and sifting, but it 
involves proper preparation of the wheat prior to grinding. As the grain 
arrives in the mill, it contains sticks, straw, string, sand, and other materials 
which must be removed. It is first passed through a receiving separator 
with three superimposed screens where cleaning is aided by suction. A 
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Iarfflier sθpara^on ɪ8 obtained with the milling separator which is used in 
Wh θ+ ɪŋɪɪɪ8' When the grain is very dirty, a washer and drier is used. A 
Whθ% T^eamer ɪ8 often used advantageously. Uniform heating mellows the 
q a.rry and so conditions it that moisture can be added in whatever 
⅛th ɪ>168 dθs*red ɪɪi the milling. The grinding rolls become effective, and 
tin kɪ graPulation ɪ8 sθɑured; bolting is also made easier. A product can 
dif8 bθ Juaintaine<! at a uniform standard, irrespective of season or the con­
flo ɪθɪɪ/θɪ tlle or⅛inal wheat. A mill, having a capacity of 16 to 20 bbl. of 
gatɪ dʌ ɪə6 lb' each)/ equipped with a 6- by 14-in. double roller mill (corru- 
ɪɑ θ ', a θ- by 16-in. double roller mill (smooth), with accessories, requires 
υ to 12 h.p.

Table 48. Operating Characteristics for Roller Mills

Size of rolls, In. Speed of rolls, r.p-m. Horse power
6 X 126 X 146× 166×207 X 167 × 207X249 X 189X249 X 36 

10X30 10X3610 X 42

700700700700600600600500500500
The cereal milling industry produces a great variety of products besides 

0ur> such as meal, corn flour, graham flour, barley, oats, rye, buckwheat, 
°miny grits, and whole-wheat flour. In addition to roller mills, buhrstone 

8,0u attrition mills are used extensively, particularly when the whole grain is 
0 be ground. Besides the double-roller mill used for flour, single-roller mills 

≡⅛re used, principally for cracking corn and rolling oats. Two-pair high and 
ree-pair high roller mills are used to a great extent in the feed industries, 

the former principally for coarse feed, such as screenings; the Iatter for all 
Oereal grains for table use and also for various grains for feed. This mill can 
be. used in combination, the top pair for cracking corn, the middle pair for 
UUishing into coarse feed or corn meal, and the bottom pair exclusively for
Table 49. Operating Characteristics of a Double-runner Attrition 

Mill with Two Rotors Running to Opposite Directions‰e of mill, ɪn. Speed, r.p.m. Capacity feed, lb. per hr. Horse power
16 2400 1,800 10- 1520 2000 3,000 15- 2024 1800 5,500 25- 4030 1500 6,600 50- 7536 1300 10,000 60-100•-- -—-________

rolling, oats. The various feed stuffs are also ground on swing hammer 
ɪnɪlle. Operating characteristics for single- and double-runner attrition mills 
arθ given in Tables 49 and 50.
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Soy Beans, Soy-bean Cake, and Other Pressed Cakes. Soy beans are ground 
in about the same manner as the various grains, depending on the nature of 
the product desired. Roller mills, dryers, and bolting reels may be used. 
After granulation on rolls the granules are generally treated in presses to 
remove the oil. The product from the presses goes to attrition mills or 
flour rolls and then to bolters, depending upon whether the finished product 
is to be a feed meal or a flour. If the whole cake is to be pulverized without 
removal of fibrous particles, it may be ground in a hammer mill, with or 
without air separation^ A 20-h.p. hammer mill with air separator, grinding 
pressed cake, had a capacity of 300 lb. per hr., 90 per cent through 200 mesh; 
a 20-h.p. screen-hammer mill grinding to J^g-in. screen produced 1000 lb. 
per hr.

Size of mill

Table 50. Operating Characteristics of a Single-runner Robinson 
Attrition Mill, Grinding Grain

16 in. 18 in. 20 in. 24 in. 26 in. 30 in. 32 in. 36 in.

Speed, r.p.m.1................... 2500 2250 2200 1800 1600 1400 1300 1200
Speed, r.p.m.2................... 1000 950 900 800 750
Capacity3.......................... 1200 1600 2000 3300 4000 5000 5300 6300
Capacity4......................... 1200 1300 1500 1900 1900 2200
Capacity5......................... 65 80 100 150 200
H.p.β................................. 9-12 10-15 12-18 20-30 22-32 25-35 28-38 30-50
H.p.’................................. 5- 8 6- 9 8-10 9-12 10-15 12-18

1 R.p.m. when grinding feed or corn meal.
2 R.p.m. when cracking corn.
3 Grinding feed, pound per hour.
4 Grinding corn meal, pound per hour.
δ Cracking corn, bushels per hour.
β Power when grinding feed or corn meal.
7 Power for cracking corn.

Table 51. Operating Results with Hammer Mills, Pulverizing Various 
Seed Cakes

Capacity, tons per hr.
Material Pulverizer Horse power

Pea meal Pea and finer Extra fine

Cottonseed cake......................
Expeller cake...........................
Linseed cake............................

Williams 
Williams 
Williams

1
2½-3
.6 -8

¾-l
2½-3
5 -6

½ 8-12
2 25-30
4-5 50-60

The method used for grinding pressed cakes depends upon the nature of 
the cake, its purity, residual oil, and moisture content. Many of these 
materials are treated in hammer mills, especially where no fine reduction is 
required. In many cases the hammer mill is used merely as a preliminary 
pulverizer, followed by an attrition mill. A finer product may be obtained 
in a hammer mill in closed circuit with an extraneous screen or air separator. 
Table 51 gives the results obtained with hammer mills grinding linseed cake, 
cottonseed cake, castor cake, corn cake, and other expeller cakes.
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hof+∙c°α Pulverization of cocoa powder involves processes for

,ɪɪɪg ɑ'ɪɪɑ coθHug the powder in its travel through the equipment. Besides 
gen U ∏ng a p°wder °f uniform fineness the proper color must be obtained, 
is ∣rta. ɪ dark tan or bɪ-own, approaching a chocolate color. This color 
it d .^ɪɪɪθɑ by heating the cocoa moderately during the grinding, whereby 

.vaikΓs t'° ^ɪɪθ desired color; if the powder is then chilled suddenly, the 
2(Tt Q °r reniaIns permanently. The cake from the presses usually contains 
a o 25 per cent butterfat, although the present tendency is to lower this 

to 15 per cent or even less for the cheaper grades. The material from 
θ pulverizer is chilled in a screw conveyor and taken to a bolter or air 

8epa^^°r, ɪɪ1 recent yθars> bolters have been largely replaced by air 
Parators, and pulverizers of the hammer-mill type with internal screen 

separation.
b jSlarch and Other Flours. Grinding of starch is not particularly difficult, 

precautions must be taken against explosions; starches must not come in 
θ∏tact with hot surfaces, sparks, or flame when suspended in air. Where a 

of°+κ0t °f ɪɪɪθdɪuɪn fineness is required, the average hammer or beater mill 
toe screen type is employed. For finer products the air-separating 

Iverizer of the beater type, or a screen-hammer mill in closed circuit with 
ɪɪ extraneous air separator, is used. Potato flour, tapioca, banana, and 

2∙'2dar dours are handled in this manner. Table 52 gives the capacity of 
ɪu erent types of pulverizers.

Rapacity, lb. per hr.. 
A> through 200 mesh, 
«orse power required.

Table 52. Operating Results with Various Pulverizers, Grinding 
Flour

I Corn sterch
Potato starch Tapioca flour

Screen-mill pulverizer Screen-mill pulverizer Beater-mill (with 
air separation)

3000 2000 2000
15 7.5 40
75 92 98

Beater-mill (with Beater-mill (with Beater-mill (with
air separator) pulverizer air separator) pulverizer air separator) pulverizer

4000 1000 1500
95 98 90
45 7.5 25

Screen-mill (extraneous 
air separator) pulverizer

3500
90
30

Hay and Other Herbage. Loose hay, velvet beans, snap corn, alfalfa, corn 
1 odder, bean straw, and other herbage are ground in hammer mills equipped 
ʌ^ɪth perforated screens. The Williams hay cutter is equipped with special 
feed, and a belt conveyor carries it under a. draper which compresses it and 
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forces it into the cutting mechanism. The material is cut between high­
speed chisel-shaped hammers and a stationary cutting knife. The fineness 
is regulated by the size of the openings in the screen or cage. A mill equipped 
with a 0.5-in. cage when grinding hay at the rate of 6 to 8 tons per hr. requires 
125 to 150 h.p. When coarse alfalfa is further reduced to a fine meal, a 
hammer mill producing 2 to 2.5 tons per hr. requires 100 to 125 h.p.

Dried Fruits and Vegetables. Pulverization of dried fruits and vegetables 
is greatly affected by the residual moisture and by the drying process used. 
Certain drying processes embrittle the material, giving a product that is 
easily ground. Swing hammer mills, with slotted or perforated screens or 
cage bars, are most generally used. A recent development is the use of an 
air-separation pulverizer for dehydrating and pulverizing wet waste fruit 
pulp. Hot air is introduced into the machine, and the moisture is removed 
while the material is being pulverized and conveyed to the bagging machine.

Metalliferous Ores. Ores are ground both wet and dry in open and 
closed circuit, although in later years the tendency has been toward wet 
grinding in closed circuit with a classifier. Reduction varies from a 16- to 
35-mesh product for table concentration up to 100 to 200 mesh for cyanida* 
tion. The mills used in the maj ority of cases are ball mills, rod and tube mills, 
and stamp mills.

Non-metallic Minerals. Dry grinding is most generally used; wet 
grinding is resorted to where certain impurities have to be removed, such 
as iron oxide or fine grit, and where washing imparts certain desirable proper­
ties to the finished product. The system of wet grinding and classification 
chosen depends upon the nature of the material. Very hard materials are 
ground in ball mills with hydraulic classifiers, the finished product going to a 
filter press and dryer. After drying, the cake generally has to be broken up 
in some type of disintegrator.

It is often possible, particularly with a soft material like clay, to employ 
dry grinding with a series of air separators, at the same time eliminating 
impurities such as grit and sand. Nearly every type of pulverizer is used in 
the grinding of non-metallics in open or closed circuit. The objective is 
often to obtain many grades of the same material by tying air separators and 
screens into the grinding system to remove various-sized products. Choice 
of equipment generally depends on (1) hardness and (2) contaminations. 
Most of the refractory silicates are ground in ball mills and tube mills in 
continuous or batch operation. Silex or flint lining and balls of flint, porce­
lain, and similar materials are used where iron must be kept out. Capacity 
of any system decreases rapidly with increasing fineness of the material; 
this applies particularly to non-metallics, where extreme fineness is usually 
required.

Silica and feldspar are ground in silex-lined mills with flint balls. Feldspar 
for ceramic and chemical industries is ground finer than for the glass industry. 
The following description of a feldspar mill is abstracted from U.S. Bur. 
Mines, Information Circ. 6488. The flow sheet shown in Fig. 19 may be 
modified to the treatment of many other non-metallics. The fine-grinding 
department consists of three silex-lined Hardinge mill units with flint pebbles, 
27 to 28 r.p.m., each fed from a 50-ton surge bin by James automatic belt 
feeders. Unit 1 has an 8- by 4-ft. Hardinge mill, discharging by an elevator 
to a Gayco air separator or a James vibrating screen, according to what kind 
of product is desired, a fine (120 to 250 mesh) or a coarse (20 mesh). An 
intermediate product (40-100 mesh) is made by removing fines in the Gayco 
and screening the coarse. A tube mill is used in connection with unit 1 for
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Mesh
Fig. 20.—Comparative screen analysis of granular prod­
ucts obtained from two different types of installations.
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fine grinding; it receives about half the oversize from the Gayco, the other 
half returning to the Hardinge- Plant capacity is increased about 8 per cent 
by the use of the tube mill. Finished products from screen and separator 
are elevated to the top of the plant, sampled automatically, and delivered 
through chutes to five 50-ton bins. Fine-grinding units 2 and 3 are similar 
to unit 1, with the exception that the Hardinges are smaller, 8 by 3 ft:, and a 
double Hum-mer screen is used in conjunction with a Sturtevant air separator. 
AU chutes and feeders are 
lined with silex or rubber.

As a spar free from fines 
is desired by the glass 
industry, Crushingis done 
with rolls. Discharge 
from the Reliance 
crushers, about ⅜-in. 
size, or from the dryer, is 
transferred by conveyor 
with magnetic-head pul­
ley to a bucket elevator 
discharging into a 125-ton 
surge bin feeding Sturte­
vant rolls set ⅜ in. apart. 
The discharge is elevated 
to a double-deck Hum- 
mer screen with ⅜-in. 
and 20-mesh screens. 
Oversize on the coarser 
screen is returned to the 
rolls; intermediate goes to a second Sturtevant set ⅜g in. apart, and under­
size . through 20 mesh, which is now finished as to maximum size and is 
carried by belt conveyor and elevator to a Gayco air separator for removal 
ot fines. Discharge from the second rolls is elevated to a second double-deck 
Hum-mer with 8- and 20-mesh screens; oversize from the coarser is returned 
to the rolls, intermediate to a third set of Sturtevant rolls set close, and the 
undersize through 20 mesh to the Gayco.
Table S3. Granular Grinding on Hardinge Mills with Vertical Grate 

,, and Discharge Flights
Mesh 

+16..........
-16 + 20. 
-20 
-24 + 28... 
-28+ I00.. 
-100 + 200. 
-200...........

Discharge, from the third set of rolls is elevated to a third double-deck 
Hum-mer with 10- and 20-mesh decks. Oversize on 10 mesh, principally 
mica, is removed as a by-product, the intermediate goes back to the rolls, 
and undersize through 20-mesh joins the similar products from the preceding 
screens on their way to the Gayco. A small amount of — 140-mesh material 
m the undersize through 20 mesh is finally removed in the Gayco. The over­
size from the Gayco is elevated to a Hum-mer and separated into two sizes, 
—20 +40 mesh, and —40 +140 mesh, which are held in 70-ton feed bins and 
run over two Johnson induction separators, one machine for each size. 
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τ⅛u w .gives ^hθ comparative screen analysis of the two units as installed, 

hθ Hardinge mill, just discussed, had not been designed for granulating. It 
was a very fine grinding mill arranged only for trunnion overflow. It was 

θrefore not possible to pass the spar through the mill fast enough to prevent 
overgrinding. As a result the Hardinge product shows a much higher 
Percentage of the undesirable — 200-mesh material. Table 53 gives the 
Jesuits of a Hardinge mill equipped with a vertical grate and discharge 
ɪghts for granular grinding, which shows that the products from the two 

8ystems are more nearly the same.
Ihe mill was arranged to operate in closed circuit with a vibrating screen 

grιnding nePheline syθnitθ for the glass industry.
With slight modifications the systems may be used to produce a fine grade 

θr granules from the following materials: quartz, slate, marble, corundum, 
■arborundum, tripoli, pumice, and volcanic ash. Practically all abrasive 

81 icates are handled in ball and tube mills followed by air separators. Table 
Table 54. Grinding Refractory Siliceous Materials in Pebble Mills

Feldspar Silica sand Enamel frit Grog

∣⅛ofm∏j...................
Jeed she..................

of product...........
Capacity, tons per hr...
£ower for mill, h.p.......
p2kk,r ii0r auxiliaries, h.p
Jebbleload, lb...
⅞Peed of mill, r.p.
Moisture, %.......
1Jrpe of classifier.
⅛ng and grinding TTiftdinms

y × 22"
1½" 

95% through

8'×60" 
2" 

99% through
200 mesh

4' × 16" 
W' 

97 % through
100 mesh

8' × 48"
20 mesh

98 % through
325 mesh

Hardinge
Flint blocks and flint pebbles

Trommel screen 
on mill

°4 gives the results obtained with Hardinge pebble mills, grinding several 
81Hceous refractory materials.

'l`eile and soapstone are generally easily pulverized, although certain fibrous 
aι*d foliated talcs may offer great resistance to reduction to impalpable 
Powder. Arranged according to the resistance offered to fine pulverization, 
talcs from various sources may be listed as follows: Italy, Manchuria, Russia, 
France, California, Vermont, Georgia, South Africa, India, Quebec, North 
Carolina, Ontario, Virginia, North Carolina (pyrophyllite), Massachusetts 
(foliate), New York (Natural Bridge), New York (Gouverneur).

Table 55. Grinding Characteristics for Various Grades of Talc

Source of talc Fineness Capacity, 
lb. per hr.

Horse 
power

Cost of 
grinding 
per ton

Italy....... 99 5 % through 200 mesh 6000 85 $0.98
Manchuria................................................. 99.0% through 200 mesh 6200 85 $0.99
Russia 99.5% through 325 mesh 3500 75 $1.35
California.. .............................. 99.5% through 200 mesh 5500 80 SI.09
Vermont..................................................... 99.5% through 200 mesh 5000 80 $l.*6
'⅛nia...................................................... 99.0% through 200 mesh 4200 80 SI. 28
Worth Carolina (pyrophyllite).................. 99.0% through 300 mesh 3000 75 $1.68
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Table 55 gives data obtained in crushing various talcs to impalpable 
powder in a five-roller high-side Raymond mill, the feed measuring 1 in. 
or under.

Costs given do not include primary crushing or bagging. Power is figured 
at 3 cts. per kw.-hr. and labor at 50 cts. per hr. Depreciation, interest, 
maintenance, and lubrication are included.

U.S. Bureau of Mines, Bull. 213 gives an excellent description of mining 
and processing talc and soapstone, which may be applied to many of the other 
non-metallics. Tube mills, 150 h.p. each, lined with silex or porcelain, are 
set in two lines of four each in tandem. Each line has a capacity of 2 tons 
per hr. Closed-circuit grinding with air separators is frequently employed. 
Batch grinding is also used. Batch pebble mills are operated for a certain 
length of time, up to 8 hr. for the finer grades, before dumping. In Talcville, 
N.Y., 6- by 8-ft. pebble mills are used, 30 to 35 h.p., charged with 1 ton talc 
and 3 tons flint pebbles and rotated for 4 to 7 hr. at 22⅛ to 23 r.p.m.

Clays and Kaolins. A large percentage of clays and kaolins are washed and 
water-floated, after which they are filter-pressed, dried, and disintegrated in 
hammer mills or disintegrators, followed by a series of air separators. This 
is of special advantage when the clay contains impurities such as fine mica 
flakes which are not removed by water flotation. Wet and dry pans and 
swing hammer mills are used in most brick, tile, or pottery plants where 
comparatively coarse pulverization is required.

Clays used in the chemical industries as a constituent of paint and as a 
filler for paper and rubber are both wet-ground and dry-ground. When it is 
necessary to treat the clay chemically, it is generally wet-ground and treated 
as above. The tendency at present is to dry-grind most clays which do not 
require chemical treatment. The roller mill with air separation is used nearly 
exclusively, particularly on the southern clays. The raw material, after 
being crushed, passes through a rotary dryer and the moisture content reduced 
to about 8 or 10 per cent. The material from the dryer goes to a roller mill 
with whizzer separation. Hot gases are introduced to the mill which com­
plete the drying while the material is being pulverized to the necessary fine­
ness. Even on washed clays there is a tendency to partial drying of the 
clay in an extraneous dryer and to finishing the drying and pulverizing in an 
air-separation mill which may be of the roller-mill type or of the hammer-mill 
type. These mills are equipped with automatic throwouts, so that a high 
percentage of impurities such as silica sand may be eliminated from the 
system. On an average grade of unwashed clay a No. 5 roller mill equipped 
with whizzer separation will grind from 3 to 3⅞ tons per hr. to a fineness of 
about 99.95 per cent through a 325-mesh screen, while on washed clay the 
capacity will be from 30 to 40 per cent higher. When grinding 3¼ tons an 
hr. of a raw clay, the power consumption will be about 100 h.p., -and it takes 
about 750 cu. ft. of natural gas containing 1000 B.t.u. per cu. ft. to dry the 
clay from 10 per cent moisture down to about 1 per cent.

Mineral pigments, such as ochers, umbers, siennas, and red oxides of iron, 
were for many years ground on stone mills and bolted. When the materials 
were wet-ground and classified, they were filtered-pressed, dried, and dis­
integrated in a cage mill or a hammer mill with screen separation. This is 
still the process when the material is water-floated. When the oxides are 
ground dry, roller and hammer mills with air separation have replaced a 
great many stone mills. Even when buhrstones are used, bolting has 
generally been replaced by air separation. Some of the red pigments are 
still ground on buhrstones as the idea prevails in some quarters that the stones 
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∏*ake a smoother and richer colored material. A 36-in. buhrstone in closed 
'Γcuιt with an 8-ft. air separator produced 300 lb. per hr. of ground hematite, 

,2 p?r cent through 325 mesh, with 15 h.p. on the stone. Table 56 gives 
Peratmg characteristics of a Raymond No. 5 high-side mill grinding various 

θxιαes of iron.
_ Table 56. Grinding Iron Oxides in No. 5 Raymond Roller Mill

Material Fineness Capacity, lb. per hr. Total horse power per ton
sienna...............................ŋɑrned sienna...................gaw umber......................ŋɪɪrned umber. ptural ochre, {f°u oxide (ore)............"0n oxide (precipitated).

99 % through 200 mesh 99.5% through 200 mesh99 % through 200 mesh 99.5% through 300 mesh 99.9% through 200 mesh99 % through 325 mesh 99.9% through 325 mesh

5950580052005400450031001800

23.522.126.925.931.045.072.5
Power consumption includes power required for grinding, separating, and 

^onyeying product to bins above the baggers. A 4.5-ft. by 16-in. Hardingc 
θɑɪeal mill jn closed circuit with classifier, grinding 50-mesh iron oxide 

ɔ 33 per cent moisture for the paint trade showed a capacity of 25 tons 
n,θ(, Lr., 100 per cent through 200 mesh. Power consumption was 20 h.p., 

1U speed 30 r.p.m., ball load 4000 lb.
ɪim > n^m'βiσih'c carbonatea and Sulfates. Non-metallic carbonates include 
,ɪmestone, calcite, marble, marls, chalk, dolomite, and magnesite; the most

P°rtant sulfates are barite, celestite, anhydrite, and gypsum; these are 
sed as fillers in paint, paper, and rubber. Gypsum and anhydrite are 
eated under the heading Cement, Lime, and Gypsum.

^,able 57. Capacity of Raymond Roller Miller, Grinding Limestone

Fineness No. 5 roller millNo. 2 No. 3 No. 4roller mill roller mill roller mill
r⅛ ⅛rouκL 200 mesh..............through 200 mesh..............no *? ⅛rough 200 mesh..............90 w JLrough 200 mesh..............Qo X0 JLrouεh 300 mesh..............oq ⅛⅛°ugh 325 mesh..............ɔ % through 325 mesh....

Lb. per hr.4200-4500 6500-7000 8500-95003700-4000 5700-6200 8000-85002600-3000 4000-4500 5500-60002000-2300 3000-3500 4000-47001200-1300 1900-2000 2400-27001000-1100 1600-1800 2000-2200900-1000 1400-1600 1800-2000

11.000-12,000 10.000-11,000 7,000- 7,500 5,000- 6,000 3,200- 3.500 2,800- 3,000 2.500- 2,800
55-65, $0.7953-55, ^ ^^50-53,47-50,45-47,42-4540-42,

0.881.181.622.352.62

Total h.p., and cost in dollars per ton70-75, $0.69 90-95. $0.6265-70, 0 77 88-90, 0.7560-65, 1.04 85-88, 0.9355-60, 1.41 80-85, 1.2553-55, 2.06 75-80, 1.8850-53 70-7547-50, 2.30 65-70, 2.05

100-105, $0.58 98-100, " "^ 95- 98,90- 95,85- 90, 80- 8575- 80,
0.700.871.101.681.92

Table 57 indicates the results obtained with several sizes of Raymond 
rtɪs grinding typical limestone; these results may be supplied to practically
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the entire group. When a material is very soft, such as high-grade barite, 
the capacities may be about 25 to 35 per cent higher.

Of the carbonates, magnesite is generally the hardest to pulverize. This 
material is often calcined and pulverized in the same manner as lime. Dead- 
burned magnesite is treated as cement clinker.

Fluorspar. A No. 3 Raymond roller mill grinding fluorspar had a capacity 
of 3700 lb. per hr., 95 per cent through 200 mesh, with a power consumption 
of 32 h.p. on the mill and 23 h.p. on the fan, a total of 22.3 h.p. per ton. 
Magnesite, generally the most difficult of the carbonates to pulverize, grinds 
similarly to fluorspar. When calcined it is ground in the same manner as 
quick lime. Dead-burned magnesite is handled like cement clinker. Table 
58 gives the results obtained in a Hardinge mill, wet grinding barytes and 
limestone to be used as a paint filler.
Table 58. Wet Grinding of Barytes and Limestone in Hardinge Mill

Limestone Barytes

Size of mill......................................
Size of feed..................... 
Fineness of product, mesh.............
Capacity, tons per hr.....................
Mill speed, r.p.m............................
Power for mill, h.p.........................
Classifier system.............................
Moisture in mill, %........................
Type of mill lining..........................
Grinding mediums..........................

8' × 48" 7' × 36"
1½" l½"

350 300
¾ 2

18 22
40 25
Cone Drag
30 28
Flint . Flint

Coarse limestone Lump barytes

Asbestos and Mica. The choice of crusher for asbestos depends on whether 
a long or a short fiber is desired. Crushing is done in slow stages to preserve 
as much as possible of the fiber length. Primary crushers employed are 
usually of the jaw type with secondary crushers of the smaller jaw type. 
Small gyratories and corrugated rolls are also used. With some grades a 
third reduction may be required. After drying and crushing to about 2 in., 
the asbestos rock goes to the so-called Iiberizing machines, which reduce the 
rock, liberate the fiber, and split it into fine and coarse fiber. There are 
different types of fiberizers, the swing hammer mill, the Jumbo, and the Laurie 
and Pharo cyclones. The Jumbo consists of a cylindrical shell surrounding 
a shaft with six pairs of arms placed at 6-in. intervals and disposed crosswise 
to each other. The arms are of heavy steel bars with chilled iron beaters, 
the faces of which are constructed on an angle. The Laurie cyclone consists 
of two beaters of the screw-propeller type, driven in opposite directions at 
1700 to 2000 r.p.m., in a cast-iron chamber. rΓhe Pharo cyclone was designed 
to overcome the tearing effect on the fiber, one of the objections to the Laurie. 
It is of the same general type, but the hood above the discharging end is cut 
off immediately above the latter, and the crushing blades, or beaters, of which 
the paddles are one right and the other left, rotate in the same direction.

As the material reaching the mill contains a large amount of freed asbestos, 
separation of the fiber begins immediately. It is first put through a screen­
ing trommel, the fines are discharged on a shaking screen, and the overflow— 
all above ljb2 in.—falls into one of the fiberizing devices which discharges 
on the same screen. The latter is slightly inclined and is made from wire or 
perforated plates. It has an oscillating movement which, apart from the 
sizing of the rock and eliminating the sand, causes the Aberized asbestos to 
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jɪse to the top. The liberated fiber is taken up by a fan, while the overflow 
*alls into a second Sberizing machine, which discharges, like the first, on a 
Wreen, where the asbestos is again lifted by a fan, and so on until the rock 
is practically entirely pulverized. Tailings free from asbestos go to the 
dump;

Asbestos is often pulverized. This is the case when it is used for molded 
Products. The pulverizing is usually accomplished by passing the material 
through a series of buhrstones or by using a high-speed screen mill with air- 
ransport system. A mill with a ⅜4-in. screen pulverized 400 lb. per hr. 

W1™ 13-h.p. power consumption. Certain impurities, such as sand, gravel, 
κnd hard fiber, may be removed by using an air-separation pulverizer with 
automatic throwout, as described under Hammer Mills. Operating charac- 
-eristics for a mill of this type are given in Table 59.

Table 59. Pulverizing Impure Asbestos in Screen Mill
Type of automatic pulverizer....
H.p. required by pulverizer........
H∙p. required by fan...................
Capacity, lb. fine asbestos per hr. 
Tailings, lb. per hr......................

Screen Analysis

Fines Tailings

% on 10 mesh........... 15
% on 20 mesh........... 8 42 5
% on 48 mesh........... 4 17 5
% on 65 mesh........... 3 13
% on 80 mesh........... 1.5 W
% on 100 mesh........... 1 2 5
Through 100 mesh........... 82.5 0.5

Ibe cost of pulverizing this impure asbestos fiber is about $2.52 per ton 
*haterial fed. This price is based on a power cost of 2 cts. per kw.-hr., 10 
Pθr cent depreciation, 6 per cent interest, and labor at 50 cts per hr.
. The micas, as a class, are difficult to grind to a fine powder; one exception 
ls disintegrated schist in which the mica occurs in minute flakes. The 
Joaterialpulverized is generally the waste from production of sheets and scrap 
roɪn punching and trimming. Arranged in order of increasing resistance to 

Knnding to a fine powder, micas from various sources may be classified as 
ollows: Madagascar, Ontario, Quebec, Manchuria, India, New Hampshire, 

north Carolina, South Africa, Russia, Brazil.
Mica is pulverized wet or dry; the wet-ground product is the more desirable, 

J? it retains its luster to a high degree. When ground wet, it is first passed 
Jhrough revolving screens with a constant stream of water; it is then ground 
*? wooden chaser mills at a slow rate and graded after drying, by passing 
through a series of bolting reels, the finest reel being about 200 mesh. A 
mOdification of this process is used in certain European countries, where 
the mica is ground in chaser mills and buhrstone mills. The water with the 
Kround mica is passed over screens and thus graded. After pressing out the 
Water, the solids are dried and disintegrated in a double-cage mill. Table 
b0 gives data obtained in wet-grinding a Manchurian mica.

For dry grinding, hammer mills equipped with an air transport system 
?re generally used. The material, after dropping through a perforated screen 
ɪɪɪto the intake of an exhauster, is collected in a cyclone followed by bolting
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Table 60. Wet Grinding Manchurian Mica
Amount passed through mill, lb. per hr......................................................... 400
Total power consumption, including pumps, screens, mill elevators,

and conveyor, kw............................................................................................... 60
Power consumption, kw.-hr. per ton product.............................................. 300
Screen analysis, feed to bolting reels:

% on 20 mesh......................................................................................... 5
% on 50 mesh......................................................................................... 18
% on 80 mesh......................................................................................... 17
% on 100 mesh......................................................................................... 12
% on 200 mesh......................................................................................... 19

Through 200 mesh.......................................................................................... 29

reels. Table 61 gives the operating characteristics grinding North Carolina 
mica in a high-speed hammer mill with flat beater blades firmly bolted to 
the beater disks and surrounded by a 16-mesh screen.

Table 61. Grinding Mica in High-speed Hammer Mill
Size of mill......................................................................................................................... No. 1 Screen
Size of motor (direct-connected), h.p...................................................................... 60
Size of feed......................................................................................................................... Scrap
Production, lb. per hr.................................................................................................... 950
Screen analysis of discharge, % on:

20 mesh 40 mesh 60 mesh 80 mesh 100 mesh 150 mesh through 150 mesh 
1% *^ 15 % 22% 16% 10% 11% ’ 25%

For coarser grades, a 10- to 12-mesh screen is used.

Th© Fertilizer Industry. Many of the materials used in the fertilizer 
industry are pulverized, such as those serving as sources for calcium, phos­
phorus, potassium, and nitrogen. The most commonly used for their lime 
content are limestone, oyster shells, marls, lime, and, to a small extent, 
gypsum. Limestone is generally ground in hammer mills, ring roll mills, and 
ball mills. Fineness required varies greatly from —10 mesh to 75 per cent 
through 100 mesh.
Table 62. Operating Data Grinding Oyster Shells and Burned Lime 

in Hammer Mills

Type of mill Size, in. Capacity, tons per hr. Horae power

< 15 X 8 0.5-0.75 8
I 20 × 12 1 -1.5 12

Jeffrey....... < 24 × 18 2-3 20
, 30 × 24 4 -5 30
( 36 × 24 8 -10 40

Í 12 × 9 1.5 8
I 20 × 12 4 20

Stedman.... √ 24 × 20 8 40
) 30 × 30 12 60
( 36 X 36 20 100

Oyster Shells and Lime Rock. Operating characteristics for hammer mills 
grinding oyster shells and burned lime for agricultural purposes are given 
in Table 62.

The data for the .Jeffrey mill refer to the pulverization of oyster shells and 
the data for the Stedman mill refer to the pulverization of burned or quick­
lime through a ⅛-in. bar opening.
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Phosphates. Phosphate rock is generally pulverized for one of two major 

PuιPpsθs : for direct application to the soil, or for acidulation with sulfuric 
acιd in the manufacture of acid or superphosphate, phosphoric acid, and the 
Vaiious phosphates. Table 63 gives the data for pulverizing phosphate 
materials in a Raymond five-roller mill equipped with integral air separation, 
a∏d in ring roll mills equipped with extraneous air-separation units.

Table 63. Capacities, Grinding Phosphate Materials

^■Kansas block rock 
ue⅛ιum...............
Bohemia (apatite).' 
junada (apatite).., 
⅛gypt...
⅛da (pebble) .W' 
⅛ orJda (hard rock) 
Idaho0 (SOft rOck)’ 
⅛tuci⅛'
Morocco............................

acιQc and Indian oceans: 
Augaur Island... 
Dhristmas Island. 
Marshall Islands. 
Makatea Island.. 
^jauru Island.... 
ʊɑean Island....
Hussia (Podolian).........
Iennessee (blue rock)... 
Aennessee (brown rock). 
Aennesseejgray rock).. 
ɪennessee(phor ' 
o stone)..........
ɔŋuth Carolina. 
Aunis..............

Production, tons per hr.

(α) 95-95 % through 
60 mesh; 50-55% 
through 200 mesh

(&) 90-95% through 
200 mesh

■

H.p. Cost, dollars 
per ton

a b a b

7.5 13
6.5 4 15 19 0.49 0.70
8.5 12
6.5 17
6 3 18 26 0.61 0.85
6.5 17
6.5 3.5 17 24 0.51 0.73
7 4 17 24 0.48 0.68

5.5 15 0.42 0.59
7 4 14 19 0.46 0.68
7.5 5 12 17 0.42 0.60
8 12

8.5 12
8 12
8.5 12
7 13
7 13
7.5 13
6.5 13
7 4.5 14 18 0.46 0.65
7.5 5 12 17 0.42 0.60
8 5 12 17 0.42 0.60
7 4.5 14 18 0.46 0.65
6.5 3.5 17 24 0.52 0.73
8 12

c⅛ coarse material (α) is used for acidulation, and the fine material (δ) for direct application to the soil, 
ɑata are based on power at 3 cts. per kw.-hr. and labor at 50 cts. per hr.

borne average results obtained in grinding various organic and inorganic 
law materials for fertilizers are given in Table 64.

Inorganic salts seldom require fine pulverization, but they frequently 
become lumpy. In such a case they are passed through a double-cage mill 
æable 64. Results Obtained in Grinding Raw Materials for Fertilizers

Material

ʌɑɪd phosphate...
steamed bone....
‰ kelp.........
Duano (Peruvian)

Pulverizer Type or size Bar open­
ing, in.

Capacity, 
lb. per hr.

Stedman 
Jeffrey
Williams
Jeffrey

36 in. 
A-30 × 24 in.

Shredder 2 
A-24 × 18in.

⅛
¼
⅛ ,∙

12,000
10.000
12,000 
7,000

Horse 
power

40
40
35
40
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/*No. 1J6 separator
f /" >~,"∖SO tons 

per hr. ->

Peripheral
Screen^

Approx. 37 tons per hr

F

'.~No, 2 18r separator

50 tons per hr. 
s À 92e7o through 200 mesh

''"Approx. /3 tons per hr.

Oversize 
return 

M',l>0 tons per hr. maximum
Fig. 21.-

screen on
separators 
plant.

<■37tons per hr + circulating had

or a hammer mill with the screen or cage bars removed. This is done with 
ammonium sulfate from by-product ovens and sodium nitrate. When 
used as an ingredient fertilizer the latter is generally mixed with other raw 
materials, and the mixture is later disintegrated. The various potassium 
salts used in fertilizers are generally shipped ready for use, but if they have 
become caked in transit they are broken in an ordinary disintegrator.

Basic slag is often used as a source of phosphorus. Its grinding resistance 
depends largely upon the way it has been cooled, slowly cooled slag generally 
being more easily pulverized. The most common method for grinding basic 
elag is in a ball mill followed by a tube mill or a compartment mill. Both 
systems are in closed circuit with the air separator. A 7- by 5-ft. mill, 
requiring 125 h.p., operating with a 14-ft., 30-h.p. separator, gave a capacity 
of 5 tons per hr. from the separator, 95 per cent through 200 mesh. Mill 
product was 68 
per cent through 
200 mesh, and 
circulating load 
100 per cent.

The Cement, 
Lime, and 
Gypsum In­
dustries. Port­
land cement is 
manufactured by 
wet and dry proc­
esses. In the 
latter the mate­
rial is dried in 
rotary dryers pri­
or to grin ding. 
It is then burned 
and the clinker 
pulverized. In 
the wet process 
the materials are 
mixed and 
ground, a certain 
amount of water _ _
water. The slurry is calcined in the usual manner and the clinker ground aS 
in the dry process.

Crushing in the dry process is done in gyratories, jaw crushers, hammer 
mills, or roller mills. Pulverizing the raw mix is done in mills of the ring roll 
type with or without tube mills, in ball mills or kominutors followed by tube 
mills, and in compartment mills. Air separation is standard practice; Her­
cules ball and tube mills are now operated in closed circuit with air separators. 
Production for a 250-h.p. Bradley-Hercules, operating on a 2-in. feed, was 
about 40 tons per hr., 51.8 per cent through 200 mesh, 60.2 per cent through 
100 mesh, 69.9 through 50, 74.6 through 40, 81.4 through 30, and 90.1 pet 
cent through 20 mesh. A 5- by 22-ft. Allis-Chalmers two-compartment 
compeb mill, 200 h.p., 26 r.p.m., operating on 1-in. feed, had an hourly capac­
ity of 9 tons, 78 per cent through 200 mesh. An 8-ft. by 60-in., 345-h.ρ∙ 
Hardinge conical mill, 18 r.p.m., operating on ⅜-in. feed with 2 per cent 
moisture had an hourly capacity of 26 tons, 91 per cent through 200 mesh; 
type of air classifier, 12 ft. superfine, with 145-h.p. fan; lining and balls, steel.

—Three-compartment compeb mill (with peripheral 
first compartment) in closed circuit with two air 
grinding and separating the raw mix in a cement

is added, giving a mill discharge with up to 40 per cent
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The present tendency is to connect the mills in closed circuit with air 

separators, increasing output 50 to 60 per cent with 25 to 35 per cent reduction 
ɪɪɪ power consumption. A flow sheet for a 9⅞- by 8- by40-ft. compeb mill 
and two separators is shown in Fig. 21. Fifty tons of raw material enter 
the mill. At the first compartment a peripheral screen removes the large 
°versize material and returns it to the front end of the mill. The final 
Product from this compartment (38 per cent through 200 mesh) passes to an 
aιr separator which divides the initial 50 tons into fines and tailings. Fines 
arθ considered to be about 13 tons testing 92 per cent through 200 mesh, 
tailings about 37 tons testing 18 per cent through 200 mesh. The tailings 
enter the second compartment of the mill; the product from this compart­
ment enters the second separator which removes the fines, the tailings entering 
the third compartment, the discharge from which is likewise fed to the second 
seParator.1

IFei Grinding. An 8- by 4-ft., 150-h.p. Hardinge mill, 17 r.p.m., with 
trommel screen, metal lining, and steel balls, grinding an 8-mesh feed, showed 
an- hourly capacity of 32 tons, 100 per cent through 10 mesh; ball consumption 
0∙24 lb. per ton. A 7- by 26-ft. Allis-Chalmers two-compartment compeb 
ɪɪɪill, 500 h.p., 20 r.p .m., with Dorr rake in closed circuit with the primary 
c°mpartrnent and Dorr bowl in closed circuit with the secondary compart- 
ɪɪɪent, gave the operating characteristics shown in Table 65.

Table 65. Operating Data for Mill with Hydraulic Classifier

Open circuit Closed circuit

Capacity per hr., bbl............................................
Power consumption, kw.-hr. per bbl....................
Loss of grinding mediums, lb. per bbl.

In primary compartment................. ................
In secondary compartment.......... >...................

Fineness of product, % through 200 mesh...........
% through 100 mesh...........

Charge In primary compartment.........................
Charge In secondary compartment......................

Clinker is ground by the same equipment in both processes; ball mills, 
tube mills, and compartment mills are used. Mills of the ring roll type, 
≡uch as the Bradley-Hercules, are sometimes used as preliminary to a 
tube mill. In recent years closed-circuit systems have been favored. A 

, by 24-ft. Allis-Chalmers mill with 185-kw. power consumption in open 
ŋɪreuit gave a capacity of 46 bbl. cement per hour, 97.9 per cent through 
2θ0 mesh; clinker feed 115oF., discharge 174oF. An 8- by 7- by 40-ft. 
three-compartment mill, in open circuit, operating on 2⅜-in. clinker, pro­
duced 2000 bbl. per 24 hr. Percentages through 200 mesh at the end of 
first, second, and third compartment were 34, 60, and 88 to 90, respectively; 
the first compartment using 2- to 4-in. balls, the second, 1¼- to 2-in. balls 
0r cylpebs, and the third ⅝-in. cylpebs.

ɪɔata on grinding charges in a 7-ft., 3-in. by 42-ft., 8-in. three-compart­
ment mill are given in Table 66.

The results obtained in grinding clinker in a Bradley-Hercules as pre- 
hminary mill is given in Table 67. Discharge from the Bradley-Hercules

- jτhe various hook-ups of pulverizing machinery with air separation in the cement 
inUustry were furnished by E. L. Davis.
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goes to intermediate mills, and the discharge of the three mills goes to a 
fourth mill for final grinding.

Table 66. Operating Data, Grinding Cement in Open Circuit
First compartment, grinding charge, 4-in. balls, Ib.................. 12,000

3.5- in. balls, Ib.................. 7,000
3-in. balls, Ib.................. 3,500

2.5- in. balls, Ib.................. 1,750
2-in. balls, lb.∙................ 875

Total, lb................................. "25,125
Second compartment, grinding charge, 1.5 -in. balls, Ib.................. 10,000

1.25-in. balls, Ib................... 10,000
1-in. balls, Ib.................. 4,000

Total, Ib................................. ^24,000
Third compartment, grinding charge, ⅞-in. balls, Ib......... 10,000

¾-in. balls, Ib.................. 45,000
TotaLlb................................. 55,000

Capacity, barrels per hr..........................................-.................................... 90.2
Fineness of product, % through 200 mesh.............................................. 91.7
Power required, h.p......................................................................;............... 570
Maintenance cost per barrel of cement:

hab or................................................................................................................. $0.003
Material.......................................................................................................... 0.005
Total.................................................................................................................. $0.008

Closed-circuit. Grinding of Cement Clinker. Figure 22 shows a compeb 
mill with two separators. Undersize from the peripheral screen goes to 
the first separator, which makes fines going to the fourth compartment and 
tailings going to the second compartment, the latter discharging to separator 
two. Here two products are made, fines for the fourth compartment, tailings

Table 67. Operating Data for Hercules Mill, Grinding Cement 
Clinker*

Preliminarjr mill..................................... Bradley-HercuIes with 9-mesh screen
Fineness of product................................ 97% through 20 mesh, 65.5% through 100mesh,

51 % through 200 mesh
Production per hr., bbl.......................... 75.5
Horse power per bbl. cement. . 
Intermediate mills.......................
Fineness of output.......................
Temperature of clinker, oF........
Size of fourth mill for finishing. 
Grinding mediums, %................
Fineness of finished product...

4.64
6 × 22 ft. with 15% load of grinding mediums 
95.6% through 200 mesh
240
6'-6" × 22'
15
97.6% through 200 mesh
96 % through 300 mesh
257

3.97
Temperature of mill, oF........
Horse power per bbl. cement.

* Most of the data on open-circuit grinding of raw mix and clinker with Bradley 
Mills and tube mills were furnished by Mr. H. H. Leh, General Manager of the 
Keystone Portland Cement Co.

for the third. Table 68 gives the results obtained when operating this 
system.

It has been found that the time of setting and the strength of many cements 
vary with the fineness to which the cement has been ground. A fineness 
between 94 and 98 per cent through 325 mesh is often required to obtain 
a cement haying the desired properties. An air separator properly connected
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Table 68. Operating Data, Grinding Cement Clinker in Closed

CircuitSize of mill, ft............................................................................................................................................................ 9.5 X 8 X 40Size of mill motor, h.p...................................................................................................................................... 1100Capacity, kiln-run clinker fed to mill, bbl. * per hr............................................................. 180Temperature of kiln-run clinker, oF.....................................................................................  280Fineness of feed to the two separators:
Separator 1, % Separator 2, %

W mesh......................................... 95.220 mesh.......................................... 82.0 98.428 mesh.......................................... 73.2 97.648 mesh....................................... ... 56.8 91.2WO mesh.......................................... 42.4 68.4200 mesh.......................................... 32.8 46.4
Fineness of finished product, through 200 mesh, %... ∙............................................................................ 90.2Temperature of finished cement, oF.............................................................................................................................. 250* The capacity at times was 250 bbl. per hr., with a fineness of 88 per cent through 200 mesh.

Table 69. Operating Data, Grinding Cement to a Very Fine ProductType and size of mill, ft..........................    Three-compartment, 7.5 × 430iam. separator, ft...................................................................................Hourly capacity, bbl................................................................... ...^θed to separator, % through 200 mesh...... Tailings from separator, % through 200 mesh finished product, % through 200 meshthrough 325 mesh-30μ. . -25∕χ..
τ -20"∙∙ɪotal power required, h.p.............................Horse power per barrel of product..
w∏h the mills will often decrease the power required. Table 69 gives the 
results obtained when 
grinding cement to a fine 
state of division in order

produce a superior 
broduct.

When this cement was 
ground in open circuit to 
Produce a comparable 
Uiaterial, the power re­
quired was 19.7 h.p. per 
ŋbɪ. cement. A 10- by 
ŋ-ð-ft. Hardinge mill with 
ɪɪʃ classifier, grinding a 
×2~in. clinker to 82 per 
cθnt through 200 mesh, 
showed a power consump- 
ɪon of 4 95 h.p. per jɔbl.

an hourly capacity 
θf.102 bbl. (19.2 tons), 
grinding to 88 per cent 
trough 200 mesh, the 

ŋθusumption was 5.65 
'∙P∙ per bbl. and the ca-

¡2.0 oJo Ehroucth
200 mesh

^8'separatorsf

92°1o through
200 mesh--~

PeripheraJ screen

Oversize 
return ∖

!80bbl. per hr. 
kiln run clinker
280°Eo 282°E-

mesh

.through
'200 mesh

3h.

¿ Screen-22.—Four-compartment compel· mill (withFια.peripheral screen on first compartment) in closed circuit with two air separators grinding and separating cement clinker.
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pacity 88 bbɪ. (16.6 tons) per hr. Ball load in both cases was 60,000 lb. and 
mill speed 18 r.p.m.

At present the distribution of particle sizes in cement is determined by a 
turbidimeter, generally of the Wagner type. By determining the distribu­
tion of particle sizes, it is possible to calculate the surface area of the pul­
verized product in terms of square centimeters per gram. A product having 
a high surface area indicates that it contains a higher percentage of impalpable 
powder than the same material when ground to a lower surface area. The use 
of the turbidimeter has become standard in the cement industry. The time 
of set and strength of cement varies with the surface area of the pulverized 
cement. A high strength and early set are generally obtained by grinding and 
separating the cement to a very fine state of division. The surface area of 
the average cement may run anywhere from 1700 to 2000 sq. cm. per g., 
while the surface area of the high early cement may run anywhere from 2700 
to 3200 sq. cm. per g.

The surface area of a pulverized product is being determined more and 
more in connection with the pulverization of many other minerals. A 
product should, of course, not be ground to a surface much higher than is 
absolutely necessary since the cost of pulverization and separation increases 
at a very rapid rate as the surface area increases. This is indicated in Table 70, 
which shows the cost of grinding slate used as a filler for rubber or as an 
ingredient in asphalt. The cost ratio will generally be the same for most 
non-metallics.

Table 70. Cost Per Ton of Pulverizing to Different Surface Areas

Sur­
face 
area

Tons 
per hr.

1700 4.301850 3.402140 2.382275 2.002500 1.542800 1.102910 0.903100 .703300 .553500 .393660 .293910 .224060 .18

Kw.-hr. 
per ton

Depre­
ciation

21.0 $0.03125.0 .04233.0 .05138.0 .06149.0 .07168.0 .09984.0 .120107.0 .149135.0 .200192.0 .266258.0 .366341.0 .493417.0 .585

Interest 
on in­

vestment

Power 
at 1 ct.

per 
kw.-hr.

W.015 $0.21.020 .25.025 .33.030 .38.034 .49.049 .68.058 .84.069 1.07.092 1.35.126 1.92.182 2.58.237 3.41.279 4.17

Main­
tenance

Labor 
at 60 cts.

per hr.

$0.024 $0.065.034 .075.040 .100.048 .123.055 .165.079 .184.094 .192.112 .210.158 .233.200 .296.271 .315.340 .356.415 .394

Lubrica­
tion and 
miscel­
laneous 

costs

Total 
cost of 
pulver­

izing 
per ton

$0.015 $0.36.018 .44.020 .57.023 .67.035 .85.042 1.13.055 1.36.068 1.68.074 2.11.086 2.90.090 3.81.095 4.93.100 5.95
Table 71. Operating Data, Grinding Quicklime in Ball Mill

Size of mill, ft.......................................
Type of separator...............................
Size of feed, % through 100 mesh. 
Capacity, tons per hr........................
Power required for mill, h.p...........
Power required for auxiliaries, h.p 
Ball load, Ib..........................................
Speed of mill, r.p.m...........................

7X3
Hardinge air classifier

90
12.5

100
35 
20,000
20

Lime for agricultural purposes is generally ground in hammer mills. Where 
a fine product is desired, as in the building trade and for chemical manu-
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facture, ring roll mills, ball mills, and certain types of hammer mills are used. 
Table 71 gives the operating data for a Hardinge mill grinding quicklime.

For certain chemical purposes quicklime is ground very fine. The beet- 
8∏gar industry takes a product with 99 to 99.5 per cent through 200 mesh. 
Table 72 gives capacities for various sizes of Raymond mills equipped with 
air separation.

Table 72. Operating Data on Raymond Mills, Grinding Lime

Piueneas of product, % through 200 mesh, 
«¡ualyeis of lime, % CaO...........................
r*ype of kiln................................................
¿ons per hr........................... 
ɪ ŋwer required, total h.p...........................

h.p. per ton......................

MiU No. ¡0MiU No. 4 Mill No. 5

99.5 99
98.5 96.2
Shaft Shaft2.5 3
70 7528 25 110

20.3

Lime coming from the hydrator is often pulverized without separating 
°ut the impurities, by the use of Bonnot mills, Raymond roller mills, or ball 
^Uιlls. As a rule it is really not pulverized but air-separated to remove 
ɪɪnpurities such as sand, overburned, underburned, and core. The hydrate 
18 Passed through an automatic pulverizer with air separation and throwout, 
ʌ recent tendency is to handle this material with air separators in series, 
tLe tailings from the final separator being discarded or sold for agricultural 
uae∙ A modification of this system is to feed the tailings to an automatic 
Pulverizer with throwout for final cleaning. Very clean tailings are thus 
0Ltained, cleaner than in an air-separation unit.

Gypsum is usually calcined in kettles or rotary calciners, after reduction 
to a fineness varying from 75 to 95 to 98 per cent through 100 mesh. Mills 
°f the ring roll type, equipped with air separation, and, to a lesser extent, 
ŋall mills are used, although buhrstones are still in use in many of the older 
Plants. Results obtained in grinding Nova Scotia gypsum Or buhrstone 
JUills in closed circuit with screen and in a roller mill are given in Tables 
43 and 74.

Table 73. Grinding Gypsum in Buhrstone Mill
Number of buhrstones................................................... Two 42-in. horizontal

Two 36-in. vertical
Three 30-in. horizontal

Capacity, tons per hr.......................................................................................... 20
Fineness, % through 100 mesh...........................................................  73
Horse power required by stone mills............................................................ 210
Horse power required by elevators and conveyors.................................... 80
Horse power required per ton of product................................................. 14.5

Table 74. Grinding Gypsum in Roller Mill
Size of mill............................................................................................................. No. 5
Horse power required by mill...................... ................................................. 70
Horse power required by exhauster........................................................... 45
Total h.p................................................................................................................. 115
Capacity, tons per hr....................................................................................... 12.5
Product, % through 100 mesh...................................................................... 84.5
Horse power per ton of product................................................................... 9.2

ɪu the following list gypsum from various sources has been arranged in
0l'der of increasing resistance to grinding: Iowa, New York, Nova Scotia, 
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Kansas, Michigan, Ohio, Wyoming, Virginia, Texas, Nevada, and Montana. 
Gypsum calcined in a rotary kiln is usually pulverized after calcination. 
Ring roll mills and tube mills with air separation are sometimes employed, 
but more often intermittently operating tube mills are used.

Coal, Coke, and Other Carbon Products. Bituminous Coal. The 
grinding characteristics of bituminous coal are affected by impurities con­
tained, such as inherent ash, slate, gravel, sand, and sulfur balls. The 
grindability of a coal is determined by grinding it in a standard laboratory 
mill and comparing the results with the results obtained under identical 
conditions on a coal selected as a standard.

This standard coal is a low volatile coal from Jerome Mines, Upper Kittan- 
ing bed, Somerset Co., Penn., and is assumed to have a grindability of 100. 
Thus a coal with a grindability of 125 could be pulverized easier than the 
standard, while a coal with a grindability of 70 would be more difficult to 
grind. In general we assume that the capacity obtained, on a mill will be 
proportional to grindability. Kittinger’s law states that the energy required 
for grinding is proportional to the new surface area produced. For example, 
in the following table we show how the total surface increases with the 
fineness of grinding. For simplicity we have assumed cubical particles:

Table 75. Surface in Relation to Particle Size

Size,
in.

Number 
particles

Total surface, 
sq. in.

1. 1 6
0.1 1.000 60

.01 1.000,000 600

.005 8,000,000 1200

.004 15,625,000 1500

.002 125,000,000 3000

In the first line we show one 1-in. cube. It has a surface area of 6 sq. in* 
The second line shows that the 1-in. cube has been pulverized so as to obtain 
1000 small cubes each 0.1 in. in diameter with a total surface area of 60∙ 
There are 600 sq. in. of surface produced when grinding, so that each particle 
is 0.01 in. in size, and so on, until, when we grind to a particle size of 0.002, 
we produce a total surface area of 3000 sq. in. It will also be noted that the 
surface area produced varies as the reciprocal of the particle size. This is 
really another way of stating Kittinger’s law.

If we now pulverize a sample of material then grade it on various screens to 
determine the different sizes produced, we can calculate the new surface 
produced, and, as stated above, by comparing this new surface produced 
with the new surface produced on a standard sample under similar testing 
conditions, we can determine the grindability. There are two general 
methods recommended for determining the grindability of coal: one is the 
Hardgrove method and the other the U.S. Bureau of Mines or ball mill method.

The Hardgrove Method. A special machine is used which is manufactured 
by the Babcock & Wilcox Co. Essentially this pulverizer consists of a 
stationary bowl containing eight 1-in. balls, each 1 in. in diameter, which are 
driven by a rotating top ring. The pressure on the balls is produced by the 
shaft, top grinding ring, gear, and weights added to give a definite pressure 
on the balls that shall total to 64 lb. A predetermining counter is used to 
stop the machine after it has made exactly 60 revolutions.
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Sam” 1θ'nfoiinwinS table we assume that certain results were obtained on a 
fa <P θ∙ of,coa* tθstɛd as outlined above and finally show how the grindabilitv 
ɪaetor is determined:

Table 76. Grindability Data Obtained on a Coal Sample

Micron 
designation

U.S. Standard sieve 
series numbers

Grams between 
the 2 sieves

Surface-unit 
factor

Final surface 
units

∣∣90-590 16- 30 14.3 1.35 19 3590-250250-149 ∣49-105 105- 7474- 62
30- 60 17.3 2.86 49..5'60-100 6.4 6.02 38.6100-140 3.2 9.45 30.3140-200 2.2 13.40 29.5200-230 1.4 17.70 24.862- 44 230-325 0.6 22.60 13.644 Passing 325 4.6 47.50 219.050.0 424.6

ɪn column 4 we list the surface-unit factor for the average particle size 
ɛtween the two screens.

he surface units are equivalent to specific area in square centimeters per 
cen? 'vιlil a sp. gr. of 1. We might also define surface units as the square 

ι} imeters per cubic centimeter of a solid material.
he surface-unit factor may be obtained from the following formula:

<S (surface-unit factor) = ——-----
ʃi -j- f2

2
h'ɪ'eɪ`e Yi and Yi are the openings of the two screens. For example in the 
Wst line of the table Fi = 1190 and F2 = 590.

1200 1200---------------- —_____ __  -i qιτ
590 + 1190 890

2
tlι'β rei!υif ɪ'ɜð is the surface-unit factor per gram. Therefore, multiplying 

>s unit factor by 14.3, the grams between the two screens, we get 19.3 as 
e total surface units for that fraction.

ti μ remaininS fractions are calculated in a similar manner. One assump- 
oɪɪ had to be made for determining the average particle size of the —325- 
csn particles. Here Fi equals 44 and F2, the lower limit of the finest 
rtιcle, is about 6.6μ, or the average particle size of the —325-mesh screen 

as thus assumed to be about 25.3μ.. We therefore have the following

Final surface unit of sample.......................................................................... 424.6
Original surface unit of sample..................................................................... 67.5
New surface units produced...................................................   357. ɪ

New surface units of the standard or coal with a grindability of 100 has 
een found to be 656. Therefore the grindability of the sample tested is 

357.1
656

The original surface units obtained by multiplying the original 50 g. by the 
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surface-unit factor of the material passing the No. 16 and remaining on the 
No. 30 screens.

Bureau of Mines or Ball Method. In the above method the relative amount 
of energy necessary to pulverize different coal is determined by placing a 
sample of coal in a ball mill and determining the number of revolutions 
required to grind it so that 80 per cent of the sample passes a 74μ (No. 
200-mesh) sieve. The average number of revolutions necessary to grind 
the sample so that 80 per cent passes the 74μ (200-mesh) sieve is expressed 
in the following two ways:

Grindability (lb. per hr.) =------------------ - -----------------------  (1)
average number of revolutions

Λ . j , .... , ɪ. 72,000Gnndabihty (per cent) = ------------------ ------- ----------------- . (2)
average number of revolutions

In the second formula we note that, if we make the average number of revolu­
tions 720, we obtain the per cent of grindability as 100, and, if we substitute 
720 for the revolutions in the first formula, we obtain 3.67 on the grindability 
in pounds per hour.

We therefore take as a standard a coal which requires 720 revolutions on 
the testing mill to grind it so that 80 per cent will pass through a 74μ (200- 
mesh) sieve. This standard is then assumed to have a grindability of 100. 
All other coals will then have a grindability inversely proportional to the 
number of revolutions it takes in the test for the coals in comparison with the 
number of revolutions required by the standard. For example, if it takes 
1080 revolutions for a certain coal, its grindability will be 720/1080 = 0.66% 
oɪ' 66% per cent. We get the same results, of course, by substituting 1080 in 
formula (2) for the number of revolutions.

There are two general methods of burning pulverized coal, the unit system, 
in which the coal is blown directly into the furnace as it is pulverized; and 
the central grinding system, in which the pulverized coal is stored in a bin 
and transported to hoppers at the furnaces. Mills used in the storage system 
are described under the various types of mills. Mills used in the unit system 
were formerly high-speed hammer mills with air separation; at present, tube 
mills, ball mills, and roller mills are also used. The Aero and Riley attritor 
are inherently unit pulverizers.

The Riley attritor is available in three single types and two duplex types. 
Capacities vary from 2500 lb. for the smallest unit to 15,000 lb. for the largest 
duplex unit. This type of crusher utilizes a series of swing hammers pivoted 
to the rotor hub, around which is a stationary grid, cut away at one section 
so that foreign material is thrown out. After passing through this first 
effect, the coal is carried in a current of air into the second effect, alternate 
rows of moving and stationary pegs, where most of the pulverizing is done. 
Leaving the second effect, the coal is passed through a rejector, a number of 
scoop-like blades on the main shaft, where the heaviest particles are thrown 
back into the pulverizing compartment, permitting the passage of the finer 
particles only, which enter the fan inlet and are carried into the furnace. 
Hot air can be introduced into the machine for drying the coal. Air at 
300oF. dries coal with 8 per cent moisture down to about 1 per cent.

The Whiting hammer mills are of the Vertial type and are greatly used for 
pulverizing coal and direct-firing industrial furnaces.

The Strong Scott pulverizer is of the beater type, equipped with an integral 
air classifier, and is extensively used for pulverizing coal for direct-firing 
Iroilers and rotary cement kilns.
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The Aero unit pulverizer is used for coal, pitch, and coke, blowing the 

ground material directly into the furnace. It is shown in cross section in 
*⅛- 23. It has a shell made in the form of a cylinder split horizontally; 
the upper part of the casing is hinged and may be opened for inspection, and 
the housing is divided by steel diaphragms into several pulverizing chambers. 
Two openings through the shell, between the fan chamber and the last of the 
Pulverizing stages, admit primary air. The rotor consists of a built-up unit 
assembled on a heavy steel shaft, which carries steel-plate disks upon which 
alloy-steel paddles are fixed in position, one set for each pulverizing chamber. 
Near one end is the fan for the feed mechanism, a table-type feeder. Flow 
of coal into the machine is regulated by the speed of the revolving table and 
a vertically mounted sleeve moving in the coal intake pipe directly above the 
table.

Fig. 23.—The Aero unit coal pulverizer.

Refractory material such as tramp iron is removed in the first pulverizing 
chamber and eliminated through a tramp-iron pocket. The lumps of coal 
are shattered by impact with the paddles and hurled by centrifugal force 
against the liners of the chamber; the coal is held in the first stage by the 
01aPhragm until it is fine enough to be lifted by the draft of air and carried 
oyer the diaphragm against the centrifugal force of rotation. An adjustable 
a>r damper is incorporated with the feed-mechanism end, through which a 
6Wall amount of conditioned air is admitted. This flow of air lifts the fine 
Particles of coal over the baffles between the pulverizing stages and affords 
a ɪneans for controlling the fineness of the finished product.

As the successive stages increase in diameter, the centrifugal force becomes 
1Sher as the coal travels toward the fan. With the larger cross section, the 

a.'r velocity becomes lower, causing the coal particles to remain in the succes- 
61Ve stages until reduced to a size which will enable the pull of the air current 
»Ward the fan to exceed the centrifugal force, thus pulling it out of the 

machine. The carrier air port at the feed mechanism can be arranged foi- 
connection to a hot-air or gas supply for introducing hot gases into the pul­
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verizer. This will dry the material, thus increasing the capacity and decreas­
ing power consumption. The warm, dry particles tend to flow freely through 
the duct system and to give better and more efficient combustion.

Capacities of the Imp mill (Raymond hammer mill) grinding an average­
grade bituminous coal are given in Table 77.
Table 77. Capacities of Raymond Hammer Mills Grinding Coal

Fig. 24.—The variation in power relative to capacity of a Raymond impact pulverizer 
when grinding various grades of bituminous coal.

In the Hardinge conical mill for pulverizing coal the air enters the mill 
through the annular space between the mill trunnion and the central outlet 
pipe. A double-acting control valve regulates the amount of air going 
through the mill as well as the air passing through the fan to the burner. 
The regiflation of the air controls the amount of coal leaving the mill, hence 
the output. Adjustments for fineness are made by regulating the position 
of the central fuel-discharge pipe. The feed is regulated automatically 
through a link mechanism, to correspond to the amount withdrawn.

A 7- by 48-in. Hardinge mill, 127 h.p., 23 r.p.m., with steel ball and liners 
and with central-discharge air classifier, grinding a 1-in. coal with 4 per cent 
moisture, gave a capacity of 5.5 tons per hr., 78 per cent through 200 mesh.

The Kennedy air-swept tube mill is of relatively short length. No screens 
are used either inside or out; the fine coal is mixed thoroughly with air and
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Table 78. Performance of Raymond Imp Hammer Mill Grinding 

Various Grades of Bituminous Coal

Type Ash,
%

Mois­
ture, 

%
Capacity, 
lb. per hr.

Kw.-hr. 
per ton

Through mesh
Type 
of coal200 100 60 40

River, Pocahontas, and similar 
types 8

3
5
7
9

5300
5100
4800
4500

16.0
16.9
18.0
19.3

65% 85% 95% 99%
A 
B
C
D

^¾≡burgh, Ohio, Alabama, and eastern 
West Virginia 12

4
6
8

10

4300
4100
3900
3600

20.0
21.5
22.8
25.0

65% 85% 95% 99%
E 
F 
H
K

ɪ-ɪɪɪuols and Indiana 15
10
12
14
16

4000
3900
3800
3600

22.2
22.8
23.5
25.0

65% 85% 95% 99%
G 
H 
J
K

^eχaa and Dakota lignites 14
30
32
34
36

4000
3900
3800
3600

22.2
22.8
23.5
25.0

65% 85% 95% 99%
G 
H 
J
K

ɪ*'Vi^P ^entucky and western West
9

3
5
7
9

4000
3900
3800
3600

22.2
22.8
23.5
25.0

65% 85% 95% 99%
G 
H 
J
K

Table 79. Performance of Raymond Roller Mill, Grinding Various 
Types of Coal

Type Ash, 
%

Moisture,
%

Capacity, 
lb. per hr.

Kw.-hr. 
per ton

Through mesh

200 100 60 40

River, Pocahontas, and similar types 8
3
5
7
9

13.500
13,000
12,300
11.500

10.4
10.8
11.4
12.2

70% 90% 96% 99%

^⅛*burgh, Ohio, Alabama, and eastern 
West Virginia 12

4
6
8

10

9,000
8,600
8,000
7,200

15.5
16.3
17.5
19.5

65% 85% 95% 99%

llllOOls and Indiana 15

8 
10 
12 
14 
16

9,000
9,000
8,600
8,000
7,200

15.5
15.5
16.3
17.5
19.5

65% 85% 95% 99%

ɪesae and Dakota lignites 14

28
30
32
34
36

9,000
9,000
8,600
8,000
7,200

15.5
15.5
16.3
17.5
19.5

65% 85% 95% 99%

ɪ^girdaɪ ^Kent,ucky aπd eastern West Vir-
9

3
5
7
9

8,500
8,300
7,800
7,000

17.6
18.0
19.2
21.4

65% 85% 95% 99%
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Per Cent Through 200 Mesh
Fig. 25.;—The variation in capacity, power, 

and cost of grinding relative to the fineness of 
grind.

Capacity^

Pow <,r per for-aS

'-Cosf-

air-floated to the burners. The mill rotates slowly at a speed of 19 to 50 
r.p.m., depending on the size.
Hot air is used if drying is desired.

The curves shown in Fig. 24 
give the performance of a Ray­
mond Imp hammer mill when 
used for direct firing and grind­
ing various grades of bituminous 
coal. Letters A, B, etc., refer to 
the type of coal pulverized. The 
same letter is used for different 
coals where they have the same 
grinding characteristics. Table 
78 designates the type of coal re­
ferred to and also gives more de­
tailed data. Table 79 gives the 
performance of a Raymond roller 
mill when used as a unit mill.1

Mills generally used in the cen­
tral grinding or storage systems 
are the Babcock. & Wilcox, Ray­
mond, and Hardinge mills. Cost 
of installation of a storage system 
is considerably higher than for a unit system using high-speed hammer mills> 
but cost of operation is less. Since ball mills and roller mills with air sθpa' 
ration have been adopted for direct 
firing, the disparity between the two 
systems has been somewhat less­
ened.

The graphs in Fig. 25 show how 
the capacity, power, and cost of 
grinding vary with the fineness of 
the product. These data apply to 
a moderate-size mill grinding at a 
rate of 200 tons per 24 hr. Power­
cost is based on a rate of 2 cts. per 
kw.-hr. and labor at 50 cts. per hr. 
τhe coal was a Pennsylvania bi­
tuminous coal, from Cambria 
county» lower Kittanning seam, 
with a moisture content under 2 per 
cent. Where the power rate is 
about 2 cts., the cost of power may 
be from 50 to 60 per cent of the 
total grinding cost. Total cost 
shown in the graphs includes inter­
est on investment, depreciation, Fig. 26.—Inside construction of the bowl mill­
and maintenance.

Direct firing of boilers and rotary kilns has become more prevalent during 
the past few- years and is generally replacing the storage system. As previ-

.1 7 Jle author is obligated to Joe Crites, chief engineer of the Raymond Pulverizer 
Division, Combustion Engineering Company, Inc., for furnishing the graphs shown in 
Fig. 25 and the data contained in Tables 78, 79, and 80. 
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oWSly described, the hammer mill was generally used for direct firing, but, 
w·+!? tdlrs metilod 0f firinK became more prevalent and was used in connection 
> . Jr large installations, it was found that the cost of maintenance was too 
"1≡h; hence new mills of the roller- and bowl-mill types have been developed 
»nd, are gradually replacing all hammer-mill types.

The bowl mill is a departure in the design of the standard roller mill 
Previously described. In this style of mill the journals that carry the 
grinding rolls are stationary while the grinding ring rotates. The grinding 
Pressure is produced by means of springs, which may be adjusted to give the 
*βquu∙ed pressure, and the distance between the rolls and the ring may be 
et to any predetermined clearance. The rolls do not touch the ring there

Raymond
BOWL MILL

AIR ACTUATED 
LEVER 
MECHANISM--- s

AUXILIARY 
Temperino 
tee----------

ROTARY

HOT AIR PIPE 
TO MILL FOR 
DRYINO COAL

Fig. 27.—Bowl mill used for direct-firing a rotary Iciln, 
*1θing no metal-to-metal contact between the grinding 
ŋ °ws the inside construction of the bowl mill. The g 
, n the lip 0f a rotary bowl. The raw material from tl 

owl where, owing to the centrifugal force of rotation, it 
rhΓ and, °wing to the angle of the ring, it is forced upward between the 
<⅛ι tl,and thβ r°1∙ls whβre it is pwɪvθrized. The action of the tapered rolls 
∕le tapered ring causes the pulverized material to work upward and out 

1 e, grinding chamber into an upblast of air. The air with the pulverized 
tɪɪ9, erial passes up into a classifier of the double-cone vacuum type. Here 

θ required fines are removed and the oversize dropped back to the bowl 
pu,θre .rt is mixed with the raw feed. This type of mill is primarily used for

Verizing coal and blowing it directly into industrial furnaces or rotary 
Ti»18' ɪɪθt gases may be used for drying the coal while it is being pulverized. 
takUre 27 sllows a direct-fired unit blowing coal into a kiln. Hot gases are 
fo ^en from the hood of the kiln and, after passing through a cinder trap 
trol r.iα0ving ash and dust, Pass directly into the mill. Thermostatic con- 
Per ithr°ugh a temPerinS device may be used to maintain a constant tem- 
andure ιn the ɪniɪɪ irrespective of the moisture in the coal. Tramp iron 
the °.ther eχtraneous hard materials are automatically thrown out from 

mill through a tailings spout.
w}1 ne fp11°wing table gives pertinent data on the operation of a bowl mill 
τheu grinding a typical grade of coal having a grindability of from 55 to 60. 
200θm t⅛ arθ based °n SrindinS coal to a fineness of about 80 per cent through 

β αnd Wtïcoæ Pulverizer. Figure 28 illustrates the design of the
l ** ∙ type E pulverizer. The type E pulverizer is a modification of the 
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type B described on p. 1930. It is developed particularly for the direct firing 
of industrial furnaces. This unit requires no external equipment for drying 
Table 80. Operating Characteristics of Bowl Mills When Grinding 

80 % through 200 Mesh
Mill size Capacity, lb. per hr. Lb. air per min. Kw.-hr. per ton271 2,520 130 18.4312 2,980 150 18.0312A 3,360 160 18.0352 3,740 170 17.5352A 4,450 180 17.5372 5,200 200 17.0372A 5,960 225 16.0412 6,720 250 15.9452 8,125 310 15.9453 9,660 350 15.4492 11,150 400 15.4473 13,000 425 15.4493 14,100 450 14.9532 17,100 550 14.2572 18,600 600 13.8533 20,000 600 13.3573 22,300 660 12.7593 23,700 700 12.7613 27,500 820 12.7633 30,000 900 12.7673 34,900 960 12.7

Fig. 28.—Cross section of Babcock & Wilcox ball pulverizer.

or classification of fines. Raw, wet coal is fed directly into the pulverizer 
where it is pulverized between grinding elements heated by the primary air. 
The primary air with 
the material passes 
through a vacuum-type 
air classifier in the top 
of the pulverizer. The 
oversize is rejected and 
returned for further 
grinding, and the parti­
cles of proper fineness 
pass through the classi­
fier into the burner 
pipes. The type E 
pulverizer is made in 15 
sizes and in capacities 
up to 12 to 13 tons per 
hr.

A 7- by 36-in. Har- 
dinge conical mill 
equipped with air classi­
fier, grinding 1-in. coal 
with 3 per cent moisture 
for the storage system 
to 72 per cent through 200 mesh, had a capacity of 8⅜ tons per hr. The power 
required for mill was 90 h.p.; for auxiliary equipment, 50 h.p.; speed, 21 
r.p.m.; ball load, 19,000 lb.

AniAracfZe coal is generally harder to reduce than bituminous coal. It is 
pulverized for foundry facing mixtures, generally on buhrstones or in ball 
mills, followed by bolting reels or air separators. Only to a lesser extent is 
it used for fuel. Anthracite used for manufacture of electrodes is calcined, 
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Iollowed by grinding in ball mills and tube mills, or ring roller mills equipped 
wιth air separation.

ʌ ɪθ" by 66-in. Hardinge mill was superfine air classifier, grinding 4-mesh 
anthracite with 3.5 per cent moisture produced 12 tons per hr., 82 per cent 
7∏kUgk ^ɑθ mesb. The power required for mill was 370 h.p.; for auxiliaries, 
ʌ ,k∙P∙l sPθθd of mill, 19 r.p.m.; ball load, 57,000 lb. ; cost of ball consumption, 
υ∙7 ct. per tpn.

An 8- by 10-ft. tube mill, in closed circuit with a 14-ft. centrifugal air 
separator, operating on a feed with 90 per cent through 40 rnesh, pulverized 
o∩ ?ns per br∙, 99 per cent through 200 mesh, with 100 h.p. for the mill and 
0θ h.p. for the separator.

Anthracite for use in the manufacture of electrodes is calcined, and the 
ɑegree of calcination determines the grinding characteristics. Calcined 
a∏thracite is generally ground in ball and tube mills or ring roller mills 
equipped with air separation. Table 81 gives the results obtained with a 
Haymond high-side mill equipped with air separation when grinding calcined 
anthracite for electrode manufacture.

l∙ff,able 81. Grinding Calcined Anthracite in Raymond High-side Mill
Size of mill............................................................................................ 4 roller, 42 in.
Capacity, lb. per hr........................................................................... 4600
Horse power required........................................................................ 70
Fineness of product, % through 200 mesh............................... 76

Petroleum coke 
vwm∙x. By-prod-

Table 82. Grinding Pitch in Raymond
Pulverizers

No. 0000 No. 00

Melting point of pitch, oC.......................... 100 135
Capacity, lb. per *hr....................................... 550 9on
Fineness of finish, % through 200 mesh.................. 85 92
Power required, h.p............................................. 10 20

with screens. Hourly capacity of a 4- by 10-ft. rod

. Co⅛e. The grinding characteristics of coke vary widely. Petr 
ls generally easier to grind than coke derived from bituminous coal. 
Uct coke is hard and 
abrasive, while certain 
0Undry and retort 

ŋθke is extremely hard 
to grind. For certain 
p°rposes it may be 
nθcessary to produce 
'a uniform granule 

minimum fines.
∏is is best accom­

plished in rod or ball 
ftfts in closed circuit ,,ɪ^ɪ i,uuj,j iλ∣j4uuj u. a st- uy ɪu-n. ruɪɪ
ɪaɪll with screens, operating on by-product-coke breeze was 9 tons, 100 per cent 

lough 10 mesh, and 73 per cent on 200 mesh; power requirement 40 h.p. 
r η®troleum ɑθke is generally pulverized for manufacture of electrodes;
o 1 mills with air separation and tube mills are generally used. A No. 5 
aymond roller mill gave an hourly output of 3.8 tons, 78.5 per cent through 

~υθ mesh, with 90 h.p.
j may be pulverized as a fuel or for other commercial purposes; in the
θorɪner case the unit system of burning is generally employed, and the same 

ɪ9 usett as described for coal. The grinding characteristics vary 
"ɪth the melting point and may be anywhere from 50 to 175o C. Table 82 
eɪves the results obtained with several sizes of Raymond pulverizers, grinding 
Pitch.

graphite may be divided into three grades in respect to grinding 
j. araCteristics: flake, crystalline, and amorphous. Flake is generally most 
-LftcVlt to rcfIuce to fine powder and the crystalline variety is the most 

orasjve. The following is an arrangement of graphites according to origin, in 
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order of increasing resistance to grinding: Mexico (Sonora), Michigan, 
Rhode Island, Korea, Ontario, East Siberia, New York, Quebec, Alabama, 
Madagascar, and Ceylon. Graphite is generally ground in ball mills, tube 
mills, on buhrstones, and in ring roll mills, with or without air separation. 
For large capacities, ball and tube mills are used, particularly on the flake 
and CrystalHne varieties. Operating characteristics for a tube mill with 
vacuum air separator in closed circuit is given in Table 83.
Table 83. Operating Characteristics of Tube Mill Grinding Graphite

Ceylon Madagascar Korea

Size of mill, ft................................................. 6 X 18 6 × 24 4X8
Feed, mesh...................................................... 20 16 25
Discharge........................................................ 40% through 250 

mesh
60 % through 220

mesh
50% through 100 

mesh
Fineness of discharge from separator............ 95 % through 250 

mesh
97 % through 220 

mesh
98% through 100 

mesh
Capacity, lb. per hr........................................ 725 1500 800
Total horse power.......................................... 90 125 70

A No. 4 Raymond roller mill, grinding Mexican graphite, gave a capacity 
of 2500 lb. per hr., 99.1 per cent through 200 mesh, with a power consumption 
of 75 h.p.

Artificial graphite has recently been ground in ball mills in closed circuit 
with air separators. For lubricants the graphite is ground wet in a paste 
where water is eventually replaced by oil. The colloid mill is used with 
marked success for production of graphite paint.

Mineral black, a shale sometimes erroneously called “rotten stone,” con­
tains a large amount of carbon, and is used as a filler for paints and other 
chemical operations. It is pulverized and separated with the same equip­
ment as shale, limestone, and barytes.

Bone black is sometimes ground very fine, for paint, ink, or for chemical 
uses. A tube mill or a Griffin mill is often used, the mill discharging to a fan 
which blows the material to a series of cyclone collectors in tandem. The 
discharge from the first cyclone is usually returned to the mill for further 
grinding; the discharge from the last goes to an air filter where the finest 
grades are obtained. The number of cyclones used depends on the grades 
required. A system using a single-roll Griflin mill may produce 100 to 125 
lb. per hr., using 1500 to 1600 h.p. per ton of product. A 6- by 22-ft. tube 
mill, followed by a vacuum air separator and a filter, would use about 140 
to 150 h.p., producing about 200 lb. per hr.

Decolorizing carbons of vegetable origin should not be ground too fine. 
Standard fineness varies from 100 per cent through 30 mesh to 100 per cent 
through 50, with 50 to 70 per cent on 200 mesh as the upper limit. Ball 
mills, hammer mills, and rolls, followed by screens, are used. Where the 
material is used for filtering, a product of uniform size must be used.

Charcoal is usually ground in hammer mills with screen or air separation. 
For absorption of gases it is usually crushed and graded to about 16 mesh. 
Care should be taken to prevent it from igniting during grinding.

Gilsonite is often used in place of asphalt or pitch. It is easily pulverized 
and is generally reduced on hammer mills with screen or air separation. A 
No. 00 Raymond beater mill with vacuum air separation produced 950 lb. 
per hr., 90 per cent through 200 mesh; 650 lb. per hr., 95 per cent through 200 
mesh; and 300 lb. per hr., 99.5 per cent through 200 mesh; the pulverizer was 
driven by a 20-h.p. motor.
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Th ar^,°n 0r ≡as black is already of extreme fineness when manufactured, 

e material may, however, contain a small amount of impurities which 
thθ 1θrved ∙by kθɪtɪɪɪg' ʌ more efficient operation is to pass the material 

an air sePaι'ator and the tailings from the separator to the bolting 
rθel ior removal of fines.
ɪɪ tt? bon butts are hard and difficult to grind. The same type of equipment is 
ιn,∏ aS ∩ caicined~anthracite roller mills with air separation, or ball and tube 

ɪ s* ɛɑɪnpartment mills have also recently been used with marked success, 
e .arbon mixtures (green mix) are generally made from flour of petroleum 
su h’ grapili^e∣ and ɪampblaek, mixed with a binder such as pitch; solvents

Γ1,as benzoi arθ incorporated in the mix. After cooling, the mixture is 
. eí and therefore generally reground. Table 84 gives the results of several 

ɪɪnɑing mills used in the carbon brush industry for grinding such mixtures.
Table 84. Grinding Carbon Mixtures

No. 00 Raymond Midget roller mill

Material in mix....................... .
Capacity, lb. per hr..................
Fineness, % through 200 mesh. 
Power required, h.p..................
Type of separation....................

Graphite
700
65
20 

Vacuum, air

Lampblack, pitch, coke 
1350

62.5
30 

Vacuum, air

th when manufactured is usually very fine. The gas is passed
tat°d ∙ ɑhaʃnbers or ducts in which the various grades are precipi-

e ; the coarser grades are often pulverized for the carbon brush industry, 
jɪɪɪuɪ lnS nιay be done in ball mills, on buhrstones, hammer mills, or roller 
re 8∙, wi^il or without air separation. Where an extremely fine product is 
ɪɪ QUiied, the same system as described for bone black may be used. A 

aɪnmer mill equipped with air separation ground about 200 lb. per hr. to a 
20^p88 θɪ əð per cen^ through 200 mesh, with a power consumption of about 

c∣ ɑɪɪθɪɪɪɪŋaɪs, Dry Colors, and Dyes. Most chemicals, dry colors, and 
⅛ yes offer little resistance to disintegration, but other difficulties incidental 
PuN ɪ ∙ ɪɪɪ8 arise*. ɑhief among these is the agglomeration, or balling, of the 

ɪʌerɪzed material. This occurs particularly with certain precipitates or 
ɪter-pɪ-egg products.

ha ry coio.rs and. ʤθstuffs are generally pulverized in small units, such as 
mi∏1^ner ɪɪɪɪɪɪ8 or iar and Pθbble mills. For very small productions the jar 
ʃɪ is probably the most practicable, as it is easily cleaned when changing 
0tθmr one c°i°r to another. A train of any number of such jar mills can be 
^Perated from one drive, each producing a different material. These mills 
UsedpTrticularly- adapted for wet grinding, although they are also frequently 
th ɑ ɪθɪ dly ≡rinding∙ However, in the latter case, there is a tendency for 
efiT Pla,tθrial to coat the balls and to adhere to the lining, thus decreasing the 

ciency of the grinding operation.
tio 1 °^ber types of mills, such as hammer mills with screen and air separa- 

n, are constructed so they can be readily cleaned when changing from one 
Material to another.
sta θstc°lθrs are not Si,ound very finely in a dry state, inasmuch as at a Iatel 
So ge Tley are ground wet in pebble mills or in rolls with the proper vehicle, 
aɪ`ɪɪɪθd yθs, ilowever∣ are ground very fine; if very hard and crystalline, they 
eirθ rtTuced in an air-separation pulverizer or in a screen hammer mill in closed 

cuit with a bolting reel or an air separator.
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A few of the basic chemical pigments used in the manufacture of paints are, 
however, pulverized in large quantities, and, as no necessity exists for cleaning 
the pulverizing equipment, they are often ground in large roller mills of the 
ring roll type, equipped with air separation. Some operating data for 
grinding several of the basic pigments are given in Table 85.
Table 85. Operating Data, Grinding Pigments in Ring Roller Mills

Barium sulfate...............................................Zinc sulfate......................................................Barium carbonate......................................Lithopone..................... ....................................Titanium with barium base..............Titanium with calcium base............Titanium dioxide.......................·.·.····Titanium with aluminum silicate. White lead.........................................................

Fineness of productCapacity, lb. per hr. Horse power per ton
4500 285000 324600 295000 252000 632200 571800 702800 455500 23

1 % on 325 mesh 1 % on 325 mesh 0.9% on 325 mesh 0.1% on 325 mesh 0.1% on 325 mesh 0.08% on 325 mesh 0.05% on 325 mesh 0.08% on 325 mesh 0.5% on 325 mesh
Pounds per Hour

equipped with integral whizzer separator 
when grinding a titanium pigment.

The properties of the pigments depend greatly upon the type of mill used 
and upon the conditions under 
which they are ground. These fac­
tors affect both particle size and 
shape. In grinding certain titani­
um pigments it is often desirable first 
to grind in a roller mill with air 
separation; the product from this 
first grinding may then be processed 
through a high-speed beater mill of 
the Imp type. A material increase 
in tinting strength often results 
from such treatment.

Figure 29 shows the grinding 
characteristics of a mill equipped 
with whizzer separation when 
grinding a titanium pigment to 
different finenesses.

Lead oxides are generally first 
ground in high-speed automatic 
pulverizers with air separation and 
automatic throwout. This method 
is particularly adapted to grinding 
of incompletely oxidized materials 
and those containing an appreci­
able amount of metallic lead, which is eliminated through the throwout. 
The objective in the production of certain lead oxides is to obtain a prod­
uct of lowest possible apparent density. Different types of mills pro­
duce oxides of varying densities, even though the screen analysis may be 
quite similar. How the type of mill used and the grinding method applied 
affect the apparent density of the product may be seen from the following 
test: The lead oxide was first passed through a pulverizer with throwout, for 
removal of the metallic lead. It next went to a roller mill equipped with air 
separation and was subjected to extremely fine grinding. Finally, the 
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product from the roller mill went to an Imp pulverizer equipped with whizzer 
separation. This pulverizer both changed the particle shaped and reduced 
t-he apparent density of the material. The results are given in Table 86.

Calcium arsenate is very sticky and has a tendency to adhere to the grinding 
eQuipment. A high-speed pulverizer, with air separation and air conveying, 
gɪves a product possessing proper physical properties. Table 87 gives the 
oPerating characteristics for a Raymond No. 00 automatic pulverizer, grinding 
calcium arsenate.

ɪable 86. Data Showing the Influence of the Type of Mill upon 
Apparent Density of Lead Oxide

Type of automatic pulverizer with throwout........................................ No. 1
Power (total) required by pulverizer system, h.p................................ 75
Production, lb. per hr..................................................................................... 4000
Apparent density, g. per cu. in................................................................... 38

Size of roller mill.............................................................................................. No. 3
Power required by mill, h.p......................................................................... 75
Capacity, lb. per hr........................................................................................  4000
Apparent density, g. per cu. in................................................................... 27

ɪabɪe 87. Operating Characteristics for a No. 00 Raymond, Grinding 
Calcium Arsenate

Size of Imp pulverizer.................................................................................... No. 50
Power required by pulverizer, h.p............................................................. 75
Production, lb. per hr..................................................................................... 1900
Apparent density, g. per cu. in................................................................... 18

% through 200 mesh Apparent density, cu. in. 
per lb. Production, lb. per hr. Horse power

90 81.5 1300 28
94 86.0 1100 28
96 90.6 950 27
98 94.2 750 27
99 98.7 625 25
99.5 104.8 550 24
99.9 110.0 475 22
99.99 124.8 400 20

ʌ great many insecticides are made by extracting the toxic agent from derris 
root and pyrethrum flowers. The use of these materials has become very 
⅛tensive within the past few years. The term “derris root” is used rather 
Wdiscriminately for different species of roots containing rotenone as the 
toχιo agent. Amongst these roots are derris root, cube root, timbo root, and 
Oarbaseo. The mill generally used for grinding these roots is the roller 
will with air separation. A 50-in. mill will produce about 700 lb. per hr. 
°f cube root, about 600 lb. per hr. of derris root, and about the same amount 
°f the other roots. The fineness to which this material is reduced is generally 
about 95 per cent through 200 mesh. The power consumption is from 125 
to 150 kw.-hr. per ton of finished product. The same type of equipment is 
Used for pulverizing pyrethrum flowers. The capacity on pyrethrum flowers 
■when grinding to a fineness of 95 per cent through 200 mesh is about 25 per 

less than that obtained on derris root. The horse power is about 160 to 
175 kw.-hr. per ton.
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Drugs, PiiaririiLceiiticals, and Spices. Nearly all drugs and pharmaceu­
ticals are ground in small quantities, sometimes so small that mortar and 
pestle or hand-operated jar mills are used. Materials of fibrous character 
are first passed through a rotary cutter or a high-speed hammer mill; when a 
very fine product is required, stone mills or attrition mills are used. Many 
materials, such as tonka, vanilla beans, and rose leaves, are ground in batches 
in pebble mills or in small ball mills consisting of a narrow cylinder with one 
large ball, the diameter of which equals the width of the cylinder. Oily 
seeds, such as olibanum, mustard, and cochineal, when pulverized very fine, 
are usually ground in a pounder mill, similar to a stamp mill. Mustard, in 
pulp-paste or semi-paste form, is generally ground in horizontal stone mills.

A mill of different type, fitted with grinding plates, is used extensively for 
grinding drugs and spices. One mill of this type is the Quaker City grinding 
mill. Many spices are first reduced on breakers and crackers, fitted with 
corrugated steel cones, plates, or buhrstones. The fine product from these 
breakers is usually a good feed for a finishing mill.

Vi7hen drugs, chemicals, and spices are to be granulated, they are usually 
ground by roller mills in closed circuit with bolting reel and sifter. The mill 
most frequently used is a four-roller mill. The upper roll pair may be set 
rather openly, the product passes to the lower pair and then to a sifter, 
where fines are removed. Tailings, after passing through a coarse screen to 
remove shreds, threads of fiber, and similar objectionable material are 
returned to the upper rolls. A 9- by 18-in., four-roller mill, grinding pepper 
to 30 mesh, showed an hourly capacity of 600 lb., with pulley speed 450 
r.p.m. and 15 h.p., including sifter and elevators.

Resins, Gums, Waxes, and Molding Powders. The grinding character­
istics of the various resins, gums, waxes, and molding powders depend greatly 
upon their softening temperatures. When a finely divided product is 
required, it is often necessary to use a water-j acketed mill ora pulverizer with 
air separator in which cooled air is introduced into the system. Not all 
waxes can be ground, inasmuch as some of them are soft at the temperatures 
obtainable. However, a great many of them can be powdered if precautions 
are taken to prevent overheating. Hammer and cage mills are generally 
used for this purpose.
Table 88. Operating· Results with a Roller Mill Grinding Synthetic 

Resin

Pinenees, % through 200 mesh.........................................
Capacity, lb. per hr...........................................................
Horse power required......................................................

85
2500

35

90
2200

35

95
1800

32

99
1200

30

Most gums and resins, natural or artificial, when used in the paint, varnish, 
cr plastic industries, are not ground very fine, and any hammer or cage mill 
will produce a suitable product. Roll crushers will often give a sufficiently 
fine product. Certain resins used in the bakelite industries must be pulver­
ized very fine; pebble mills, cooled with water or brine, in closed circuit with 
an air separator, are used. Pulverizers equipped with an air separator, both 
of the roller- and hammer-mill type, are also used, especially if the finished 
product is to be over 98 or 99 per cent through 200 mesh. Results obtained 
grinding a synthetic resin in a roller mill equipped with air separator are 
given in Table 88.

Specifications for molding powders vary widely, from an 8-mesh to a 60- 
mesh product; generally the coarser products 12-, 14-, or 20-mesh material.



Fig. 30.—Screen analysis of molding powders 
produced by various installations.
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Specifications usually prescribe a minimum of fines (below 100 and 200 mesh).

Oi most purposes the ideal molding powder would consist of particles 
resting —20 mesh and +100 mesh, 
folding powders are generally pro-

Uced with hammer mills, either of 
he screen type or equipped with 

aιr separator. The latter is usually 
θQuippθd with a sifter; sometimes 
he material from the cyclone passes 

+‰ro.ug^ an nɪɪ' separator to remove 
the impalpable powder.

Curves A and B in Fig. 30 give the 
screen analysis of a molding powder 
Produced with screen pulverizers 
tted with an 8-mesh screen.

-,urve C gives the data obtained 
Wh an air-separation pulverizer 
unit operated to give a minimum 
θɪ 100-mesh material, which 
aUiounted to only 12 per cent. 
1 his material was passed over an 8- 
ɪuθsh screen to remove oversize, and 
he resulting product passed through 
prides, c_... r iiliaι sιauuιaι pιuuuuu
tb ɪɪθ ɪθɪɪθwɪɪɪg material may be ground at ordinary temperatures if only 
toe regular commercial fineness is required: amber, arabac, tragacanth, 
osɪn, olibanum, gum benzoin, myrrh, guaiacum, and montan wax. If a 

oner product is required, hammer mills or attrition mills in closed circuit, 
"'ɪth screens or air separators, are used.

Table 89. Operating Results Obtained with Hammer Mills 
Producing Soap Powder

_ an air separator to remove the 100-mesh 
Curve D gives the screen analysis of the final granular product.

Type of pulverizer

S⅛.2 Jay Bee.............
Williams Infant..........
gɑ- Jr. Williams.... 
ρ*°. I Raymond screen.

Fineness of Production, 
lb. per hr.mesh, in.

54β 5000
⅝2 1000
⅝2 4500
½ 5000

Horse power

3012
3.5
30

Grinding of Soaps. Soaps in a finely divided form may be classified as 
s°ap powder, powdered soap, and chips or flakes. The term soap powder is 
aPplied to a granular product, 12 to 16 mesh, with a certain amount of fines, 
^hich is produced in hammer mills with perforated or slotted screens. Table 
ð9 gives the operating results obtained with several types of hammer mills 
Producing soap powders.

The capacities given in Table S9 greatly depend upon the moisture content 
θɪ the soap.

Towdered soap is a finely ground powder, with 99 per cent or more through 
2θ0 mesh. Grinding to this fineness, a No. 00 Raymond automatic pulverizer 
.W1 handle 300 to 350 lb. per hr., with 15 to 17 h.p. Cooling, generally by 
introduction of cold air in the air-separating system, is sometimes required 
111 grinding soap very fine. Grinding in closed circuit, with screens or air 
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separation is often advantageous, giving a granular product and preventing 
overheating.

Pulverizing of the metallic soaps, stearates, palmitates, résinâtes, laurates, 
and erucates is not difficult using modern equipment with provision for keep­
ing the material cool and in rapid motion. Batch grinding is not practicable 
as the material tends to cake, particularly if a fine product is needed. Oleates 
are usually most troublesome, as they tend to become plastic and creamy. 
Listed in order of their resistance to pulverization some of the metallic soaps 
are: lead, silver, zinc, copper, and nickel stearate; zinc, lead, and copper 
palmitate; lead, copper, and zinc laurate; silver, mercury, and lead erucate; 
and silver and lead oleate.

The oleates and erucates are best pulverized by multi-cage mills; laurates 
and palmitates in cage mills and also in hammer mills if particularly fine 
division is not required; stearates may generally be pulverized in multi-cage 
mills, screen mills, and air-separation hammer mills. Table 90 gives the 
operating characteristics of hammer mills when grinding zinc stearate and 
aluminum stearate to a finely divided powder.

Paints, Printing Inks, and Pastes. Paints, printing inks, and pastee 
are generally ground in flat stone mills, roll mills, and pebble mills; the latter 
have largely replaced the stone mills for grinding pigments in oil. For

Table 90. Operating Data for Hammer Mills Grinding Zinc and 
Aluminum Stearates

Zinc stearate Aluminum stearate

Type of pulverizer................................. Screen-type
500Capacity, lb. per hr............................... 300

Fineness, % through 325 mesh............. 60 70

In closed circuit with air separator: 
Capacity, lb. per hr............................... 100 75
Fineness, % through 325 mesh............ 99.5 99.7
Horse power required............................ 25 20

grinding oils, Japan, paste, paints, and creams, the buhrstone mills are so 
constructed that they may be water-cooled and easily taken apart for cleaning 
when changing from one product to another. An 18-in. 2-h.p., Day-jacketed 
ointment mill with 8-gal. hopper has a capacity of 400 to 600 gal.

The roller mill is used extensively for grinding large quantities of paints, 
blocking, flat-drying wall paints, enamels, colors in varnishes, and various 
types of inks. This mill (Fig. If) consists of two or more rolls operated at dif­
ferent speeds, which not only tends to force the material between the rolls but 
also subjects it to a rubbing action. All modern roller mills have rolls bored 
for water cooling. When the material has been ground to proper consistency 
it is discharged with a scraper. Capacities vary widely with the type of 
material ground. Power consumption of the Day roller mills is given in 
Table 91.

The typical roller mill is built in standard sizes 5 by 12, 12 by 30, 16 by 
40, and 20 by 60 in. Herringbone gear drive on both ends of the rolls assures 
even pressure and speed over the entire surface. Pressure between rolls is 
hydraulic and is controlled by gages so that any desired pressure may be 
maintained. Thus the operator is able to duplicate the fineness of any 
particular grind at any time. Adjustable side plates held lightly, but posi­
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tively, against the end of the rolls eliminate the use of fountain stop blocks, 
which, when riding on the rolls, tend to wear grooves through which the 
material may pass unevenly ground. Operating characteristics of a Vasel 
mill are given in Table 92.

Table 91. Power Required by Various Day Roller Mills

Type of null Size, in. Horse power
Midget, three-roll................................ 5× 12 2Standard three-roll............................. 9 × 24 5Standard three-roll............................. 9 × 34 7.5Standard three-roll............................. 12 × 22 15Standard three-roll............................. 16 X 40 20Five roller................................................... 12 × 32 20-25Five roller................................................... 14 X 38 30-50

ɪn many cases the roller mill has advantages over the flat stone mill. 
Pigments can be ground to a much heavier paste; a greater rubbing effect is 
thus obtained. Redressing of stones is eliminated, the roller mills lasting 
from 8 to 10 years without regrinding. The grinding and rubber processes 
are visible at all times, and change from one color to another requires less
Table 92. Operating Characteristics of 16- by 40-in. Roller Mill

Product Passes Horse power Weight, lb. Time, min.
Receiving roll Delivery roll
Pres­sure, lb. Speed, r.p.m. Pres­sure, lb. Speedr.p.m.

Soap........................................................................ 1 12 10 14⅝ 450 22 520 88Soap, 15 % moisture............................... 1 5 1¾ 5 150 20 200 80boap, 30% moisture............................... 1 5 1¾ 4½ 150 20 200 80White, for window shades................ 1 6 115 20 400 24 440 %Yellow, for window shades............... 1 10 70 13 260 28 420 112Prussian blue, first pass...................... ʌ 20 ʌ 8 500 24 700 96second pass................ ‘ 4 20 ( 13 520 22 700 88third pass................... ? 4 22 f 14 600 18 700 72fourth pass................ ) 22 ) 14 600 18 700 72Chocolate.......................................................... I 1265 100 480 20 240 80Milk-chocolate paste No. 884.... 1 1350 120 420 20 250 80Chocolate.......................................................... I 2900 295 430 20 350 80Red toner litho ink................................. 3 17 80 93 700 30 450 120Black printing ink.................................... 2 15 115 33 300 30 500 120
than 10 min. A 12- by 32-in. roller mill has an average capacity of two or 
three times that of a 30-in. stone mill.

A comparison of the grinding area of buhrstone and pebble mills of the 
same diameter show that the buhr has only a fraction of the combined areas 
of the pebbles and the lining of pebble mills. Other advantages of pebble 
mills are: For the same size, the power required for the pebble mill is only 
three-sevenths of the buhr; grinding time is about three-eighths, and the 
amount of semi-paste obtained is about 1⅜ times as great. For the same 
power and grinding time, the pebble mill has about seven times the capacity. 
After allowing liberally for charging and discharging time, the pebble mill 
will be about 500 per cent more efficient than the buhrstone mill. Occasion­
ally the quality of the product may be of greater consequence than the 
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operating advantages. Buhrstone mills often produce a more desirable 
particle shape and may be selected for that reason.

Pebble mills are operated both wet and dry. They are used in the ceramic 
industries for the grinding of raw and calcined clays, flint, feldspathic mate­
rials, frit, glaze, vitreous enamel, paper coatings, and various powders and 
colors. In the paint industry, they are used for the grinding of heavy pastes 
and semi-pastes, most types of paints, undercoats, enamels, flat varnish, 
lacquers, stains, and lithographic colors (for tin cans). Pebble mills are also 
used in the ink industry.

Among the advantages offered by pebble mills are: an increase of 400 per 
cent in capacity with the same capital investment and the same power con­
sumption; no preliminary mixer is required; less floor space is required; no 
attention is needed during grinding; there is no loss by evaporation when 
pigments are ground in a volatile vehicle and no loss of material on account of 
drying and filming; products are ground to uniform color, fineness and con­
sistency; no dressing is required and cleaning is easy. A comparison of the 
relative performances of pebble and buhrstone mills is given in Table 93.

The “paint capacity” of a pebble mill is conservatively figured as 50 per 
cent of the volume. Total volume of the mill in Table 93 is 128 gal.; volume

Table 93. Comparison of Pebble Mill and Buhrstone Mill

Mm Type Speed, Horse Capacity, Grinding 
time, hr.r.p.m. power gal.

Pebble....................................................... B 2⅛ × 3½ 40 3 64 1.5-2
Buhrstone water-cooled with mixer....... 2½ 35 7 53 4-5

of pebbles, including voids, is 45 per cent of volume. Volume of voids is 40 
per cent of pebble volume, which is 27 per cent of the mill volume. “ Unoccu­
pied” volume of mill is 23 per cent of the total volume.

The pebble mill is particularly well adapted for the grinding of colors in oil. 
Paints are ground to a semi-paste consistency; the consistency may be 
further reduced by adding thinner to the mill and allowing the mill to rotate 
a short time, or by emptying the semi-paste into a mixer and adding the 
thinner to the mixer.

The Patterson Type D. J. pebble mill is jacketed and equipped with 
temperature control which permits the grinding of heavy pastes or other 
materials which solidify when cold. If desired, the material may be cooled 
during grinding by circulating brine or cold water through the jacket. Steam, 
hot or cold water, or brine is admitted through the shaft at one end of the 
mill and leaves at the other end, circulating back and forth over the entire 
surface of the shell. Hot or cold grinding, mixing under pressure or vacuum, 
drying, chemical reactions or distillation with recovery of solvents may be 
carried out with this type of mill. Operating characteristics of several sizes 
are given in Table 94.

The Abbe pebble mills for grinding paints are made in sizes from l-ft. 6-in. 
diameter and 1 ft. 6 in. long to 7-ft. 6-in. diameter and 10 ft. long. These mills 
are of the batch or intermittent type, the cylinder being about half filled with 
pebbles or porcelain or metal balls. A special wet-discharge valve is used 
for emptying the mill. Operating data for a No. 2 mill, 5-ft. diameter and 
4 ft. long, grinding batches of different kinds of pastes, are given in Table 95.

Table 96 gives the correct grinding proportions and bulking values for 
semi-paste colors.
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Table 94. Operating Data of the D. J. Type of Pebble Mill

Size of mill, in. Total volume without pebble charge, gal. Capacity 50 % of pebble charge. Dry sand basis, pound Horse power
SiIex Porcelain Unlined Silex Porcelain Unlined Start Run

¡2 X 18 10 18 35 60 0.75 0.518 X 24 27 43 100 145 1 0.75M X 42 80 86 125 270 285 415 3 2« X 60 350 370 455 1,150 1,240 1,525 7.5 572 X 60 830 885 1000 2,800 2,950 3,450 15 980 X 120 3200 3400 3600 10,800 11,200 12,000 40 30

of mill, in.
Operating capacity (liquid basis 50% pebble charge), gallon
Silex Porce­lain Unlined

1038115315 2000

Operating capac­ity one-third Production afterpebble charge. thinning, gal. unlined
1453155450 2800

14%I More than op-< erating capac-( ity

Charge, lb.
Pebbles Balls

653001,0253,15022,300
2008002,4006,60041,000

Table 95. Operating Data for No.' 2 Abbe Pebble Mill

Flat white White enamel Black enamel
Si>arge, gaɪ.................................................................................................................ɪɪɪne of grinding, hr.........................................................................................u∙P. required: 250 250 2502-4 8-15 30-60∣θr starting.........................................................................................................ɪθr operation.................................................................................................... 8 8 84 4 4
Table 96. Correct Grinding Proportions for Semi-paste Colors in 

Linseed Oil

Colors Pigment, % Oil, % Bulking value, semi-paste, gal. per 100 lb.
∏+vc ɪθad carbonate.........................................................................Jfthopone.....................................................................................................⅛t*bon black............................................................................................JJttramarine blue..................................................................................J^hrome yellow........................................................................................Graphite.......................................................................................................

807020457035
203080553065

4.05.82 il.65 9.405.2910.18



OTHER METHODS OF COMMINUTION
INTRODUCTION

By Allan P. Colburn

The conversion of naturally occurring or manufactured materials into 
finely divided forms has been commercially important for a great many years. 
Crushing, grinding, and pulverizing of stones, many kinds of ores, and 
various other materials have been known and described by many generations 
since the time of Agricola and before. The first part of the present section 
(Sec. 16) describes in detail the modern crushing, grinding, and pulverizing 
operations, techniques, and equipment. The purpose of this part of the 
section is to discuss briefly other commercially important methods and equip­
ment for producing finely divided materials that frequently must be obtained 
in special shapes not feasible by the ordinary methods of crushing, grinding, 
and pulverizing.

The demand for equipment and processes to give finely divided products 
has been met for the most part by the previously described processes and 
equipment relating to crushing, grinding, pulverizing, shredding, cut­
ting, etc. For several centuries, however, there has been a demand for 
equipment and processes that would produce finely divided materials in 
special shapes (spheroidal, etc.). The spheroidal and other shapes of finely 
divided particles cannot be obtained by the ordinary comminution methods; 
hence special inventions were developed to meet these needs. Lead shot was 
perhaps the first commercially important special shape of finely-divided 
material that could not be produced on the then existing equipment. Shot­
ting towers were developed for this need, and there still exist many of the 
old shot towers erected to produce the lead shot that was so important to 
pioneers in the United States both as weapons used in obtaining food and in 
warfare.

The growth of the chemical industries has accelerated greatly the demand 
for new methods of comminuting natural and manufactured materials in 
order to produce special shapes and sizes that are not producible by ordinary 
comminuting apparatus. This demand for new shapes and sizes has arisen 
from two principal sources: (1) from consumer or customer demand, which 
has required materials like soap, trisodium phosphate, sodium bisulfate in 
the shapes of spheres, flakes, granules, etc., which the ultimate consumer 
demanded on account of improved appearance, convenience, or economy of 
use or processing. The granulation of fertilizers is a growing development in 
this field. (2) From technological or manufacturing demands: the use of 
raw materials and intermediates in special forms, such as spheres, flakes, 
granules, etc., has proved to be essential and economically or technically 
highly desirable. Thus in many chemical processes a raw material or inter­
mediate in a special form is required or desirable in order to effect economies 
in processing—either physical, as in conveying, or chemical in controlling 
reactions. Of increasing importance are catalytic operations, of which a 
prime factor is the preparation of catalysts in granular form to provide proper 
surface without excessive resistance to flow.

A newly growing field is that of powder metallurgy in which metallic 
powders are produced for many purposes such as the manufacture of porous 

1982 
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bearings, refractory metals, sprayed coatings, etc. The saving on labor and 
8crap in this process is significant for its rapid development.

The remainder of this section will treat the theory of dispersion of liquid 
droplets, spray nozzles, spray painting, granulation, flaking, and metal 
Powders. Information on spray drying is included in Sec. 13, Drying. 
It is expected that the future will show rapid development of these and other 
methods of comminution.

THEORY OF DISPERSION OF LIQUID DROPLETS
By R. V. Kleinschmidt

References: A very complete résumé of this subject as applied particularly to fuel 
atomization in internal combustion engines is given by Castleman, Bur. Standards J. 
Research, 6, 369—376 (1931). Other references: Plateau, “Statique expérimentale et 
ɪ héoretique, etc.,” Paris, 1873; Scheubel, Wiss. Ges. Luftfahrt Jahrsbuch, 1927, p. 140.

Mechanism. The basic mechanism of droplet formation consists in 
drawing out the liquid into a slender stream or filament. Lord Rayleigh 
LRroc.London Math. Soc., 10, 4 (1879) and “Theory of Sound,” Chap. XX] has 
shown that a liquid cylinder is unstable and that any slight displacement 
will cause it to neck down in places and bulge out in others, eventually 
collapsing into droplets. Just at the moment of collapse a second set of 
very much smaller droplets forms from the last filaments of liquid connecting 
the primary droplets. The phenomenon may be readily observed in a 
thin stream of water from a faucet and is sufficiently regular to be observed 
by stroboscopic light. The existence of the secondary droplets may also be 
demonstrated by passing such a stream through a gentle breeze which will 
deflect the secondary droplets so that they may be caught and studied.

The direct formation of streams of liquid thin enough to produce fine 
8Prays is not usually practical; hence secondary actions are resorted to. 
Two of these methods are as follows:

1. Filaments of liquid are dragged out by the impingement of high- 
velocity turbulent air or steam jets on the liquid surface. In this case a 
Primary droplet is dragged away from the surface, carrying behind it a 
filament which may be stretched out by the velocity and turbulence of the 
gas to a very fine thread before it collapses to droplets. Such action produces 
a wide range of particle sizes, many of them exceedingly fine.

2. The other common method of forming filaments is to spread the liquid 
°ut into a thin sheet. This sheet then draws up into a filament on its free 
edge, and this filament, in turn, breaks down into droplets. Such sheets 
θr films of liquid, when projected into air at a high velocity, often exhibit 
another and extremely interesting phenomenon. The rapid relative motion 
°f the film of liquid and the surrounding air sets up turbulence in the air 
which, reacting on the liquid film, causes it to wave or flap, just like a flag 
flying in the breeze. At its free edge, this flapping often becomes so violent 
that the film actually rolls up and joins itself into a tube which breaks away 
from the sheet and, being unstable, as a solid filament is, necks down and 
breaks into droplets. In this case, however, the droplets are hollow, having 
enclosed a considerable amount of air. Often these particles also enclose 
other smaller particles previously formed. These hollow particles are usually 
very thin-walled and present a large surface, which is frequently desirable.

Energy Relations. The energy required to form a liquid into droplets 
18 composed mainly of three parts: (1) energy required to form surface 
against surface tension, which is simply the surface tension times the addi­
tional surface formed. In the case of water at room temperature, the net 
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energy per unit volume required to form droplets 1 μ in diameter, corresponds 
to a pressure on the liquid of only 0.005 lb. per sq. in. (2) Since the time 
during which droplet formation usually takes place is very short, often a 
few microseconds, the rate of deformation of the liquid is very high, and 
viscous forces become enormous. The energy required to produce this 
deformation is, therefore, appreciable although not readily computed. 
(3) There is energy lost due to inefficient application of energy to the fluid. 
When the energy is supplied directly to the liquid by a pump and released 
in a well-designed nozzle, this last efficiency is probably high, but, in the 
case of air or steam jets impinging on the liquid, the transfer of energy is 
relatively low. Offsetting this is the fact that very large amounts of energy 
can be applied in a compressible fluid such as air or steam, as compared with 
that stored in a liquid under pressure. The latter is simply 144 PV ft.-lb. 
per lb. of liquid (where P - pressure, lb. per sq. in., and V = specific volume 
of liquid, eu. ft. per lb.) or 144P/62.3, or 2.3P for water at room temperature. 
The available energy of 1 lb. of saturated steam at 60 lb. per sq. in. gage 
expanding to atmospheric pressure is 36,300 ft.-lb. In order to concentrate 
this energy in a pound of liquid water, there would be required a pressure of 
over 15,000 lb. per sq. in. Although, in general, increasing amounts of energy 
applied to the atomization of a liquid tend to produce finer and finer particles, 
there is probably a theoretical and certainly a practical limit to which this 
can be carried. As the filaments of liquid become finer and finer, their rate 
of collapse increases rapidly owing to the high surface energy per unit volume 
of liquid. The rate and amount of deformation required also increase. 
Sauter (,Forsch. Gebiete Ingenieurw., 1928, No. 312) found that at high ail- 
speeds atomization in a certain type of nozzle approached asymptotically a 
droplet size of about (> μ.

Dispersion. Equally important with the formation of liquid droplets 
is their adequate dispersion, since, if allowed to come in contact, they will 
immediately recombine. In the case of atomization with a stream of high- 
velocity gas very little recombination probably occurs, since all particles 
are carried away in the gas stream with approximately the same velocity. 
In the case of pressure atomization, however, dispersion becomes important. 
In this case the droplets are projected into more or less quiescent air. If it is 
assumed that the particles are small enough to encounter resistance in accord­
ance with Stokes’s law and that they all leave the nozzle with the same veloc­
ity, they will travel out into the gas for distances which are approximately 
proportional to their diameters before being stopped by the friction of the 
air. The smaller particles will tend to collect in considerable numbers 
near the nozzle and to collide with the larger particles which are still moving 
with appreciable velocities in this region. If the droplet-size distribution 
from the nozzle were accurately known, it would be possible to compute the 
probable amount of recombination due to collisions by the methods outlined 
by Kleinschmidt [C hem. & Met. Eng., 46, 487—490 (1939)]. This is seldom 
possible, and the only practical value of such considerations is to indicate 
the importance of maintaining an adequate flow of gas past the nozzle to 
remove the droplets as formed.

SPRAY NOZZLES
By H. G. Houghton

A spray nozzle is a device for breaking up a liquid into drops. The applica­
tions of spray nozzles are numerous and varied and consequently a large 
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∙'⅛mber of different forms are in use. All spray nozzles may be classified 
Under one of the following types:
, ɪ; Pressure nozzles in which the fluid is under pressure and is broken up 

y ɪts inherent instability and its impact on the atmosphere or by its impact 
°n another jet or a fixed plate.

2. Rotating nozzles in which the fluid is fed at low pressure to the center 
ŋɪ a rapidly rotating disk or cup. Centrifugal force causes the fluid to be 
broken up into drops.

3. Gas-atomizing nozzles in which the fluid is subjected to the disrupting 
effect of a high-velocity jet of gas. There are several forms of each of these 
lypes in common use, and these will now be described in turn.

Pressure Nozzles
Hollow-cone Nozzles. The pressure nozzles find the widest field of 

aPplication and are available in a variety of forms and sizes. The most

SectionA-A

Pig. 1,—A small hollow- 
c≡one nozzle of the tangential 
type. (Courtesy of The 
Spray Engineering Co.)

Fig. 2.—A small 
hollow-cone nozzle 
of the fixed spiral 
type. (Courtesy of 
Schutte and Koer- 
ting Co.)

Fig. 3.—A 
large hollow-cone 
nozzle. (Courtesy 
of Schvite and 
Koerting Co.)

^°nimon of these is the so-called hollow-cone nozzle. In this nozzle the 
hid is fed into a whirl chamber through tangential passages or through a 
xθd spiral so that it acquires a rapid rotation. The orifice is placed on the 

a,.xιs °f the whirl chamber, and the fluid exits in the form of a hollow, conical 
^_jeet which then breaks up into drops. Such nozzles are illustrated in 

1Ss. lf 2, and 3. Hollow-cone nozzles are made with orifices from 0.02 
ɪ * in. in diameter with corresponding discharge rates of from less than 
tθ more than 200 gal. per min. The larger sizes are used for cooling ponds, 

θr washing gravel and sand, aerating water, etc., and are usually operated 
ɛ relatively low pressures. Smaller nozzles may be used for spray drying,
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-Solid- 
cone nozzle· 
(,Courtesy of The 
Spray Engineering 
Co.)

SecτioπA-A Section B^ B
Fig. 5.—One type of fan nozzle. (Courtesy of The SpraV

Engineering Co.)

air washers and humidifiers, oil burners, gas absorption, etc., and are usually 
operated at somewhat higher pressures. In common with all pressure nozzles 
the capacity of a given nozzle is nearly proportional to the square root of 
the pressure except at extremely high pressures where 
friction limits the discharge. Operating pressures do not 
usually exceed 300 lb. per sq. in. except in special cases 
such as milk-powdering sprays where pressures of 
from 1000 to 2500 lb. per sq. in. are used. For a given 
design of nozzle the discharge at constant pressure is ap­
proximately proportional to the area of the orifice, although 
the orifice does not run full. The discharge does not 
vary much with the viscosity of the fluid< until the vis­
cosity is more than ten times that of water, although the 
drop size is considerably altered, as will be pointed out 
below. The included angle of the spray cone usually in­
creases slowly with pressure to a maximum and then de­
creases, but it is largely determined by the proportions 
of the nozzle. A spiral with a short pitch produces a 
wide-angle spray, and conversely a large pitch spiral 
gives a small included angle. The angle may be from 15 
to 135 deg., but it is not always possible to obtain stock 
nozzles of a desired angle when the pressure and discharge 
rate are also fixed. Nozzles with a small included angle 
tend to produce a solid­
cone rather than a hol­
low-cone spray.

Solid-con© Nozzles.
The solid-cone nozzle is 
a modification of the hol­
low-cone nozzle which is 
used when complete cov­
erage of a fixed area is 
desired. Such nozzles 
are used for certain wash­
ing applications, for cool­
ing and aerating water, 
and ^for other purposes 
where the more uniform 
spatial distribution of the 
drops is advantageous. 
The construction and op­
eration of a typical solid­
cone nozzle are illustrated 
in Fig. 4. The nozzle is 
essentially a hollow-cone 
nozzle with the addition 
of an axial jet which 
strikes the rotating fluid 
just within the orifice. 
The break-up is largely 
due to this impact and the 
resulting turbulence. The fluid appears to leave the orifice in drop forɪɪɪ' 
whereas in a hollow-cone nozzle a short conical fluid sheet which breaks 

⅞W ,μ∖h
l∣il⅛iSi

■
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11P outside the orifice is usually observed. To obtain 
distribution, it is necessary to design the nozzle so that 
the proper relation exists between the amount of liquid 
fed to the center jet, the amount which is rotated, and 
the orifice size. Normally, more of the fluid is given 
a rotary motion than is passed through the axial jet. 
ʌ separate feed line may be connected to the axial jet 
s° that two liquids or a liquid and a gas can be inti­
mately mixed. This is often useful for chemical 
applications.

The included angle of the solid-cone spray is a func­
tion. of the design of the nozzle and is nearly indepen­
dent of pressure. Various commercial solid-cone nozzles 
Produce cones with included angles of from 30 to 
100 deg. As indicated above, hollow-cone nozzles with 
8lUall included angles (less than about 30 deg.) give 
a solid-cone spray without the addition of a center jet. 
Solid-cone nozzles are not usually available in such 
small sizes as are hollow-cone nozzles, but stock sizes 
have discharge rates from less than 1 gal. per min. to 
several hundred gallons per minute.

Fan Nozzles. A third form of pressure nozzle is the 
so-called fan nozzle. By means of milled cuts or 
channels on the rear face of the orifice plate, and some­
times an elongated orifice, or by means of two inclined 
lθts, the fluid is caused to exit in the form of a flat fan­
shaped fluid sheet which then breaks up into drops, 
typical fan nozzles are shown in Figs. 5 and 6. Ow- 
ɪɪɪ-g to surface tension, the edges of the sheet are usually 
bounded by solid streams or “horns,” particularly in 
^he smaller sizes, which may comprise from one-fourth 
fe one-half of the total amount of liquid sprayed, 
ɪuese streams break up into larger drops than the 
central sheet. The horns are usually not so pro­
nounced in the larger sizes, and for included angles of 
sPray that are less than about 50 deg. Fan nozzles 
are useful when it is desired to distribute the spray 
aIong a line such as in washing, cleaning, coating, or 
cooling material in a continuous process. The included 
angle of the fan is from 10 to 130 deg. in standard 
Uozzles, and capacities range from 0.1 to 20 gal. per 
min.

ɪɪɪipaet Nozzles. Another type of nozzle which is 
Used for certain special purposes is the impact nozzle, 
ʌ solid stream of fluid under pressure is caused to 
strike a fixed surface or another similar stream. By 
a Proper orientation and shape of the plate or by vary- 
ɪug the size and direction of the two fluid streams, it is 
Possible to obtain a hollow cone, fan- or disk shaped 
uuid sheet. Such nozzles are not widely used, the two 
common applications being in some types of air-moistening equipment and 
ɪθr automatic sprinkler heads. A humidifying nozzle of this type is shown 
ɪɪɪ Fig. 7.

a uniform spatial

Fig. 6.—Another de­
sign of fan nozzle. 
(Courtesy of Schutte and 
Koerting Co.)

small 
impact nozzle as used 
in a direct humidifier. 
(Courtesy of Parks- 

Cramer Co.)
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Pressure nozzles as a class are relatively simple, small, and inexpensive, 
and they usually consume less power than other types. They may be used 
with all fluids which have a viscosity less than about 300 to 500 sec. Saybolt 
and which do not contain solid particles larger than the passages in the 
nozzle.

Materials of Construction. Pressure nozzles are commonly furnished 
in cast iron and cast brass or bronze in the larger sizes and in steel, brass, and 
bronze in the smaller sizes. When corrosion or erosion is important, the 
nozzles may be formed from any material which can be either machined, 
cast, or molded. Some of the more common special materials are stainless 
steel, monel metal, hard lead, ceramics, hard rubber, and glass. When 
erosion is an important consideration, tips of stellite or other hard alloys may 
be used. Monel metal nozzles are particularly useful for high-temperature 
applications. Typical pressure-capacity data for standard pressure nozzles 
are contained in Table 1.
Table 1. Discharge Rates and Included Angle of Spray of Typical 

Pressure Nozzles*

* Data furnished through the courtesy of the Spray Engineering Co.

Rotating Nozzles
The essential part of a rotating nozzle is a disk or cup which is usually 

directly connected to an electric motor. The fluid to be sprayed is fed under 
low pressure to the center of the rotating disk. Various forms of disks are 
used in an attempt to improve the spraying characteristics. Vanes are often 
attached to the periphery of the disk or mounted separately a short distance 
from the periphery to assist the break-up or to remove some of the larger 
drops. The rotary nozzle is particularly useful for spraying viscous liquids, 
slurries, and liquids containing solid particles which would clog other nozzles. 
They are also used in some air washers, in small air-moistening units, and in 
domestic oil burners. The spray is distributed in all directions in the plane 
of the disk, and this is often a disadvantage. Disk speeds depend on the 
application and size of the nozzle and vary from a few hundred to several 
thousand r.p.m. The quantity of fluid sprayed may be readily controlled

Discharge, gal. per min., and included angle of spray 

Nozzle 
type

Hollow cone

Solid cone

Fan

Orifice 
diameter, 

in.
10 lb. per sq. in.

Dis- Angle, 
charge deg.

25 lb. per sq. in. 50 lb. per sq. in.

Dis- Angle, 
charge deg.

Dis­
charge

Angle, 
deg.

0.135 68
1.10 90
2.55 89

16.5 70
0.235 70
3.42 60
7.50 70

38.7 73
0.182 110
1.57 80
5.35 65

22.10 75

100 lb. per sq. in.

Dis­
charge

Angle, 
deg.

0.183 75
1.50 93
3.45 92

0.34 70
4.78 60

10.4 75

0.252 110
2.25 80
7.70 65

30.75 75
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°ver wide limits. Small units may spray only a fraction of a gallon per hour 
for air moistening, while some large units operate at a discharge rate of 100 gal. 
Por min. The size of the drops produced may be varied by changing the 
sPeed of rotation and the discharge rate, high speeds and low discharge rates 
giving smaller drops. Rotating nozzles commonly require somewhat more 
Power to operate than a pressure nozzle for a given application. This is 
Probably due to friction losses between the fluid and the disk and between 
⅛e fluid and the air. In addition, a pump must often be used to deliver the 
fluid to the disk. The rotating nozzle is relatively large and expensive and 
ɪs not commonly used for purposes to which pressure nozzles are equally 
aPplicable.

Gas-atomizing Nozzles
In a gas-atomizing nozzle the liquid is broken up by impingement with a 

high-velocity stream of gas, usually air or steam. The fluid may be fed 
Under pressure, low gravity head, or sucked up by the injector action of the 
Sas stream. The contact between the fluid and the gas may take place 
entirely outside the nozzle or within a chamber from which the spray exits 
through an orifice. The shape of the cloud of spray may be controlled by 
the shape of the orifice in the internal mixing types and by additional gas 
lets in the external mixing type.

Applications. Gas-atomizing nozzles are used when very small drops are 
desired. They are also capable of spraying more viscous fluids than pressure 
Pozzies. They are commonly used for spray painting, for air and material 
Moistening, for the application of insecticides, and in oil burners. Except 
f°r the oil-burner application the discharge rate of gas-atomizing nozzles 
la small, seldom exceeding 10 gal. per hr. Considerably more power is 
required to spray at a given rate with a gas-atomizing nozzle than with a 
Pressure nozzle because the fluid is much more finely divided.

Paint Spraying. Atomizers for paint spraying are available in a wide 
Variety of types. External mixing is more common but internal mixing is 
aIso used. It is often desirable to have a fan-shaped spray for painting. In 
external mixing nozzles this is accomplished by two external air jets which 
11∏pinge on the spray from opposite sides and flatten it out. The degree of 
flattening may be varied by varying the pressure of the forming jets. Valves 
are often provided for this purpose, so that the spray may be varied from a 
fan shape to a conical shape. The amount of paint supplied is commonly 
adjusted by varying the travel of the control valve. Spray guns are operated 
at air pressures from 20 to 80 lb. per sq. in. but 40 to 60 lb. per sq. in. is the 
Usual range. The more viscous the paint the more pressure is required. 
■Production-type spray guns usually require from 4 to 8 cu. ft. of free air per 
ɪnɪnute at a pressure of 40 lb. per sq. in. The volume of fluid delivered is a 
function of the air pressure and of the fluid pressure. In some spray guns 
fɪre paint is carried in a small tank attached to the gun and is fed either by 
Pressure or suction. For production work the paint is usually stored in a 
ɪaɪ'ge separate tank under either gravity or pressure head, and is supplied to 
⅛e guns through rubber hoses. Further information on paint spraying is 
given on p. 1994.

Humidification. Gas-atomizing nozzles are often used for direct humidi­
fication in plants where controlled humidity is required, such as textile and 
Paper mills. A typical unit is shown in Fig. 8. A number of atomizers 
are mounted on the supply pipes which are attached to the ceiling. The 
11θzzles are arranged to spray horizontally and are adjusted so that the
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Section A-A
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Fig. 8.—A small gas-atomizing nozzle as used for direct humidi­
fication. (Couriesy of The Spray Engineering Co.)
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spray will be completely evaporated before reaching the floor or machinery 
beneath them. Humidifying nozzles spray from 1 to 10 gal. per hr. and 
require from 40 to 
80 cu. ft. of free air 
per gallon of water. 
The air pressure is 
usually about 30 
lb. per sq. in., and 
the water may be 
delivered by suc­
tion from a level 
slightly below the 
atomizer or under 
a pressure of from 
10 to 30 lb. per sq.
in.

Oil Burners.
Although most 
small oil burners 
use pressure noz­
zles, gas-atomizing 
nozzles are com­
monly used in the 
larger installa­
tions, particularly 
when the heavier 
grades of oil are 
burned. Preheat­
ers are often used 
to reduce the vis­
cosity of the oil 
before atomiza­
tion. Although air may be employed as the atomizing agent, steam is more 
often used. The air or steam pressure may be from 20 to 100 lb. per sq. in., with 
60 lb. per sq. in. being a typical value. The oil feed may be by gravity or 
suction, but in the larger installations the oil is usually delivered under a pres­
sure of from 10 to 60 lb. per sq. in. A typical oil-burning nozzle requires from 
0.10 to 0.15 lb. of steam per pound of fuel. A steam-atomizing oil-burner 
nozzle is shown in Fig. 13, p. 2354.

Spray Drying. Gas-atomizing nozzles are also often used for spray drying 
of soap and other products. Steam is often used as the atomizing agent 
to assist in the drying. Requirements in this field are so varied that no 
typical data can be given.

Drop Size
For many applications of spray nozzles the size of the drops produced is 

of considerable importance. When a liquid is disrupted, it first breaks into 
small filaments which are detached from the mass. The filaments contract 
due to surface tension, and an oscillation is set up which results in the forma­
tion of one large drop and one or more smaller drops from each filament. 
Since the filaments are not all the same size, a considerable range of drop 
sizes invariably results. The greater the disrupting force, the smaller the 
filaments and hence the smaller the drops. The filaments are most likely to 
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bθ more nearly of the same size if the sheet is thin and of uniform velocity 
a∩d thickness in the region of break-up. In a practical sense this means 
that small nozzles with smooth passages and orifices will produce the narrow­
est range of drop sizes. Also the higher the pressure the smaller will be 
die drops, other things being equal. It is found that for pressure nozzles the 
ʤop size is approximately inversely proportional to the square root of the 
Pressure.

The viscosity, surface tension, and density of the liquid also affect the 
drop size. In the case of pressure nozzles it has been found that the drop 
81ze increases nearly as the square root of the viscosity. It is also known that 
llɪe drop size is inversely proportional to the surface tension and to the density, 
ŋut the exact laws of variation have not been established.

Pressure nozzles of like capacity give a similar distribution of drop sizes 
when operated at a given pressure. The hollow-cone nozzles usually yield 
a somewhat smaller range of drop sizes than the solid-cone nozzles. The 
central sheet of small fan nozzles is also particularly good in this respect, 
out the “horns” at the edge of the sheet break up into much larger drops so 
ɪhat the advantage is largely lost. For applications which require the 
81Uallest possible range of drop sizes a large number of small nozzles should 
be used in preference to a few nozzles of large capacity. If a maximum 
Uumber of small drops is required, nozzles of the smallest size practicable 
^uould be used and operated at the highest possible pressure. (Pressures 
ɪu excess of about 300 lb. per sq. in. will have no useful effect except in the 
case of special high-pressure nozzles.)

The number of drops in each size group

Table 2. The Drop-size Distributions Produced by Three Hollow-' 
cone Nozzles of the Same Design

Nominal 

diameter, μ
0.063-in. orifice diameter 0.086-in. orifice diameter 0.128-in. 

orifice 
diameter 
200 lb. 

per sq. in.
50 lb. 

per sq. in.
100 lb. 

per sq. in.
200 lb. 

per sq. in.
100 lb. 

per sq. in.
200 lb. 

per sq. in.

10 375 800 1700 100 300 100
25 200 280 580 60 150 50
50 160 180 260 41 100 45

100 50 60 70 26 34 27
150 27 31 35 14 18 15
200 19 23 27 9 12 11
300 8 9 11 5 8 6
400 2 4 4 4 7 3
500 1 1 2 1 2
600 1 1

Note: 1 μ (micron) = 10 4 cm. = 0.0000394 in. The nominal diameter is the mid-diameter of a drop 
group which includes a finite range of sizes. The “25” group includes drops from 17.5 to 37.5 μ, the “50” 
th°u÷p conta∙ns drθpɛ from 37.5 to 75 μ, etc. The number of drops has been adjusted in each case so that 
Qe total amount of fluid sprayed is the same for each size distribution.

Because of the wide range of drop sizes formed by a spray nozzle, it ia 
ɑɪffieult to define an average drop size which will be significant for all purposes.

is usually better to have detailed information on the frequency distribution 
°f the drop sizes. It is not practicable to present complete data of this sort 
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here because of the large number of variables involved. However, a few 
typical drop-size distributions which illustrate the effect of pressure variations 
and of the nozzle size are given in Table 2. These figures may be taken as a 
fair example of the performance of pressure nozzles. If liquids of different 
physical properties are sprayed, the same size distributions will be obtained 
but at different pressures. For example, if a fluid has the same density and 
surface tension as water but twice the viscosity, the pressure would have to 
be about doubled in order to obtain the same size distribution.

From the standpoint of drop size, the only difference between a rotating 
nozzle and a pressure nozzle is that in the former the liquid is formed into a 
thin sheet of suitable velocity by centrifugal force instead of by direct fluid 
pressure. As a result, the drop-size distribution of a rotating nozzle is quite 
similar to that of a pressure nozzle. Because there are no small passages in a 
rotating nozzle, the flow is maintained at much higher viscosities than in a 
pressure nozzle. The effect of variations in viscosity, density, and surface 
tension on the drop size has not been investigated, and it is probable that 
somewhat different laws apply. It is undoubtedly true, however, that high 
rotational speed, low viscosity, and a small discharge will tend to produce 
small drops and a minimum range of drop size.

Table 3. The Drop-size Distribution of a Small Atomizing Nozzle

Drop diam∙, μ ■ Number of drops Drop diam., μ Number of drops

2 390,000 35 1,7305 340,000 40 1,08010 165,000 45 65015 40,200 . 50 43020 11,680 60 35025 4,970 70 22030 2,160

Note: The fluid pressure and the gas pressure were each 15 lb. per sq. in. The total quantity of fluid 
represented by this size distribution is the same as that in Table 2. so that the numbers of drops are 
directly comparable.

As ordinarily operated, gas-atomizing nozzles produce much smaller drops 
than pressure or rotating nozzles. Although the smaller atomizing nozzles 
tend to give a somewhat narrower range of drop sizes than the larger nozzles, 
the size factor is not so important as in the case of the pressure nozzles. The 
determining factor is the relation between the quantities of gas and of fluid· 
When insufficient gas is used, large drops are formed which are readily visible 
since they are projected well beyond the cloud of small drops. The quantities 
of liquid and of gas should always be adjusted so that no such large drops are in 
evidence. Assuming that such proper operation is maintained, the drop 
size can be controlled by varying the gas pressure, higher pressures yielding 
smaller drops. The fluid pressure has little effect on the drop size and for 
the most part only determines the quantity of fluid delivered, which is also 
a function of the gas pressure. As in the case of the other types of nozzles, 
the physical properties of the fluid affect the drop size, but the quantitative 
relations are not known. It may probably be assumed that the drop size 
increases with viscosity and decreases with surface tension and possibly with 
density. For purposes of comparison with Table 2 a drop-size distribution of 
a small air-atomizing nozzle is given in Table 3.
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Table 4. Common Applications for Spray Nozzles
First number*: type most used.
Second number: type frequently used.
Third number: type sometimes used.

Types
1. Solid-cone wide-angle spray.
2. Hollow-cone wide-angle spray.
3. Narrow-angle spray.
4. Pressure atomizing spray.
5. Tangential spray.
6. Flat spray.
7. Deflector or impact spray.
8. Air- or gas-atomizing spray.
9. Rotating-disk spray.

Pressure Nozzles
Cooling circulating water for condenser (5, 1, 6)
Spray type condensers
Aerating and purifying water supplies (5, 1, 6)
Scrubbing and washing gases (1, 3, 9)
Humidification and dehumidification (4, 8, 3)
Spray refrigeration (5, 1)
Gas absorption and adsorption (1, 3, 5)
Spray drying (4, 8)
Chemical processes where a large free surface is required (1, 4, 8)
Distributing oil over the fuel bed in gas machines (1)
Enriching gas with a liquid distillate (1,4)
Oil burners (4, 8, 9)
Desuperheaters (4)
Washing or coating materials in process (4, 2, 8)
Washing liquids (1, 4)
Washing automobiles, railway coaches, etc. (6, 3)
Washing coal, sand, gravel, etc. (2, 6)
Beating down foam (1, 3, 6)
Cooling mill rolls (1, 4, 6)
Descaling hot billets (3, 6)
Quenching coke and pig iron (5, 1)
Settling dust (4, 1)
Applying insecticides, weed killers, etc. (1, 7, 8)
Applying asphalt to highways (1, 7, 6)
Fire protection (7)
Ornamental sprays

Rotating Nozzles
Spraying viscous liquids and slurries (7, 9, 8)
Oil burners (4, 8, 9)
Small air moisteners (8)
Spray drying (4, 8)
Air washing (4, 1, 9)

Gas-atomizing Nozzles
Spray painting (8)
Oil burners (4, 8, 9)
Spray drying (4, 8)
Air moistening (8, 4)
Moistening materials with water or other fluids (8, 4)
Spraying small quantities of insecticides, etc. (8, 4)
Metal coating (8)
Applying cements, refractories, etc. (8, 7)

Classification kindly supplied by S. G. Ketterer.
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SPRAY PAINTING 
By S. L. Godshalk

One of the common uses of spray nozzles is for the application of paint, 
varnishes, and enamels. The advantages of this type of application over 
brushing are as follows: (1) greater speed of application; (2) more uniformity 
of film thickness; (3) better control of film thickness; and (4) faster drying 
finishes may be used. The disadvantages are as follows: (1) larger invest­
ment in equipment, such as air compressors, spray booths, etc., and (2) 
greater loss of material due to overspray, etc. However, the disadvantages 
are minor in comparison with the increased speed of application and the choice 
of finishing materials available for spray use. For example, the introduction 
of fast-drying nitrocellulose finishes in the automotive industry has cut the 
time of finishing from days to hours. The application of spray nozzles in 
the form of spray guns played an important part in this reduction.

Spray application can be employed in almost any industry where finishes 
are involved. Likewise, most types of finishes can be used by spray applica­
tion with modifications in nozzles 
for varied operating conditions.

Forms of Spray Equipment
Spray guns are available in a va­

riety of types. They may be ex­
ternal or internal mixing; suction, 
gravity, or pressure feed; manually 
or automatically controlled; low or 
high pressure. In addition spray 
guns have adjustments for size and 
pattern of spray as well as for 
amount of delivery. A typical 
spray gun is shown by Fig. 9.

Selection of Spray and Aux­
iliary Equipment

Because of the wide variety of 
spray equipment available and the 
numerous types of finishes offered 
by paint manufacturers, it is im­
portant that these factors be taken 
into consideration when new equip­
ment is installed. Careful thought 
concerning present as well as future needs given to the selection of this 
equipment should result in a flexible paint shop. It frequently happens 
that spray installations have been made to take care of present needs, but 
with the expansion of business this equipment cannot adequately take care 
of increased production; hence the paint shop becomes the bottleneck of the 
operation.

The following'generalizations may be of some help in the selection of spray 
equipment. Improvements are constantly being made in both finishes and 
spray equipment, and the advice and suggestions of the manufacturers 
should be of considerable value.

1. The atomizing phase of spray guns is subject to changes in design for 
most efficient results, depending upon the type of finish being used. In
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other words, nitrocellulose lacquers, synthetic-resin finishes, or varnish 
Products give best results when used with the recommended equipment, 

ne spray-gun manufacturer and the supplier of finish should be consulted 
ɪθr recommendations.

2. The choice of suction, gravity, or pressure feed depends largely upon the 
amount of paint used and the number of colors involved. Where the con­
sumption of finishes is very small or where occasional spraying is necessary^ 
Pe suction type, such as a cup gun, is generally satisfactory. Where larger 

Quantities of finish are consumed, gravity or pressure feed is desirable. Of 
θ two, pressure feed is the more reliable since the pressure is always uniform, 

Whereas in gravity feed the pressure will vary with the fullness of the container 
Unless a constant-level tank is employed.

ɜ* Where pressure feed is used, agitator pressure tanks in or adjacent to 
ue spray booths are satisfactory, particularly where numerous colors and 
W moderate volumes are involved. In cases where large volumes in 
eIatively few colors are involved, a mixing tank in the paint room with the 

Uiaterial piped to the spray gun is most satisfactory. One advantage of both 
ot these installations is that one man can be designated to do thinning, to 
control the viscosity, and to have the various colors and types of finishes 
aVailable for the spray booth as the production schedules demand.

4. Where large quantities of finish are used, it is sometimes desirable to 
eQUip guns with a locking device to control size or pattern of spray and air 
Pressure. This is important where different spray operators finish parts of an 
Ussembled object or where maximum efficiency of operation from the view­
point of finishes is concerned.

5∙ Air compressors should, of course, be of sufficient capacity to take 
care of all spray guns, line losses, air dusting if any, and air agitators, plus a 
ʌθserve to take care of additional requirements for the immediate future, 
ʌs auxiliary equipment, water and oil filters should be provided to eliminate 
contamination.
. 6. The spray booth is also an important piece of equipment in spray paint- 
ɪug, since there is spray dust which must be eliminated to improve the opera­
tor’s safety, efficiency, and better workmanship and because the dust collects 
°n adjacent buildings and grounds if allowed to escape in the air. In addi­
tion, there is a probability of economy if spray dust is reclaimed. Here again 
the initial cost must be weighed against local conditions and the amount of 
Paint consumed. For much industrial work the conventional spray booth 
}vιth air exhaust is satisfactory. In certain areas exhausts of spray dust 
ɪɪɪ the air may come under the heading of “public nuisance” because of the 
spray dust settling on houses, etc. In these cases a “water washed” spray 
booth, i.e., where the spray dust is collected in the form of a sludge by passing 
through a curtain of water, is recommended. This type is also used where it 
18 considered desirable to collect sludge for reclamation.

In plants where dust and dirt in the atmosphere may be a problem or 
ɪɪ'θedom from dirt in the paint film is a factor, it is desirable to main- 
Iuin a positive pressure in the spray area. For this purpose filtered air is 
applied.

ɪhe air velocity in spray booths should be at least 100 lin. ft. per min.

Spraying Difficulties and Suggested Corrections
The following are a few of the difficulties which may be encountered in 

βPi,ay application and some generalizations for their elimination:
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Difficulty
1. Excessive orange peel

2. Excessive flow and sags

3. Craters or bubbles in film

4. Poor atomization

5. Overspray dust (pebbly condition
on surface)

6. Low gloss or haze

Causes and Correction
a. Spray viscosity too high
b. Wrong spray gun for material being sprayed
c. Wrong thinner being used
d. Film thickness too low
e. Air pressure too high or too low
a. Over thinned
b. Wrong thinner being used
c. Film thickness too high
d. Wrong spray gun being used

Drain oil and water separator and see if 
functioning properly

a. Insufficient reduction
b. Air pressure too low
a. Overspray dust settling on finish due to

poor ventilation
b. Improper handling of parts on conveyor chain
a. Poor ventilation during drying or baking
b. Thinner evaporates too fast, causing moisture

precipitation on surfaces daring humid 
weather particularly with nitrocellulose 
products. Use a more slowly evaporating 
thinner

GRANULATION
By Lawrence H. Bailey

The purposes of granulating may be as follows: (1) to prepare the material 
for further processing, such as briquetting or tableting; (2) to debulk or 
densify the material for more convenient storage or shipment; (3) to prevent 
dust losses in subsequent furnace treatment or from shipping containers; 
(4) to reduce dust nuisance in the case of irritating or otherwise obnoxious 
material ; (5) to prepare the material in a condition which will not form large 
cakes or lumps, especially if the material is hygroscopic.

The granular form of materials is often produced by building up the 
granules from fine powder, instead of by breaking down larger aggregates 
by means of grinders, crushers, or other machines. Often tablets or pellets 
such as are now increasingly employed as catalysts or catalyst carriers can 
be formed much more readily from granules than from powders; indeed, 
sometimes they cannot be formed from the powdered form at all.

There are several general methods of producing granules from powder: 
(1) moistening with water, solvents, or binding solutions with subsequent 
screening, grinding, or rotary-drying operations, either in the damp condition 
or in the dry condition, or both; (2) briquetting of the fine powder, followed 
by grinding or screening; (3) fusing to produce the necessary adhesion, 
giving granules directly in some cases, or in other cases, producing a mass, 
sheet, or film which can be broken down to the granular condition; (4) 
preparing the powder in the form of a suspension in liquid, where it is some­
times possible and desirable to reduce it in one operation to the granule stage 
by spray drying.

Granulation with a Binding Agent
Binding Agents. In the first of the above methods, the required adhe­

sion is obtained from, or brought into effect by, the liquid used for granulating· 
With water-soluble materials or mixtures containing such material, the 
addition of water alone may be sufficient, as in the case of sugars, salts,



Fig. 10.—Oscillating granu­
lator, assembly. {Courtesy of F. J. 
Stokes Machine Co.)
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extracts, etc. If water will not develop the required adhesiveness, a solvent 
or the material, or one or more ingredients of the mixture, may be used. If 

ɪɪone of the ingredients develop adhesiveness 
by the addition of water or solvent, a binder 
≈s introduced by dissolving it in the water or 
solvent used for wetting up the powder. In 
some cases, a dried binder in powdered form 
is mixed with the powder being treated, and 
ξhe mixture is then moistened to activate the 
ιnder. In general, the dry binder subse­

quently moistened is not so effective as a so­
lution of the same binder, but in some cases 
hɪs method gives the desired results and may 

e∏ect some economies in processing.
In some cases the material being granulated 

may develop too much adhesiveness. It may 
ɪɪot mix smoothly with the granulation solu- 

1°n, or may become excessively sticky, pro­
ducing unmanageable masses. In such cases 
the wetting power of the solvent may be re­
duced by mixing it with other solvents; for 
example, water may be mixed with alcohol 
ɪ θn handling sticky water-soluble materials, 
n using alcohol-soluble materials, the alco­

hol may be diluted with water or other sol­
vents to reduce its solvent power. 
. Some of the materials which have been used 
111 aqueous binding solution for granulation 
are sugars, glue, gelatine, dextrins, gums,
starch, flour, molasses, and sulfite waste liquor; and with other solvents, shel- 
ae, waxes, lacquers, etc. Among binders introduce(! dry and later activated 
re pulverized sugar, spray-dried glucose, 

malt extract, or almost any of the above- 
mentioned water-soluble binders. As stated 
before, however, a larger percentage of the 
binder is required than when it is introduced 
ɪn solution.

Granulating Stage. After the damp 
mixture is made, it must be processed to pro­
duce the required granular condition. The 
mixture is usually dried down to a proper 
moisture content and then crushed or ground 
m equipment which will give the desired 
sereen analysis, using for this purpose a suit- 
able mill, grinder, or granulator. One usual 
ieQUirement in the finished granulation is a 
minimum of fine dust. Also the machine 
must not develop enough heat to make the 
material gum up and necessitate a stoppage of operation. A gianul_._.........
s√Λ'ng ⅛.β?* of b.ara arranSed ɪɪɪ cylindrical form and oscillati------------

oaise granules, say 20 mesh or over. Such an oscillating granulation is 
°wn by Figs. 10 and 11. With smaller mesh size this type of machine is

Screen -

Rotor 
bars
Fig. 11.—Oscillating granu­

lator, schematic section. {Cour­
tesy of F. J. Stokes Machine Co.)

A granulator con- 
—e, VX U, OÜU Ui UUia arrangea in cynnarical Iorm and oscillating over a 

e reen of suitable mesh usually produces the desired results in the case of fairly 
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rather slow, and other types of grinders are more effective, such as plate or 
cone mills, crushing rolls, etc.

One very effective method of handling the damp material is to granulate 
through a coarse screen, as above, and effect further reduction after drying· 
This produces a minimum of fines.

Granulation of Fertilizers. Many fertilizer products are granulated 
to eliminate excessive caking and lumping of the material before it is used 
and to provide the product in a convenient form. A typical large-scale 
process of granulation of fertilizers is the Davidson process described by 
Mackall and Shoeld [Chem. & Met. Eng., 47, 102—105 (1940)]. As shown by 
Fig. 12, the material to be granulated is first conditioned by moistening and

Pan conveyor—
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Fig. 12.—Apparatus for granulation of fertilizers. [CΛem. & Met. Eng., 47, 103 (1940).J

then fed directly to a rotary drier. By carefully controlling the moisture 
content of the conditioned material, which requires constant visual attention, 
the rotary dryer will form granules of the desired form. Hardesty and RosS 
[Chemistry & Industry, 58, 885-886 (1939)] found that the plasticity and 
fineness of particle size of a material determine the ease with which it can 
be granulated by the rotary-drying method.

Briquetting
The second method of granulating is to briquette the fine powder, using 

machines especially designed for this work, and then to break the briquettes 
down to the required sizes, sifting out the fines if they are undesirable and 
rebriquetting them in a subsequent operation. This method was originally 
developed in the pharmaceutical industry when working with material such 
as aspirin or other mixtures which react when wet and which could, therefore, 
not be granulated by wet methods. It is now used in producing granular 
plastic molding powders and various other granular materials. It is also 
used for reducing dust nuisance with materials such as sodium or calcium 
hypochlorite.

When the granular material produced is to be briquetted, it is sometimes 
important to have a considerable percentage of smaller granules and some 
fine material, as material of the properly diversified screen sizes will make a
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required, 
lubricant

stronger briquette than one made from more uniform granules. In briquett- 
111S it may be necessary to add a lubricant so that the compressed material 
^ɪɪl not stick to the punch faces or to the die but rather will be assisted in 
e∣βction from the die. Commonly used lubricants are oils and oil mixtures, 
Powdered waxy materials, powdered soap, talcum powder, metallic stearates, 
aχιd boric acid. In general, only a very small percentage of the lubricant is 

especially if it is an extremely fine powder. In nearly all cases, the 
is added to the otherwise finished granulation.

Granulation by Fusion
The third, or fusion, method of granulation, is used in a few highly spe- 

ŋɪalɪzed industries. Mixtures containing pitch or wax binders can be agglom­
erated by means of heating and then can be reduced to granules after cooling, 
ʌ familiar example is found in the manufacture of plastic molding powders, 
ʌ mixture of the resin with wood flour or other filler is passed through friction 
r°lls to develop adhesiveness and produce a sheet material which, after 
c°oling, is reduced to the familiar granular form.

The fusion method is used for producing granular effervescent salts. When 
a mixture of bicarbonate and citric acid is heated, the citric acid melts in its 
crystal water and causes adherence of the particles. Kapid cooling arrests 
reaction or effervescence. The resulting material is then put through a 
Screen and dried to remove the remainder of the water of crystallization, pro­
ducing a stable material which will effervesce readily and smoothly when 
Placed in water. Several other materials containing fusible crystal salts can 
bc handled in a similar manner.

VVaxes and fusible organic or inorganic material of various kinds can be 
granulated, flaked, or chipped by chilling the melted material in the form of a 
uɪm on the surface of a cooled revolving drum and removing by means of a 
knife. The character of the flake or chip can be varied by changing the 
⅛mperature of the liquid material or of the cooling drum or by the method of 
sharpening the knife. In some cases the material can be taken off in sheet 
ɪθrɪn and then reduced to flake form. A few of the materials handled by 
these methods are as follows: naphthalene, beta naphthol, caustic soda, 
Pθtash, cyanides, carnauba wax, sulfonated detergents, lead acetate, and 
Irisodium phosphate. Further description of flaking operations is given on 
this page.

Granulation by Spray Drying
The fourth, or spray-drying method, is used to a certain extent in the 

ceramic industry where the raw materials are wet-ground as an aqueous 
8Uspension. It has the advantage of permitting complete dewatering and 
granulation in one operation but is probably applicable only to industries 
where grinding or mixing as an aqueous suspension is desirable.

FLAKING
By D. J. Van Marie

Tlaking, as described in this section, is the continuous process of converting 
pertain molten materials into flake form by applying the material in a thin 
layer to a revolving drum, on which the material cools, solidifies, and is 
removed in flake form by a stationary knife. This method conserves time 
and working space and eliminates the necessity of crushing the finished 
Product before shipment or use. Being a continuous process, it economically 
replaces solidification in bulk and offers increased production at lower cost.
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Fig. 14.—Double-drum flaker.

Drum FIakers. Usually the flaking operation is performed on the 
surface of a revolving drum, similar to that shown by Fig. 13, that is cooled 
by water, brine, or direct expansion of a refrigerant. A flaker or cooling 
drum is very simple in construction, consisting of a drum with hollow trun­
nions, mounted in bearings. The drum dips in a shallow, heated pan filled 
with the liquid. A knife or doctor held 
firmly against the drum removes the 
product from the surface in solid form. 
In most cases the layer of solid material 
at this point is sufficiently brittle to 
break into flakes or grains. Since the 
reduction to flake size is obtained by 
the chipping action of the knife, size 
of the flakes is not very regular, vary­
ing with the properties of the product 
and the method of operation.

For products which do not adhere 
readily to a cold drum or which drop 
off too quickly, a double-drum flaker 
is preferred to a single-drum machine. 
A double-drum flaker, shown by Fig.
14, consists of two drums placed close together and revolved in opposite di­
rections. The liquid is fed between the drums, being prevented from flowing 
out at the end of the drums by dam plates or endboards held against the heads- 
With the drums turning toward each other at the center, a layer is formed on 
the drum surfaces, the thickness of which is determined by the clearance be­
tween the drums. This thickness is limited by the maximum clearance 
beyond which the liquid begins to run through. There is danger of incrusta­
tion of the endboards or of solidification of the liquid in the valley between 
the drums. If the drums revolve 
away from each other at the center 
a heavier layer can be formed.

Drums are usually made of cast- 
iron. Bronze, nickel, stainless steel 
or chromium plate are also used. 
The drums are provided with an in­
ternal baffle which leaves an annular 
space at the periphery of the drum 
through which the cooling medium 
flows, entering through one trunnion 
and leaving through the other. The 
pan can be made of any suitable 
metal and can be steam jacketed or 
provided with a heating coil for products whose melting points are not too 
high. Othermse it is heated directly, generally by gas, to prevent any solidi­
fication of the product in the pan. Sometimes the pan is made adjustable or 
able to be dumped quickly to prevent freezing of the liquid in case of shut­
downs. An overflow pipe also can be provided to permit circulation of 
the liquid through the pan and to maintain a constant level of the liquid.

When used on organic materials, drum flakers often require a dust and 
fume-tight ventilated enclosure, which limits accessibility and observation of 
liquid level in the pans unless a sight gage is installed.
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Bevolving tables and traveling metallic belts also have been used for flaking. 

Ie dei ɪ8 spraye^ against the bottom to carry off the heat. These designs 
ɑɑ themselves better to positive control of the flake thickness and to the 

prθcmction of very thick flakes.
fɪ. i pPBcations of Drum Flakers. Operation and construction of the 

a cι∏g machine are so sjmpie f∣ιat ɪt can be applied to practically all chemical 
ɪ θducts which have a definite but not too low a melting point, both inorganic 

organic, including salts which melt and dissolve completely in their 
. r of crystallization. Such products include caustic soda with a melting 

ɪ oɪnt of 318oC., caustic potash, sulfur, 70 to 75 per cent calcium chloride, 
agnesium chloride, 60 per cent sodium sulfide, sodium acetate (U.S. 
ate∩t 1,911,479), trisodium phosphate, sulfur, beta naphthol (U.S. Patent 
’^4,390), benzidine (U.S. Patent, 1,591,688), naphthylamines, phthalic 

. ɪɪ hydride, and paradi chlorbenzene with a melting point of only 53oC. Flaked 
e is made by the same operation on a specially designed flaking machine, 

θescribed on p. 2622. Calcium chloride flakes are liable to cake to such an 
(U ^as bθen found desirable to subject them to surface dehydration

'γ Pa⅛θnt 1,527,121). The flaking operation can also be applied to 
1°ducts of more indefinite composition such as asphalt, pitch, paraffin, 
arious waxes, and stearic acid. Although not strictly a flaking operation, 
o cooling of lard on a drum surface cooled by artificial refrigeration may be 

lMuded [Chem. & Met. Eng., 31, 699 (1924)].
Operating Factors. Depending on the individual properties of the 

Uterial and conditions under -which the flaking operation is carried out, 
e cooled product will be in the form of flakes, generally of irregular shape, 

°1 more or less granular. Some products adhere more strongly to the drum 
rr∏√ace ^haɪɪ others and require considerable knife tension for their removal. 

ɪɪθ degree of adherence also varies with the metal of which the drum is 
*ade, as well as with the polished condition of the drum surface, affecting 
hereby the size of the flakes to some extent as well as the capacity. For 

ŋne product this was increased from 45 to 55 lb. per hr. per sq. ft. by changing 
r°nι a cast-iron to a bronze drum. Wetting of the drum surface may assist 

Z1 removing the solid product as has been proposed for niter cake (U.S. 
ratent 1,312,430).

Piakes become thicker if depth of the liquid is increased, or if drum speed, 
ŋθoling water temperature or liquid temperature are reduced. Best results 
aιθ obtained when the temperature of the liquid in the pan is close to the 
Ohdifying point in order to make the material solidify quickly when it comes 

ɪɪɪ contact with the drum.
ɔruɪɪɪ Cooling. Generally, it is not necessary to maintain a uniform 

emperature of the cooling water because a large enough temperature differ- 
θΓk°e exists a^ ^ie P°int w^ere ^ɪɪe hakes are removed from the drum surface, 

he water, in most cases, flows parallel to the axis of the drum, while the 
emperature of the material varies along the circumference. Therefore 
hly a small temperature increase of the water can be allowed and a liberal 
°w of water must be maintained. Occasionally the water temperature 

hιust be more closely controlled, better results being obtained with water 
■hich is not too cold. In that case the water can be circulated through an 

overflow tank and only enough cold water admitted to maintain the desired 
emperature. Such a procedure is recommended if the material, when cooled 
00 much, adheres too strongly to the drum surface, causing excessive knife 

woar. If cold water of uniform temperature is required, or water economy 
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becomes important, the necessary flow may be provided by recirculation of 
the water through a tubular or vacuum cooling system. Low temperature 
is required only for products of very low melting point. Ordinary seasonal 
fluctuation in cooling water temperature, in most cases, is not objectionable. 
Such fluctuation does have its effect on capacity, sometimes causing a 
difference of about 20 per cent between summer and winter production. If 
necessary, drum speed can be adjusted to compensate for the variation in 
water temperature. Insufficient flow of water, leaving the drum at too high 
a temperature, affects the size of the flakes. Ip case of a hydrated inorganic 
salt, with a melting point of 77oC., flakes were much larger when the cooling 
water left the drum at 20oC. than when it left at 40oC. Flakes were slightly 
thinner at higher water temperature.

Increased level of the liquid increases the length of travel of the drum 
through the liquid, thereby giving an opportunity for a larger amount of the 
liquid to adhere to the drum, increasing the flake thickness and capacity.

Drum Capacity and Flake Thickness. Unit capacity of flakers varies 
a great deal. In view of the moderate values of latent heat of. fusion com­
pared to latent heat of evaporation and of specific heat in the solid state, 
the amount of heat to be transferred through the drum surface is not very 
great. Consequently, capacity is high, varying from as low as 10 lb. per hr. 
per sq. ft. of drum surface to as high as 150 lb. Drum speed has a greater 
effect on flake thickness than on capacity for the simple reason that greater 
speed reduces the time of contact between a point on the drum surface and 
liquid. This results in a decrease in the amount of product adhering to the 
surface at any point, making a thinner flake. At the same time hourly 
capacity increases. Speed of the drum therefore may be regulated to pro­
duce a flake of desired thickness or to obtain maximum capacity. Depending 
on the product, drum speed varies from 1 to 20 r.p.m. With one product a 
capacity of 10 lb. per hr. per sq. ft. was obtained at 0.2 r.p.m. producing 
flakes ⅜ in. thick. At 1 r.p.m. the thickness was reduced to about ⅜4 in., 
but capacity was increased to 14 lb. per hr. per sq. ft. Another product 
at 1 r.p.m. formed a thick sheet at a capacity of 7.5 lb. per hr. per sq. ft., 
and at 4 r.p.m. flakes were produced while capacity was increased to 12.5 lb. 
per sq. ft.

The following table illustrates the influence of these factors in flaking an 
organic chemical.

Drum speed, r.p.m. Product in, oF. Product out, oF. Water in, oF. Water out, cF. Water flow, gal. per min. Capacity, lb. per hr. Flake thickness, in.
IO½ 291 95 40 52 12 568 0.01510½ 293 113 40 70 4.1 550 .014ιo½ 293 126 78 95 7.8 503 .0135½ 298 104 43 52 9.6 440 .0175¼ 302 113 60 69 9.3 341 .0155½ 302 140 80 90 8.2 342 Rough

Temperature of the flakes often is fairly high, 40o to 80oC. It varies with 
the drum speed, increasing in one case from 55oC. at 7 r.p.m. to 70°C. at 
9 r.p.m.

Heat-transfer Rates. In regard to heat transfer, it is practically impossi­
ble to establish a definite heat-transfer coefficient on account of the irregular 
variation of temperature around the circumference of the drums and the 
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*Ocrease of temperature of the cooling water parallel to the drum axis. Even 
caai¼avθrage waτer temperature is taken, no average temperature difference 
infɪ 1 ftaIciilnted. Three definite stages occur in the conversion of the liquid 
ɪ 'o,^oθ solid state. First the liquid is cooled to the solidification point.

> ɪɪθ .nθχt stage solidification takes place at constant temperature with 
s the latent heat of fusion by the cooling water. Finally the
0 ʃd product is cooled. Under actual conditions these stages possibly over- 

ɪap, the layer next to the drum surface being a stage ahead of the outside 
yer. Heat transfer, for this reason, can be expressed best in B.t.u. per hour 

Per square foot of drum surface. It is easily determined by measuring the 
OW and the temperature increase of the water. On this basis heat transfer 
as found to be about 2500 B.t.u. per hr. per sq. ft. for a wax with a melting 

of S0oC., fed at 90oC., and cooled to 45oC. For a hydrated salt melting 
a 770C., fed at 95oC., and cooled to 55oC., heat transfer was 5400 B.t.u. 
Per hr. per sq. ft., and for an organic chemical with a melting point of 130oC., 
e<l at 170oC., cooled to 65oC., heat transfer was about 6500 B.t.u. per hr. 

Per sq. ft. Heat transfer rates of 30,000 to 40,000 B.t.u. per hr. per sq. ft. 
n*ay be obtained with products of high melting point such as caustic soda.

Costs. Owing to the high capacity of drum flakers, flaking cost per 
Pound of product is low, consisting of a small amount of heat to keep the 
product in the pan in a liquid condition; power to revolve the drum amounting 
to 0.1 to 0.15 h.p. per sq. ft. drum surface; power to pump the liquid to the 
Pan if necessary and to pump the water to carry off the heat liberated. Opera­
ron is practically automatic as far as the flaker itself is concerned. Labor is 
Required only to package the flakes. Cost of the equipment is very reasonable 
ɪu view of the high production obtained. In cast-iron construction this cost 
varies from ¢40 to ¢50 per sq. ft. drum surface in accordance with the size 
oɪ the machine.

Auxiliary Equipment. Flaking apparatus is practically self-contained. 
Auxiliary equipment is of standard design. If gravity flow of the liquid to 
the feed pan is not possible, a pump must be provided for the transfer of the 
hquid. Submerged centrifugal pumps give satisfactory service for the pur­
pose. In ease a constant level is maintained in the feed pan by means of an 
overflow pipe, a circulating pump is provided. Preferably the flaker is 
Placed at a higher level than the liquid storage tank, liquid being pumped 
into the feed pan and the overflow returned to the storage tank by gravity.

On the discharge side of the flaker, automatic-packing and weighing 
machinery can be employed to advantage. A breaker attachment can be 
made part of the flaker if it is necessary to reduce the size of the flakes as 
they are removed from the drum surface. Where artificial refrigeration is 
needed, standard refrigerating practice can be applied.

Many flakers are fitted with screw conveyors for transporting flakes to the 
delivery point. These conveyors may help to break up overly large flakes, 
auch as 3 by 4 in., if they occur, but also may cause undesirable fines.

PRODUCTION AND APPLICATION OF METAL POWDERS
By A. P. Colburn

Rbfbrbncbs: Jones, “Principles of Powder Metallurgy,” Longmans, New York, 1937. 
Mien, Steel, 104,43-54 (1939). Comstock, Iron Ape, 143,40-41 (1939); Metal Progress, 
“S> 343, 347, 465-467, 576-581 (1939). Delmonte, Modern Plastics, 16, 49-50 (1939). 
Hardy, Eng. Mining J., 140, 85-86 (1939); Metal Progress, 35, 171-172 (1939); 36, 
o7-59 ¢1939). Schlecht and Trageser, Chem. Fabrik, 12, 243-244 (1939). Also editorial 
report in Metal Progress, 33, 263-265 (1938).

A development of increasing importance is the production of metal powders 
ior utilization in the manufacture of metal articles. The particles are 
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bonded together by means of high pressure and of heat and are thus molded 
to shape. Often machining can be eliminated with savings on labor and 
scrap. Owing to the great pressures required, as high as 40 tons per sq. in­
application is limited to rather small objects.

While the development of alloys in powder form offers an interesting future, 
the chief commercial metallic powders available are the pure metals, including 
copper, nickel, cobalt, chromium, aluminum, magnesium, silicon, lead, zinc, 
iron, tungsten, molybdenum, tantalum, silver, gold, platinum, and iridium.

Methods of Production
There are 12 principal methods by which metallic powders may be obtained 

as follows:
1. Machining. Filings give the finest particles. Lathe turnings (espe­

cially iron) give a product suitable for use as a chemical reagent or as a material 
for mixing into hard-finish concrete. Except for making expensive dental 
alloys, this method of manufacture is too expensive unless the powders are 
obtained as a by-product.

2. Crushing and Grinding-BalI, Stamp, or Attrition Mills. The 
metal is usually, though not always, shotted before the milling operation. 
Brittle metals or alloys can be ground easily; the harder metals or alloys 
(unless cooled) generate so much heat that they become malleable. Some­
times scrap cast iron is crushed and ground for use as a chemical reducing 
agent (with acid). The more malleable metals, when ground, form flakes, 
and by such an operation the various powders used for pigments are produced­
in the grinding of the more malleable metals, the cooling, to prevent welding 
into lumps, is usually done with a lubricant such as stearic acid carried in a 
suitable solvent. The technique of manufacture is very similar to the fine 
grinding of an ore prior to concentration operations—a Continuousflow of 
the liquid carries out the finest particles, which are then separated into 
classifiers and the coarser portions returned to the mill. The sludges con­
taining the more finely divided material are then dried by evaporation which 
leaves every metallic particle covered with the lubricant. The metal particles 
are then polished in a drum containing internal brushes. The resulting 
products are aged for varying periods, weeks or months, during which time 
they undergo some surface change by which they acquire the property of 
floating on the surface of a paint vehicle and thus dry into a skin of over­
lapping flakes. Aluminum flake is used in curing rubber and in fireworks 
in addition to its use in paint. Copper flakes are used for commutator and 
collector rings.

3. Shotting Molten Metal in Water or Air. The operation of shotting 
is carried out by pouring liquid metal through a screen and permitting the 
drops to become spheroidal through surface-tension properties during the 
free fall into a quenching tank. Shotted lead, for use in firearms, is made 
in this way; aluminum shot for use in deoxidizing steel, is also made in this 
way. “Feathered” and “sherardizing” zinc is made by dropping liquid 
zinc into water.

4. Graining or Granulation by Stirring Molten Metal While Solidi­
fying. If a molten metal is stirred vigorously during the process of solidifica­
tion, finely divided particles of the metal with a surface coating of the oxide 
of the metal involved are formed. The resulting particles are rather coarse 
in size but are, for some metals, sufficiently finely divided; examples of such 
use are aluminum for use in the Thermit process and granulated brass for 
use in brazing.
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Otfc ʌtomɪzing or Disintegrating with Steam, Compressed Air, or 
a bl er ɪɪɑɪʤ" ɪɪ1 the atomization process a trickle of metal is dropped into 
th °f s^eam or air ; an ɪɪɪθɪt gas could be used, but it would greatly increase 
of eJjangei °i spθɪɪtaneous combustion because particles coated with a surface 
r the metallic oxide (containing about 0.2 per cent oxide by weight) are 

asonably safe. The particles produced by the atomization process are 
ŋθ spherical but are rather of a ragged teardrop shape. The particle size 

metallic powders obtained by atomization is controlled to a great extent 
Y blowing the steam or air under the surface of the molten metal. Atomized 
me particles are used as a chemical reducing agent and for sherardizing; 

a θmιzed aluminum particles are used in fireworks and in calorizing; and 
Uminum plus copper particles are used in certain types of heating pads for 

• θrapeutic medicinal purposes.
6∙ Condensation of Metal Vapor. A pertinent example of the con- 

θnsation method of producing finely divided metal powders is in the opera­
ron whereby “blue powder” zinc is condensed to a frost rather than a liquid, 
nιs operation of condensation gives a more finely divided particle size but it 

Oontains more oxide, particularly if it is secured as the cheap by-product of a 
distillation process.
, *?· Dissociation of Metallic Carbonyls. The metallic powders obtained 
Urough the dissociation of metallic carbonyls are spherical and built up in 
ayers, much as is an onion, and are said to range from about 1 to 10μ in 

81ze. Iron and nickel obtained from carbonyl powders are said to be com­
mercially available.

The general method of producing metallic carbonyls for subsequent dis­
sociation into metallic powders is to obtain roasted oxides (usually in the 
orɪn of roasted ore), which are reduced with hydrogen and then treated in a 

SUperatmospheric pressure vessel Tidth carbon monoxide at a slightly elevated 
te∏ιperature. The carbonyl of the metal, e.g., iron carbonyl, Fe(CO) 5, is 
evolved as a gas. When the temperature and pressure are decreased, fre­
quently by dilution of the gas with nitrogen, the metallic carbonyl decom­
poses, and the metal is precipitated in the form of a shower of finely divided 
Particles. Such particles are very pure except for their content of carbon 
a∏d oxygen.

8. Reduction of Oxide Powders. Typical products made by the reduc- 
toon of oxide powders are such refractory metals as tungsten and tantalum. 
Chemically purified oxides are heated and reduced to a metallic sponge, 
Usually with hydrogen as the reducing agent.

ɔ. Chemical Precipitation. In addition to the manufacture of metallic 
c°pper particles (and zinc sulfate as a by-product) by the treatment of copper 
sulfate with metallic zinc, mention should be made of the production of 

cement” copper by precipitating copper from mine water or dilute leaching 
solutions by passing it over iron scraps. The material produced by, this 
last-named process usually requires further purification, although such a 
Material as finely divided tin made by precipitation on zinc from chloride 
solution is frequently useful as it is.

10. Electrolytic Deposition. The process of electrodeposition is utilized 
to manufacture many metallic powders. The conditions of operating the 
eIoctrolytic cell are varied to produce a coherent plate which is composed of a 
sPongy deposit. Increasing the current density or the temperature or by 
operating with a highly acid solution is said to be effective in producing the 
types of electrochemically deposited metallic powders; The products obtained 
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are light and fluffy crystals. They are usually washed carefully and then 
dried in a more or less inert gas.

An example of this process is the production of tantalum (and columbium) 
powder by the electrolysis of fluorides. This powder is coarser than that 
obtained from the reduced oxide and contains up to 100 volumes of hydrogen 
which must be eliminated.

11. The Hydride Process. Metals of the fourth group of the Periodic 
Table react with, or absorb, hydrogen. Metallic calcium and calcium 
powders are produced by this process, and other hydrides, such as titanium 
and zirconium, are produced by reaction of calcium hydride with the oxides 
of other metals.

12. Distillation. The removal of a volatile constituent from an amalgam 
or alloy by distillation or dissolution leaves the more refractory metal behind 
as a very finely divided sponge that is highly reactive. This is useful for 
pyrophoric materials or for catalysts.

Applications of Metal Powders
A variety of products is possible from metallic powders, dependent upon 

the processing to which the powder is subjected and on the particular com­
bination of powders used. Thus there are two general types of particle 
bonding: (1) particle to particle adhesion may be developed (without melting) 
as in tungsten filaments, and (2) the bonding may be effected by the cement­
ing action of a constituent which is molten at some stage of the consolidating 
operations, such as in the cemented hard carbides. There are three general 
types of combinations: (1) of similar metallic particles, such as the usual 
forms of tungsten, molybdenum, and tantalum; (2) of mixtures of different 
metallic substances, such as the welding electrodes of tungsten and copper; 
and (3) of combinations of metallic and non-metallic particles, such as silver- 
graphite contact material.

The following gives a classification of applications of metallic powders at 
present:

1. Preparation of Hefractory Metals. Examples of such refractory 
metals that are produced from powders because they are unprocurable other­
wise are tungsten, tantalum, columbium, and molybdenum.

2. Manufacture of a Metallurgical “Concrete.” A metallurgical 
“concrete" is defined as an aggregate which retains the characteristics of its 
components. This class of products includes the following major examples:

a. Cutting or Abrasive Materials. Hard carbides of metals, borides of 
metals, diamonds cemented with some ductile metal such as cobalt.

δ. Electrical contactors of silver (for conductivity) and graphite (for 
lubrication).

3. Manufacture for Unique Structural Effects.
a. Porous bearings and oil-pump gears.
ð. Continuous sponge of high conductivity copper strengthened by hard, 

unyielding tungsten for spot-welder electrodes.
c. Contact points with flaky copper arranged in parallel layers to conduct 

current.
d. Disks having magnetic and non-magnetic components.
e. Compound mixtures, which by controlled heating limit the amount of 

alloying at contact points and thus make articles of two or more metals which 
transcend the microstructural limitations of melting and casting. This is 
particularly important in magnetic alloys such as iron-cobalt-nickel.
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∕∙ Addition of a somewhat porous surface to a piece of rolled metal. Exam- 

p θs of such use are as follows:
<1) Clutch disks of steel with a thin layer of copper on the surface.
(2) Sprayed coatings from a “flame gun” using metal powders instead 

of fusible wires.
ɪ 0∙ Extruded metal products. Bimetallic materials, pressed to give a 

ɪɪiinated metal with a metallic bond, are not limited to low temperature, 
as are soldered products.

4=∙ Use in Powder Form.
ɑ- Shotted aluminum for deoxidizing steel.

∙ Aluminum powders and ammonium nitrate have detonating properties. 
- -so aluminum and magnesium powders with oxidizing agents, such as 
Perchlorates, in pyrotechnics.

c' ‘Gold bronze powders,” which are flaked alpha-brass, used in graphic 
aιld decorative arts.

Many uses such as catalysts, dental metals, ceramic décoratives.
, Manufacturing Savings. Because of the elimination of waste and the 

ɪ eduction in labor requirements, growth is expected in this field. Of particu- 
ar promise are products involving highly pure metals. Also, the manu­
ature of coins from metal powders rather than from metal strips may be 

cheaper, especially if the costs of handling metal strip scraps are included in 
he comparative economics of the two sources of metal.



! . . ' ' ■ ■ ' ·'
√ ⅛>λ√ -∙y√i A:i

rf Û ,

<O√.V .>∑i⅛: « ,∙i ? · ·■- <∕>,Vl ⅛<>f.,W :∣Hs~.i-∙ .lit· .∙,J .«J .∙,lq .<)i,,. ·’■.·■ , *U’ >t ∙∙>rii√ii ■ >Λ ⅛.⅛√ ∙.∙.∙.ι i,,·
■ 

MtoX tshwc
-!■' >’-· ■ ■ :'∙tιι ■·■-■· ɪh` ■ . : iʃsrijʃit ι,i.ΓTi>f∙. j.'∙ r, *∙'tΓ.t >t'i'X0 ft ; ■ i i

·. Vιj÷'9√'Γ » .‘iɔ .·: t∙∏.rf ,∙ - ..; .'·/. '
• · - ' ■ ∙ ∙ J> ' -' . √ ' '/.-A, ' : · · ■■ ·· Î ∏i b'' ■ : ■ ■ ■ :■

i '·· I ■■·:;<<■ ⅛IMΠ ∣O ⅛-.∕ιy.∙κ-ι=-5 ' v j )rfi ':<)

'l

• Ι,>TJ(>ii⅛ . ɔ . ■
⅛} ⅛.rκ.√.ii.∙' 7∙.τ

, , ∙ ∙ .⅛'."8 '∙>v∏ : '-; V:)i, . ..-∙∙'f> ·.··■···’ - ʃ ,.; .'.:jɔ ■,■■■ >íi . - ' 0 ∙ ∙.'∙ M . .·
'■ · ■ '

..∖<σrz.uh ∙>λ∙ :
√⅛t∏i9∏-JΘ ∙I√.. f∙∖

vχitn> ■: >)<
eP<l
-m∙r∙, ï1 μ



SECTION 17
Measurement and control of process

VARIABLES
BY

®nry Ł. ɪoung, B. S., Sales Department, Aridye Corp., Formerly Mar- 
Tb het Research Director, Chemiccbl and Metallurgical Engineering 

eodore R. Olive, A. B., Associate Editor, Chemical and Metallurgical 
Engineering; Junior Member, American Society Mechanical 
Engineers

REVISED BYz
G∏ry S. Winnicki, B. S., Assistant Professor of Chemical Engineering, 

Clarkson College of Technology; Junior Member, American Institute 
of Chemical Engineers. *

CONTENTS
p Page
je∏eral Considerations....................... 2011

Process Variables.............................. 2012
Choice of Control Equipment.... 2012 
Fundamentals of Automatic Con­

trol.........................................  2013
Process Lags........................................ 2013
Velocity-distance Lag...................... 2013
CapacityLag.........................................2014
Transfer Lag......................................... 2015

ɪɪθtruments and Parts of General
AppIication...................................... 2017

Indicators............................................. 2017
Recorders.............................................  2017

Recorder Mechanism................... 2017
Pens and Styluses......................... 2018
Charts............................................... 2018
Clocks............................................... 2019

Controllers........................................... 2019
Pilot Devices.....................................2019
Air-pilot Valves............................. 2019

Electrical Systems............................ 2021
Relays............................................... 2021
Mechanical Relay Devices. . . . 2022 
Control Devices............................  2022
Diaphragm Switches and Levers 2023
Electric Control Devices........... 2024
Solenoid Valves............................. 2024
Motor Valves................................. 2024
Throttling Motor Valves.......... 2025

Remote Indication............................ 2025
Induction Balances...................... 2026

ɪ. * Appreciation is expressed to E. D. Haigler, Manager of Application Engineeriiig, The 
j oχboro Co., for his helpful comments in reviewing this revision.

Page
Selsyn Motors................................ 2026
Pneumatic Telemetering............ 2026

Time Control...................................... 2027
Time or Cycle Operators........... 2027
Cycle Controllers.......................... 2027

Pressure and Vacuum.......................... 2027
Methods of Measuring.................... 2027

Liquid Column.............................. 2028
Inclined Tube................................. 2028
Pointer Gage.................................. 2028
Box-type Element........................  2028
Diaphragm Element.................... 2029
Bourdon Tube...............................  2029
Helical Element............................. 2030
VolumetricPressureGage......... 2030
Dead-weight Tester..................... 2030
Power-type Pressure Gage........ 2031
Electric Telemeter Gage............ 2031

Automatic Control of Pressure. .. 2032 
Self-contained Controllers. .... 2032 
Power-operated Controllers. . . 2033 
Compensating Controllers......... 2033

Fluid-operated Type............... 2034
Electrically Operated Type.. 2034 

General Considerations................... 2035
FluidFlow................................................ 2035

Weighing Meters.............................. 2035
VolumetricMeters........................... 2036
Calibrated Gas Holders.................. 2037
DifferentiaLpressure Methods . . . 2037

2009



'2010 MEASUREMENT AND CONTROL OF PROCESS VARIABLES

Page 
Orifices............................................... 2037
Flow Nozzles................................... 2037

Orifice Equations...................... 2039
Installation of Orifices............ 2039
Seals and Purges for Orifice

Meters....................................... 2040
Orifice Meters................................ 2040

Floating-bell Manometers. . . 2041
MechanicalDiaphragmGages 2042
Electric Meters......................... 2042
Recorder Auxiliaries................ 2043

Venturi Tubes.............................. 2044
Pitot Tubes..................................... 2045

Weir Meters........................................ 2045
Area-type Meters......................... 2045

Calorimetric Flow Measurement. 2046
Impulse Methods.............................. 2047
Flow Control...................................... 2047

Liquid Level............................................. 2047
Floats.................................................... 2047
Hydrostatic Pressure....................... 2048
Differential Pressure.......................... 2048
Differential Temperature................. 2049

Weighing and Weight Control......... 2049
Integrating Scales............................... 2049
Weighing Continuous Loads......... 2050
Weighing Intermittent Loads. . . . 2050
Weighing Controllers....................... 2051
Proportioning.................................... 2051

Temperature Measurement and
Control.......................................... 2052

General............................................... 2052
Thermodynamic Temperature

Scale............................................... 2052
Thermometers...................................... 2053

Glass Thermometers..................... 2053
Industrial Thermometers.. .. 2053

Pressure-spring Thermometers. 2055 
Liquid-expansion Thermome­

ters.................................................. 2055
Bimetallic Thermometers.......... 2055
Vapor-pressure Thermometers. 2055 
Gas-filled Thermometers............ 2056
Temperature Regulators............ 2056
Electrical Thermometers........... 2057
Resistance Thermometers......... 2057

Resistance-thermometer Bulbs 2058 
Indicators and Recorders. . . 2058 
Balanced Resistance Ther­

mometers ................................. 2059
Accessories................................... 2062

Thermoelectric Pyrometers. . . . 2062
Thermocouples........................... 2062
Thermocouple Mounting.. . . 2063 
Noble- vs. Base-metal Ther­

mocouples............... 2063 
Calibrating and Checking

Thermocouples..................... 2064
Cold-junction Corrections. . . 2064

Pag≡
Extension Leads....................... 2064
Millivoltmeter Indicators and

JEtecorders............................... 2064
Wilson-Maeulen System.... 2065 
Multiple Selector Switches. . 2065 
Indicators and Recorders.... 2065 
Potentiometer Instruments.. 2065 
Automatic Cold-junction

Compensation......................  2066
Deflection Potentiometers.. . 2066 

Temperature Measurement above
1000oF.......................................... 2066

Miscellaneous Methods.............. 2066
Optical Pyrometers...................... 2067
Radiation Pyrometers................. 2068

Control Based on Composition........ 2069
Density, Specific Gravity............... 2069

Density Recorders........................ 2070
Gas Density.................................... 2071

Humidity............................................. 2071
Relative Humidity....................... 2072

Hygrometers.......................  2072
Psychrometers........................... 2072
Records and Control............... 2073

Absolute Humidity...................... 2074
Viscosity and Consistency............... 2074

Viscosity of Fluids......................... 2074
Consistency Controllers............... 2075

Calorific Value..................................... 2075
Calorimeters..................................... 2075
Combustible-gas Detectors. . . . 2076 

Gas Analyzers...................................... 2076
Orsat Analyzer................................ 2076
Automatic Orsats........................... 2077
Thermal Conductivity Analysis 2078 
Analysis by Refraction............... 2079

Electrical Conductivity.................... 2079
Hydrogen-ion Control....................... 2080

Electrical Measurements...................... 2082
Measurement of Voltage.................. 2082

Permanent-magnet, Moving­
coil.................................................. 2082

Electrodynamic or Moving-coil 2082 
Electromagnetic or Moving-iron 2083 

Measurement of Amperage........... 2084
Power Measurement.........................  2084
Control of Power Consumption. . 2084 
Power Factor....................................... 2084
Frequency............................................. 2085

Miscellaneous Mechanical Controls. 2085 
Speed....................................................... 2085

Mechanical Tachometers........... 2085
Electric Tachometers......... 2086 
Stroboscopes..................................... 2086

Position.................................................. 2086
Thickness............................................... 2086
Time........................................................ 2087
Photosensitive Cells........................... 2087

Supervision of Instruments................. 2088



MEASUREMENT AND CONTROL OF PROCESS 
VARIABLES

*References: Thermometry and Pyrometry: Wood and Cork, “Pyrometry,” McGraw- 
fζftl> New York, 1927. U. ' S. Bur. Standards Publ.: Pyrometer Practice, Sei. Paper 
ɪ'θ> 1921; Radiation Pyrometry, Sei. Paper 250, 1915; Platinum Resistance Ther- 
ftIOrnetry, Sei. Paper 124," 1909. Pyrometer Symposium, Trans. Am. Inst. Mining Eng., 
⅛ 62, 1920. Burgess and Le Chatelier, “Measurement of High Temperatures,” 
1√ftey> New York, 1912. Griffiths, “Methods of Measuring High Temperatures,” 
ŋɪ'dfin, London, 1925. Griffiths, “Pyrometry,” Pitman, London, 1926.
<, .Thermometry and Pyrometry, Pressure, Flow, and Gas Analysis: Diederichs and Andrae, 

Experimental Mechanical Engineering,” vol. 1, Wiley, New York, 1930.
Flow: Martin, “Flow of Gases, Etc.,” Henley, London, 1928. Ower, “Measurement 

ʌlʌɪr Flow,” London (Ü. S. agents, Instruments Publishing Co.). Eason, “Flow and 
Measurement of Air and Gases,” Griffin, London, 1919. “Flow Meter Engineering,” 
⅛χboro Co., 1930. “Flow Meter Engineering Handbook,” Brown Instrument Co., 
⅛θθθ∙ “Report of A.S.M.E. Special Research Committee on Fluid Meters,” Am. Soc. 
Mech. Eng., New York, 1937. ι ’,, , , xr
-Physical Properties: Reilly and Rae, “Physico-chemical Methods, 2d ed., Van 
Nostrand, New York, 1933. Grant, “Measurement of Hydrogen-ion Concentration,” 
⅛>ngmans, New York, 1930. Kolthoff and Furman, “Potentiometric Titrations,” 
J;iley, New York, 1931. Dennis and Nichols, “Gas Analysis,” Macmillan, New 
L°rk, 1929. Lunge, “Technical Gas Analysis,” revised and rewritten by H. R. Amblert 
ɪan Nostrand, New York, 1934. Palmer and Weaver, Thermal Conductivity Gas 

Analysis, U. S. Bur. Standards, Tech. Paper 249, 1924.
,Electrical Measurements: “Standard Handbook for Electrical Engineers,” 7th ed., 
McGraw-Hill, New York, 1941. Laws, “Electrical Measurements,” 2d ed., McGraw- 
Sill, New York, 1938. Gray, “Absolute Measurements in Electricity and Magnetism,” 
Macmillan, New York, 1923. Smith, “Electrical Measurements in Theory and 
Application,” 3d ed., McGraw-Hill, NewYork, 1934. “Handbook for Electric Meter- 
Qien,” National Electric Light Association, New York, 1924. . . . „ ττr..

Miscellaneous: Zworykin and Wilson, “Photocells and Their Application, Wileyu 
New York, 1930. Hughes and DuBridge, “Photoelectric Phenomena,” McGraw-Hill, 
New York, 1932. Henneyt *4ElectronTubes in Industry,” 2d ed., McGraw-Hill, New; 
ʌork, 1937. Grebe, Boundy, and Cermak, Control of Chemical Processes, Am. Inst. 
Ghem. Engrs., June, 1933 (Interpretation: Chem. & Met. Eng., October, 1933, pp. 
520-525). Grebe, Elements of Automatic Control, Ind. & Eng. Chem., Nov., 1937.

GENERAL CONSIDERATIONS
All chemical engineering operations involve the measurement and control 

°f one or more process variables, the number depending on the type and 
cθmplexity of the operation. Sometimes the judgment of the operator, or a 
8imple mechanical device not ordinarily considered a controller, will suffice 
for proper regulation of the variable, as, for example, in determining the rate 
at which material can be permitted to enter a grinding mill. With the major­
ity of process variables, however, efficient operation cannot be predicated 
°n unaided human judgment, either because of its inaccuracy or because 
such control is too costly, and it is necessary to invoke the assistance of instru­
ments or apparatus capable of measuring certain physical or chemical prop­
erties or effects of the variable.

In its simplest form such an instrument is a mechanism which measures 
the property chosen and indicates the measurement in terms of the instan­
taneous values of the variable. In this form the instrument serves as a 
ɪninute-to-minute guide for manual control. In many cases, as a check on 
0Peration, it is also desirable to include automatic recording so as to keep a 
rθcord of the successive values of the variable; or, if flow of a fluid, a solid, or 
electricity is involved, it may be valuable to integrate, i.e., totalize, this flow, 
either with or without a record of instantaneous values. Finally the instru­
ment may be designed not only to measure the variable but to use this meas- 
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urement automatically in effecting adjustments which will maintain the 
variable substantially constant, or change it in accordance with some pre­
arranged schedule. Thus the instruments and apparatus used in controlling 
process variables are found to fall into three broad classes: (1) indicators, (2) 
recorders, and (3) controllers. Various combinations of these functions are 
also possible, as, for example, an instrument which indicates and records, indi­
cates and controls, or indicates, records, and controls.

Process Variables. A process variable is any condition or state of the 
process material, or its environment, which is subject to change. To produce 
a desired final result, it will ordinarily be necessary to control most of the 
variables associated with any process, within more or less closely held limits. 
Not every variable will require separate control, however, since the adjust­
ment of some other condition may hold it within the desired limits. In a 
boiler producing dry, saturated steam, for example, control of the pressure 
will automatically yield steam of a definite temperature, but to maintain the 
pressure the rate of heat addition must be equal to its rate of withdrawal· 
This will involve, in addition to pressure regulation, control of the supplies 
of fuel, air, and water.

In other cases it is possible to choose which of several related manifestations 
of a process variable shall be used as a basis of measurement or control. In 
regulating fluid flow, for example, the control property may be volume ox’ 
weight per unit of time, velocity, pressure drop through an orifice, head above 
a weir, or temperature rise for a given heat addition. In diluting an elec­
trolyte, control may be based on density, electrical conductivity, hydrogen­
ion concentration, or the weight, volume, or rate of flow of the separate 
components. Thus it is evident that every process must be analyzed to 
determine what the variables are and whether or not each variable will require 
separate control. When this has been accomplished, the engineer will often 
find that he has considerable latitude in his choice of the control property.

Choice of Control Equipment. It should first be understood that the 
term “ control equipment ” refers not only to automatic controllers but also to 
indicators and recorders. Once the engineer understands clearly which 
variables in his process must be controlled, and within what limits, he is in a 
position to determine the method and the instruments that must be used. 
Will manual control suffice, or should the regulation be automatic? Is a 
record necessary, and is a total of the variable desirable? Categorical answers 
to these questions are impossible, but the engineer must answer them before 
he can make a choice. If only occasional regulation by hand will be necessary, 
manual control is often sufficient. If the variable is an important one, its 
recording will ordinarily be worth while, whether the control be manual or 
automatic. If the variable may fluctuate widely or rapidly, and particularly 
if its fluctuation has an important bearing on the success of the process, an 
automatic controller is usually called for, since only an automatic controller 
can be continuously attentive. Automatic control will generally be more 
accurate than manual, with resultant improvement in the product. Although 
it cannot eliminate human supervision, it may reduce labor and hence operat­
ing cost to a marked extent. Its worth, then, in comparison with manual 
control, must be determined on a purely economic basis.

Once the general type of control has been settled, the specific method must 
be chosen. Here the determining factors are likely to be its suitability vs. 
its cost. For most variables the available instruments cover a fairly broad 
range of cost, accuracy, and reliability. Here, again, economics must govern, 
taking into consideration, or course, the effect of possible contingencies and 
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hazards that may arise following the choice of a less reliable instrument. 
But, in addition to the choice of the best instrument that is economically suit­
able, independent means should be provided as far as possible for handling 
cOntingencies resulting from instrument failure. Valves which will assume 
a safe position on air or power failure should be selected. A manually oper­
ated by-pass valve or a jackscrew should be provided for each important 
Oontrol valve. A dial or an industrial thermometer should be provided as a 
check on each important recording thermometer not readily removed or 
otherwise checked. Wherever instrument failure would be particularly 
hazardous, duplicate instruments should always be installed.

Fundamentals of Automatic Control. Automatic control is intended 
⅛ relieve the operator of the necessity of determining frequently the value of 
a given process variable and making the changes in the system required to 
tUaintain the variable constant. It is not, however, intended or expected to 
relieve him of responsibility for correct operation. In its simplest form, an 
automatic controller consists of a sensitive or detecting device which measures 
‰ state of the variable continuously or at frequent intervals and which 
cooperates with some other device, such as a valve, to bring about changes 
Vhen the variable departs from a predetermined value called the control 
Point. In an ideal controller the detection and correction of changes would 
he so rapid that the variable would remain substantially constant, regardless 
of conditions. Such control, however, is rarely attained nor is it often neces­
sary. In practical operation, maintenance of the variable within a certain 
ɪ'ange of values is generally all that is required. The narrower the range, of 
course, the more difficult it is to produce a satisfactory controller and the 
¾ore complicated and expensive the controller becomes.

In any process there is a definite demand of matter or energy which is 
constantly met by a definite supply. When the demand and supply are such 
*hat equilibrium exists, the process is at the control point. A disturbance 
*uay occur such that either the demand or supply condition changes to a new 
value, so that the process tends to vary from the control point. Any such 
Process disturbance is termed either a supply disturbance or a demand 
*Wsturbance depending upon its location.

Process Lags. After a supply or demand disturbance occurs in a process, 
*he detecting element must be able to determine the extent and direction of the 
Variation from the control point before corrective action can be made by the 
rest of the control system. Certain characteristics of the process and con­
trol system will cause both a delay and retardation of a true indication of 
*he extent and direction of the disturbance. These delays and retardations 
°f actions and occurrences of both the control system and controlled process 
ure termed process lags, sometimes called time lags, although the element 
°f time is not involved in all process lags. Process lags are divided into three 
distinct classifications, i.e., velocity-distance lag, capacity lag, and trans­
fer lag.

Velocity-distance lag or finite-time lag is a definite time delay between 
*he time a supply or demand disturbance occurs and an effect is experienced by 
*he control system. For example, two streams of water at different tempera­
tures meet at a common point and are allowed to flow a certain distance 
before the temperature is measured. A definite time will be required for the 
Vater to flow from the point at which it is introduced to the point at which the 
temperature is measured; this then would be the velocity-distance lag. If 
an automatic control was operated by the temperature-measuring device, 
some time might elapse between the time when the temperature-sensitive
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element “felt” the change and corrective action was started by the controller, 
which would also be part of the velocity-distance lag. However, in general, 
commercial instruments are so constructed that the time lag can be considered 
negligible. Curve a, Fig. 1, shows the 
effect of velocity-distance lag upon the 
condition of the process after a sudden 
process disturbance occurs. Velocity­
distance lag is the only process lag 
measurable in units of time.

Capacity lag is a retardation of the 
magnitude of a given process variable 
when a related variable affecting the proc­
ess is changed due to the capacity or 
inventory of matter or energy contained 
within the process itself. In practically 
all processes a definite inventory exists 
which slows down the effect of either a 
sudden supply or demand disturbance. 
Thus, if two streams of water were mixed 
together in a tank of appreciable capacity 
and the temperature of one stream was 
changed, the temperature of the water 
overflowing from the tank would slowly 
approach the new temperature that 
would exist, after the sudden process dis­
turbance, if no tank were present. This 
is illustrated by curve Z>, Fig. 1. The 
rate of temperature change depends 
upon the capacity of the tank, varying 
inversely with it.

Mason (Trans. Am. Soc. Meeh. Eng., 
May, 1938) has developed equations for 
determining the temperature change ex­
perienced, due to a process disturbance, 
by the use of liquid-level analogies— 
representing thermal energy with the 
cross-sectional area of a cylindrical tank; 
the temperature with liquid head; and 
heat flow with liquid flow. The temper­
ature-time relation is given by his expression

Potential temperature 
Time

(c) Effect of transfer lag on 
temperature indication

Fig. 1.—Process lags occurring with 
sudden process disturbances.

Ta = Tp + (Γα - Γ,)0e (

where Aa - heat capacity of the process, defined as the number of B.t.u. 
necessary to raise the temperature loF., or the mass times the 
specific heat.

Ta = temperature existing in capacity A<,,oF.
Tp — potential temperature, oF.,or the limiting temperature approached 

after a sudden unchanging process disturbance.
Ra = Resistance factor equal to the ratio of any value of Ta to the 

corresponding value of Qa which is the heat flow leaving Aa, 
B.t.u. per minute.

e = base of natural logarithms.
t = time, min., after a sudden process disturbance.
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^he subscript (0) in the expression {Ta — Tp) o, denotes that Ta is the initial 
value when t = 0. This expression is a straight line if time is plotted on 
a uniform scale and Ta — Tp is represented on a logarithmic scale.

The actual time for any temperature change to occur is given by the 
Equation

t = 2.3026 IogtO

ɪɪɪ which the symbols are the same as before. AaRa is considered a time 
ŋonetant which determines the time required for a change in temperature to 
ɪθaeh any given per cent of its final value and is equal to the time required 
ɪɑr a change to reach approximately 63 per cent of its final value.

Transfer lag is a retardation of the magnitude of the change of a given 
Process variable when a related variable affecting the process is changed due 
tθ the resistance retarding the flow of energy or matter between two or more 
seParated capacities of the process. Transfer lag is a characteristic of all 
Processes involving a transfer of matter or energy where a driving force or 
Potential head is required to overcome a resistance or series of resistances 
ɪɪɪ such processes as heat transfer, absorption, etc. For example, in a heat 
eXchanger two separate capacities exist, the fluid being heated and the 
heating medium fluid, which means that, owing to the resistance to heat 
how from one fluid to the other, there will be an additional temperature-lag 
effect. This is illustrated by curve c, Fig. 1.

The equation for evaluating the temperature at any time is given by 
ʌɪason {Tran. Am. Soc. AIech. Eng., May, 1938) as

Ta - Tp = Cie~κ*t + Cae~κA
ɪn which Ta and Tp are as defined previously. Ka and Kb are found by the 
eXpression 

x^here Ai = (lβBβΛ¾).
Ai = {AaRa + AbRa ÷ AaRb).
Aa and Ra are as defined previously.
Ab = heat capacity of second capacity.
Rb = ratio of the temperature between Ab a.nd Aa to the coincident 

flow of heat between Ab and Aa, oF. per B.t.u. per min. Thus 
Rb = {Tb — Ta)∕Qb in which Tb is the temperature of capacity 
Ab and Qb is the flow of heat from Ab into Aa, B.t.u. per min.

ɑfe and Co are found by the expressions

a^f Kb{T a Tpy)b
a ~ Ka ~ Kb

Cb = {Ta - Γp)o - Co
To0' is the first time derivative of Ta when t = 0 and is found by

rp t _ Qb + Qo — Qa
a Aa

Qo being the basic heat supply entering Aa in B.t.u. per minute.
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__________ No reset'

Time

Fig. 2.—Type of regulation 
with on-and-off and throttling 
controls.

Process lags cause controllers to hunt and to assume a new control point, 
as in the discussion of controller types (p. 2019) and must be evaluated in the 
event that large lags exist if a proper controller is to be chosen.

There are two general types of controller. The simpler form includes 
those controllers, variously called two-position, on-and-off, and open- 
and-shut, in which there are only two degrees of regulation. When the 
variable is above the control point, the controller operates to its limit in 
the direction tending to decrease the variable; and below the control point, 
the controller operates to its limit in the reverse direction, tending to increase 
the variable. A graph of a variable so controlled is a sinuous line, the average 
of which equals the control point. Curve a, Fig. 2, is such a graph. For 
many purposes this type of control is1 very 
satisfactory, since under suitable conditions 
the cycle amplitude can be made exceedingly 
small.

The second class of controller is known as 
the proportional throttling type. While it 
will meet the demand without fluctuation, so 
long as the demand does not change, major 
changes in demand result in drift or wander­
ing of the control point. This drift can be 
subsequently corrected by an “automatic 
reset” mechanism. A graph of a variable 
regulated by a proportional (or a proportional­
reset) controller will be substantially as in b, Fig. 2.

Accurate control in a batch operation is usually fairly simple ; in a continu­
ous operation, it may be much more complicated. A case of the first sort 
(batch) may call for heating a cold liquid in a kettle to some predetermined 
temperature, after which the liquid is held at this temperature. Although 
the liquid in contact with the heating surface may be slightly warmer than 
that surrounding the temperature-sensitive element, this will not generally 
have an undesirable effect. The gradient may be decreased by agitation, 
and a properly designed controller of either the open-and-shut or throttling 
type will have no difficulty in limiting the supply of heat to that required to 
compensate for radiation, or for the addition of relatively small quantities of 
cold material.

Suppose, however, that it is desired to dilute an electrolyte continuously 
with water so as to produce a uniform concentration. Throttling control 
is desirable, and of the several methods available it may be most satisfactory 
to use specific gravity (density) as the control property. Although the loca­
tion of the sensitive element in the case cited above was of little importance, 
it becomes imperative in the continuous diluter that the gravity controller 
be placed at the discharge of the diluting tank, since it is the concentration 
(gravity) of the effluent which is to be controlled. This introduces another 
element into the control problem, that of process lag, which means that the 
controller will not “know” whether its regulation has been correct until some 
time after the fact. Suppose that either the quantity or the concentration 
of the entering electrolyte suddenly increases. Then for a period equal to 
the lag, the quantity of diluting water will not be increased to meet the new 
conditions. When the controller suddenly “discovers” the change, it will 
increase the flow of diluting water, but, because of the process lag, it will 
open the dilution valve too wide. Hence, with the “knowledge” of the con­
troller always a step behind the actual circumstances, the resulting control
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Mil “hunt,” i.e., swing above and below the control point, until the fluctua­
tions are finally damped out. The average result will not be far from correct, 
but the instantaneous result may vary widely. Figure 3 shows how the dilu­
tion might vary in such a case. Note that the simple throttling controller 
8OttIes down at a new control point which is slightly different from the original. 
Vnless this tendency is automatically corrected, as it is in certain instruments, 
°nly one condition of demand will give an average result that lies directly 
pn the control point as set. Hence, when the demand changes considerably.

Fig. 3.—Effect of lag on performance 
of dilution controller.

ɪt may be necessary to reset the control 
Point. One of the advantages of the 
oɪɪ-and-off type of control, where it 
oan be used, is that the average of its 
8*nuous control curve will remain sub­
stantially constant regardless of changes 
ɪɪɪ demand.

INSTRUMENTS AND PARTS OF 
GENERAL APPLICATION

The following division of this section 
describes a number of mechanisms, parts, 
a∏d accessories that are common to many 
types of instrument. In later divisions, 
Miere the instruments proper will be treated, these parts will not be further 
described.

Indicators
No matter what the variable or the type of indicator that is used, the value 

ŋf the variable is translated into “position” in order that it may be read upon 
a scale or chart. An indicating instrument or indicator, then, consists of a 
detecting or sensitive device, a scale (ordinarily graduated in values of the 
variable), and a method of indicating the measurement on the scale. The 
xUechanism which indicates on the scale may be purely mechanical, consisting 
°f gearing or a linkage, or it may be electrical. In the latter case, a move­
ment such as one of those described on pp. 2082 to 2083 will be used. A per­
manent-magnet, moving-coil galvanometer is most frequently encountered 
8⅛ce, in most instruments used by the chemical engineer, direct current is to 
be measured, as in pyrometers and resistance thermometers.

Recorders
The pointer of an indicating instrument may be supplied with a pen or 

8tylus arranged to travel over a paper char# which is in continuous motion. 
There are three principal types of recorder, those using (1) a circular chart, 
(2) a strip or roll chart which is continuously unwound from a roll, and (3) 
a strip chart mounted on a drum. The first two are the more common. 
The speed of the chart may be governed by a clock, whereupon the variable 
ɪs plotted against time; or the speed may be controlled by the instantaneous 
rate of some other variable such as flow', vrhereupon the variable bein⅜ 
measured is plotted against the second variable controlling the chart speed. 
Recorders, then, consist of a sensitive or detecting mechanism, an indicating 
pen or stylus, a chart, a means for advancing the chart, and a case for enclosing 
the entire mechanism.

Recorder Mechanism. Recorder cases may be made gas- and dust- 
tight. Instruments using circular charts are ordinarily fairly tight without
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special precaution. Some roll-chart instruments require an auxiliary case 
for tightness. In most round-chart instruments the position of the pen is 
controlled by a mechanical linkage, as in Fig. 4. Since the indicating mechan­
ism in some roll-chart instruments 
has little power, special means must 
be taken to avoid friction of the pen 
or stylus on the chart. Hence a fre­
quent procedure is to impress the 
indication on the chart at intervals by 
means of a clock-driven depressor οι- 
chopper bar. Figure 5 shows a dia- 
grammatic view of a roll-chart 
recorder, indi eating how the depressor 
bar periodically marks the chart at 
the point where the pen or stylus is at 
that moment. Recorders may make 
either single or multiple records. 
In round-chart instruments this is 
accomplished by the use of as many 
indicators and pens recording on the

Fxg. 4.—Round-chart recorder mechanism.
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same chart as there are records. A 
roll-chart instrument, using an elec­
trical indicating mechanism, often has but one indicator which is switched 
consecutively to a series of detecting or sensitive devices. The switch is 
operated at proper intervals by the clock. In order that the records may be 
distinguished, points are marked in different 
colors, by various combinations of dots and 
dashes, or by a number corresponding to each 
of the several detecting devices. Rotating 
print wheels, carbon paper, or movable rib­
bons carrying several colors are used in this 
distinguishing process.

Pens and Styluses. Single-record re­
corders with mechanical indicating devices 
use capillary pens consisting of a reservoir 
for ink, terminating in a point which is held 
in contact with the chart. Pens are made of 
glass, monel metal, or some other corrosion­
resisting material. The ink generally con­
sists of water, a dye, and glycerinf To lower 
the ink viscosity for rapid variations, alcohol 
may be substituted for glycerin. For re­
corder movements with little power, or for 
very rapid fluctuations, a stylus is more 
generally used. For continuous contact the 
charts may be coated with wax or with finely 
divided carbon. In intermittent-contact 
(depressor-bar) instruments the stylus 
prints through a piece of carbon paper or a 
typewriter ribbon.

Charts. Round charts, made in diam­
eters from 4 to 12 in., are marked with concentric circles representing values 
of the variable, and radial arcs representing time (or occasionally flow; see



INSTRUMENTS AND PARTS OF GENERAL APPLICATION 2019 
a,bove). Round-chart records are ordinarily for 24 hr. or 7 days, but rotation 
Periods from 1 min. to 28 days are available. Roll charts are made in lengths 
uP to 120 ft. and widths to 12 in. Lengthwise lines are provided for values of 
the variable and crosslines for time. Chart speeds in standard roll-chart 
instruments vary from ⅜ to 6 in. per hr., with extremes of from 1 in. per day 
tθ 3 in. per sec.

Clocks. These may be either spring driven or, where alternating current 
is available, of the synchronous electric type. In round-chart instruments, 
the clock furnishes power to rotate the chart, but in strip-chart recorders, 
it may be called upon only to operate electric contacts which in turn cause 
a solenoid to move the chart and the depressor bar. Multiple-speed clocks 
ape available, and often are very useful in test work. Several strip-chart types 
mid one 24 hr./24 min. round-chart type permit use of standard charts at 
high speeds.

Controllers
If the fluctuations of the variable can be measured, they can usually be 

controlled automatically. Most frequently this involves the control of 
flow: flow of either a fluid, a solid, or electricity. Hence it is necessary for 
^he measuring instrument to actuate 
valves, dampers, switches, rheostats, 
or other mechanisms, either directly 
or through the agency of some device 
ʌvɪiieh will increase the power availa­
ble from the detecting mechanism, 
ɪn the so-called “self-operated” con­
trollers and regulators, movement of 
the sensitive device operates the 
valve, etc., directly, but, since these 
movements are rarely very powerful, 
this method is likewise the crudest 
mɪd least accurate. For greatest ac­
curacy it is necessary to employ 
intermediate agencies which can 
readily be controlled by the detecting 
element and which in turn are power­
ful enough to adjust the controlling 
valve or other device. The inter­
mediate agencies which are used thus 
to increase the power of the controller include fluid-relay devices known as 
pilots or pilot valves, mechanical-relay devices, and electric circuits.

Pilot devices employ a fluid under pressure which is permitted to escape at 
a regulated rate, or to build up pressure in the control device, under the con­
stant control of a small valve which is actuated by the sensitive element of the 
controller. Air, at about 15 lb. per sq. in. pressure, is the fluid most generally 
used, although water, steam, oil, and sometimes process gases under pressure 
may also be employed. It is the pressure of this fluid, adjusted by the pilot 
valve and the sensitive element, that controls the process variable, acting as 
it does on a control valve, damper, switch, or other control device.

Air-pilot valves are of two general types: (1) valves in which the valve 
plug is positioned by a direct linkage from the detecting element; and (2) 
valves in which a very minute movement of the detecting element accom­
plishes a much larger movement of the valve plug through the assistance

Fig. 6.—Bailey mechanically operated 
air-pilot valve.
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of an intermediate air pilot. The first type, Fig. 6, is used where throttling 
control is desired, and where ample measuring element torque is available· 
Through ratio adjustments in the mechanical linkage the throttling range 
may be varied. Through change of air connections, Fig. 6, or mechanical 
linkage, or sometimes through change of valve body construction (similar to 
Fig. 7), the control action for a.given change in measured variable can be 
reversed.

The second type, Fig. 7, is used w’here either on-and-off or throttling control 
is desired and a minimum load is to be imposed on the measuring system - 
Air from the air supply flows continuously from a small nozzle until a 
change in the variable causes the measuring element to move a small flap­
per so as to close the nozzle. While air is venting through the nozzle, 
the valve plug is held against the left-hand seat by the bellows spring, thus 
closing the air leak. In this position practically the entire air-supply pressure 
is exerted on the control valve or c 
of the flapper, however, serves to close 
the nozzle, with the result that the 
bellows expands and moves the valve 
plug against the right-hand seat. 
This releases the pressure on the 
control valve and vents air through 
the air leak.

The particular relay shown in Fig. 
7 is a Foxboro design. Other makes 
are quite similar, some using ball 
plungers with the same “three-way” 
action, some using separate inlet and 
exhaust plungers for a supply and 
waste action which reduces air con­
sumption for throttling control but 
also usually introduces detrimental 
“dead space” in the controller re­
sponse. The cut shows the common nozzle and flapper arrangement (Bristol, 
Brown, Foxboro, Tagliabue, Taylor) wherein the nozzle jet is tangential to the 
flapper arc. Also used are radial nozzle with moving sector (American) and 
opposed nozzles parallel to the axis with vane moving between them (Bristol).

With a relay of the type shown in Fig. 7 designed to throw on small pres­
sure change, an open-and-shut control action can be secured with changes of 
less than J4 Per ɑθɪɪt of scale range, and extremely close control without 
appreciable cycling and without loss of control point is secured'on the many 
processes for which fast open-and-shut control is suited. With the same 
sensitive relay, throttling-control action can be secured if output air pressure 
from the relay is connected to a pressure spring, the motor of which is so 
connected to the nozzle or flapper that any measuring-system motion tending 
to close the nozzle is immediately counteracted in part by a motion produced 
by the change in output pressure. By this means the output pressure is 
continuously compared with and kept proportional to the measuring-system, 
position, and precise throttling action results. This pneumatic throttling 
action may also be thought of as a “pneumatic return motion” in every way 
equivalent to the mechanical return motion commonly used in governors and 
pressure regulators. With a relay designed to throw on a considerable 
pressure change, throttling-control action can be secured without the pneu­
matic return motion.. The throttling range is adjusted by varying the ratio

device. A very small movement
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Fig. 9.—Rotax controller.

0/ mechanical linkage between measuring element and flapper. Slightly 
simpler than the pneumatic throttling construction, it is also more limited in 
range and sensitivity.

Electrical systems (see ρ. 2024) are often used 
instead of pilot devices. Movements of the meas­
uring element may be made to operate electric con­
tacts to open, close, or otherwise change the setting 
°f the connected control device. The moving 
mechanism of the measuring element is provided 
ʌvith one or more electric contact points, usually of 
silver or tungsten, which make contact at certain 
Positions with one or more stationary control­
contact points. Figure 8 shows a typical contact­
making controller of the indicating type. In the 
1?oχboro “ Rotax ” type shown in Fig. 9 the contacts 
nre made and broken without affecting the indica­
tion or record. The position of the control con­
tacts can usually be adjusted so as to set the control 
Point at any desired value of the variable. In 
single-contact instruments the contact is made 
only when the pointer is moving in one direction, either up or down. In 
double-contact instruments one circuit is closed when the pointer is mov­
ing up (high contact), and another circuit is closed when the pointer is moving 
down (low contact). Contacts are generally 
so built that the circuit will remain com­
pleted through a range of movement of the 
Pointer.

In the electronic type of contactless 
controller no physical contact is made to 
complete an electrical circuit. In the Alnor 
Pyrometer controller a small vane attached 
to the pointer passes between two vanes 
which are the capacitive element of a tuned 
circuit. When the pointer vane interleaves 
with the capacitive vanes, a circuit fre­
quency change is produced which in turn 
operates a relay. In the similar Wheelco 
instrument pointer detection is inductive 
rather than capacitive.

Relays (see p. 2024) are required when 
the current to operate the control valve or 
other device is greater than can be carried 
by the instrument contacts. Figure 10 
shows two common types of relay. That 
in a is a single-contact type used with single­
contact controllers. The control circuit is 
completed only so long as the instrument 
circuit is completed. The type of relay 
shown in b is used with double-contact in­
struments. This differs from a in including a holding contact so that the control 
circuit remains completed until the instrument contact is made in the opposite 
direction. This type of relay is used to prevent chattering even when the 
current demand of the control valve or other device is below the permissible
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limit for the instrument contacts. Instead of operating open contacts some 
types of relay tilt mercury contact switches by solenoid action. In others the 
solenoid displaces a mercury pool which makes contact. For very low contact 
currents electronic relays are available.

Mechanical relay devices are gener­
ally of the depressor-bar type. The 
pointer of a galvanometer or other 
measuring element is clamped at inter­
vals and its position detected by njechan- 
ical feelers which in turn carry out the 
control operation either directly or 
through electric or pilot systems.

On instruments controlling electric 
heating, direct operation of mercury con­
tactors is common. These contactors 
are glass tubes evacuated, or filled with 
inert gas, containing a small amount of 
mercury and two or more contact points. 
Tilting makes or breaks the contact. 
Figure 11 shows two types of mercury- 
con tactor switch: the first, a, a type for
carrying 2 to 10 amp., and the second, b, for carrying from 10 to 50 or 60 amp. 
In the second and similar heavy-duty contactors, contact is made between 
pools of mercury across the edge of a refractory glass tube as in the illustration, 
or sometimes across a refractory dam. Metal enclosed types are made in sizes 
to 200 amp. rating.

Control Devices. Fluid-operated control 
devices are those making use of a pilot system 
(see above) using air, steam, water, oil, or 
process gases as the pilot fluid. These devices 
consist of a diaphragm, metal bellows, or 
piston operating a valve, damper, switch, etc. 
They may either open or close with increasing 
pressure (air-opened or air-closed), the type to 
use depending chiefly on whether it is desired 
to have the valve open or closed in case of 
failure of the control-fluid pressure. Dia­
phragm valves are generally of three types: 
butterfly valves for low-pressure gas or air; 
globe or V-port valves for medium-pressure 
service on all fluids; and balanced valves for 
higher pressures. Depending on size, these 
valves are obtainable with screwed, flanged, 
or union ends. Above 150 lb. per sq in. pressure, balanced valves should be 
used unless tight closing is required, when globe valves are necessary.

Common diaphragm valves for open-and-shut service (Fig. 12) are the 
single-seated disk (or globe) valves, used on all fluids at moderate pressures 
and for tight closure at higher pressures, and the balanced double-seated 
disk valves, used in larger sizes and at higher pressures. Also used are needle 
valves for very small capacities and butterfly valves for large low-pressure 
valves, as well as many special types for various chemical services. Common 
diaphragm valves for throttling service are the single- and double-seated 
V-port types, especially the latter with two or four ports shaped to give equal
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Fig. 12.—Diaphragm valves, (α) Air-closed 
globe valve; (ò) air-opened globe valve; (c) air­
opened globe valve, reversed top (Foxboro) ; (d) 
double diaphragm for two-function control; (e) 
and (/) balanced valves.

Percentage flow increments with equal lift increments over flow ranges of 
50 to 1 or more. While globe valves are sometimes used for throttling service, 
vhe flow range in which the flow-lift characteristic is really suitable for 
throttling control is narrow, and process data and stability are rarely such 
that this favorable portion can be 
utilized with any certainty. Also 
limiting the use of any single- 
seated valve on throttling service is 
the upsetting effect of varying line 
Pressures causing a varying plunger 
Position unless the diaphragm or 
ɪɪɪotor is extraordinarily large.

Figure 13 shows a typical wide- 
range valve characteristic plotted 
θn semilog paper. These flow 
curves are based on the favorable 
condition of the valve being the 
Plain resistance to flow. Throt­
tling valves are sometimes used for 
open-and-shut service instead of 
cheaper open-and-shut valves 
where it is desired to vary effec­
tive valve size frequently, this 
being done by varying air-supply 
Pressure to the instrument. Less 
common valve constructions 
include the needle valve in both open-and-shut and throttling types for very 
small capacities; the butterfly valve in open-and-shut and limited range 
throttling types, usually in large sizes and at low pressures; and the plug 
cock; as well as a wide variety of special material valves for chemical service.

Diaphragm Switches and Levers. For control devices other than 
valves, pilot-operated controllers make use of switches, dampers, etc. For 
operating dampers a diaphragm motor connected to a lever may be obtained. 
Instead of a lever the diaphragm may be connected directly to a switch for 
controlling a motor or an electric heating circuit.

♦



Fig. 14.—Solenoid 
valve.
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Electric control devices are similar to the fluid operated ones, but are 
actuated by electric motors or solenoids or occasionally by electric heaters.

Solenoid Valves. Solenoid valves in nearly every case are of the com­
pletely open-and-shut type (Fig. 14), although they are occasionally built with 
an integral by-pass, l~' „ ' ' * . .
in either the open or shut position by means of a spring, 
integral with the bonnet or attached outside and operating 
on the stem, moves the valve stem to its other extreme 
whenever it is energized by the control current. In some 
types the solenoid operates a pilot valve which permits the 
pressure acting upon the top of the valve to be exerted to 
the underside when in the open position. By making the 
pilot valve opening larger than the opening admitting 
downstream pressure when in the closed position, a pres­
sure differential will exist upon the two sides of the valve, 
which is then caused to open, when the pilot valve is 
opened. Some types use a bellows construction instead of 
the packed-type construction shown in Fig. 14. Although 
such valves ordinarily draw current which can be handled 
by the controller contacts, to avoid chatter due to frequent 
secondary contact, it is customary to use a double-contact 
controller and a relay of the type shown in Fig. 106. 
Most makers supply these valves in sizes not over 3 in. for 
pressures up to 150 lb. per sq. in., although specially constructed valves which 
make use of the pressure of the fluid handled to operate the valves have been 
built in sizes to 12 in. and 400 lb. per sq. in. pressure. Solenoid valves are 
made for both alternating and direct current.

Solenoid valves are also used as pilots for fluid-control devices. Where 
valves are very large or exceptionally fast action is required from remote 
valves, this is a convenient method.

Motor Valves. Both two-position (on-and- 
off) and throttling motor valves are built. Two- 
position valves may open and shut, or they may 
operate between two adjustable settings. They 
include butterfly, globe, gate, and, less frequently, 
balanced valves, operated singly or in pairs. F or 
fuel control a single motor often operates a fuel 
valve and an air valve simultaneously. Figure 
15 shows diagrammatically one type of motor 
valve of the open-and-shut variety, the motor 
functioning to move the valve disk to its other 
extreme with each opposite control impulse made 
by the controller. In such valves a motor is con­
nected through a train of gears to a crank or cam 
which moves the valve stem through its entire 
travel in one-half revolution.. As the half revolution is completed, a limit 
switch is opened, at the same time closing contacts connected to the second 
pair of controller contacts, so that a full revolution of the valve cam shaft’is 
completed on the next opposite control impulse. Open-and-shut motor valves 
are customarily by-passed to take care of minimum flow requirements while 
the valve itself is closed. Such valves are often used for remote manual 
control. Motor units are available for attaching to standard valves.

They consist of a globe, needle, or balanced valve, held 
A solenoid, either

:Gearirain
Line

Controller’ 
switch

Limifswifch
Opening spring

.Seatingspring

15.—Open-and-shutFig.
type of motor valve for high- 
and-low contact controllers.
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In some electric valves the actual valve stem operation is hydraulic, the 

motor driving an oil pump which in turn furnishes oil to the valve-operating 
cylinder. In the larger sizes the electrohydraulic operation may be cheaper 
a°d far more durable.

Throttling motor valves are of a number of types, some very ingenious, 
ɪɪɪ the simplest form this gives but a crude approximation of true throttling 
0r proportional position control and can be used only where there is very 
ɪittle lag between a correction made by the valve and its effect on the con­
troller. A reversing motor operates the valve, running in one direction 
tθr a “more” contact, remaining stationary as long as the controller is not 
making contact, and running in the opposite direction as soon as a “less” 
contact is made. For greater lag, a compensating, step-by-step, or delayed- 
action device must be inserted in the control circuit to avoid overshooting the 
pontrol point. Without some such device, even a small lag will result in 

hunting.” In step-by-step valves, a “more” contact will increase the valve 
0Pening slightly, whereupon the mechanism disconnects the motor from the 
valve for a brief, adjustable interval and waits to determine whether the valve 
adjustment is sufficient. If it is not sufficient, adjustments continue at 
intervals until the control point is reached. More complicated devices are 
designed to make valve changes of decreasing magnitude as the control point 
ls approached or even to make a negative correction shortly before reaching 
^he control point in order to avoid overshooting. A method employed in the 
Shallcross control (p. 2034) uses carbon contacts and a shunt-wound motor to 
°btain variable motor speed. True throttling or proportional position control 
is secured in motor valves (most often those used with potentiometer instru­
ments) by using corresponding resistors and movable contacts in both motor 
mechanism and instrument. These resistors are connected in a bridge circuit 
Mth a sensitive polarized magnetic or electronic relay to detect unbalance 
a∏d to operate the valve motor in a direction to rebalance the bridge. Thus 
^he valve is maintained in a position corresponding to the value of the meas­
ured variable and proportional position control results.

Remote Indication
It is often desirable to produce or reproduce indications of a measuring 

device at a distance. This may ' be used as a means of centralizing control 
°f a plant in conjunction with the use of remote-control valves; or it may be 
°sed as a check on operation; or as a means of obtaining indications which 
^rould otherwise be inaccessible. Most types of industrial measuring instru­
ment possess inherently the property of indicating at a moderate distance, 
hut this rarely exceeds a few hundred feet and is usually much less. Several 
eIectrical methods of indicating position at a distance have been devised, 
most of which are theoretically unlimited in the distance over which they 
can operate. Practical considerations usually limit these methods to a few 
miles. The telemetering methods most used include: (α) the step-by-step 
°r impulse-and-ratchet system, in which a given small angular movement 
pf the indicating instrument results in the sending of a single electrical 
impulse which causes the same angular movement at the receiving instru­
ment; (6) the rheostat-and-ammeter system, in which the sending instru­
ment adjusts a rheostat, the position of which is indicated at the receiving 
end on an ammeter; (c) Wheatsone bridge system, in which the indicator 
changes the position of a slide-wire contact of an adjustable resistor in the 
sending instrument and is balanced by a self-balancing recorder at the
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receiving instrument; (d) the Selsyn system; (e) the self-balancing induc­
tionbalance or induction bridge; (/) time-impulse system; and O7) pneu­
matic system.

Induction Balances. Figure 16 shows the Bristol form of induction 
balance which will be seen to consist of two circuits having a common leg. 
In each circuit are two inductances, one at the sending end and one at the 
receiving end. The sending inductances (and also the receiving inductances) 
are suspended in the form of a balance over the two legs of a permanent 
magnet. When alternating current is applied to the 
circuit, the position assumed by sender and receiver 
will be such that the inductance of each circuit is 
equal. Hence any movement of the sender will be 
duplicated at the receiver. The sender may be con­
nected to the indicating mechanism and the receiver, 
at a distance, connected to a recorder or indicating 
pointer.

The Brown induction balance transmission system 
is identical in principle with the Bristol but uses 
cylindrical iron armatures inside center-tapped cylin­
drical coils. The Cochrane system is a further 
development of the principle using a galvanometer 
and mechanical relay (depressor bar) operated balancing mechanism driven by 
an electric motor. It is more accurate than the simple bridge because the 
power for record and/or control is not limited, but more costly because more 
complicated.

Selsyn motors are used in pairs as sender and receiver. These are small 
self-synchronous motors connected preferably to the same source of alternat­
ing current and interconnected as shown in Fig. 17. The Selsyn system may 
be thought of as a three-phase version of the induction balance. If the 
armature of the sender motor be rotated through any 
angle, the armature of the receiver motor will rotate 
through the same angle. This angle may be more or 
less than one revolution. Any method, such as the 
indication of an instrument, may be used to deter­
mine the position of the sender motor, and the 
receiver motor will accurately reproduce the indica­
tion. The De Florez remote-control valve similarly 
uses two Selsyns, the sender being connected by 
gearing to a handwheel while the receiver is connected by gearing to the valve. 
Since only the force exerted on the handwheel is communicated to the valve, 
the operator can feel any obstruction.

Pneumatic telemetering systems are widely used in the oil industry 
where the distances involved are within its limitations and where the avoid­
ance of the hazards of electrical systems or the cost of explosion proofing is 
important. A 100 per cent throttling range controller, usually especially 
designed for transmitter service, produces an output air pressure proportional 
to the measured variable. A pressure recorder, likewise usually especially 
designed for receiver service, scaled like the transmitter, located up to 1000 ft. 
or more distant, and connected by ^θ-to ⅝6-in∙ bore copper tubing, receives 
the transmitted pressure. Standard control mechanisms may be included in 
the recorder case. Pneumatic transmission is ordinarily to be preferred when 
pneumatic control is to be included in the receiver.

Tomeasunng Indicating
unit υn∕t T

i i____ ______
inductance iron

cods ACdine armatures
Fig. 16.—Bristol type of 

induction balance.

Fig. 17.—I ntercon- 
nected Selsyn motors for 
remote indication.
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Time Control
Time or cycle operators may be used alone or as an auxiliary to some 

other form of control. Fundamentally, any such operator consists of some 
form of clock, such as a constant-speed motor, synchronous motor, or a spring­
wound clock, arranged to make or break electric contacts, to open or close 
air valves, or to change the setting of a pilot valve according to some pre­
determined time schedule. Single cam operators or timers consist usually 
of a clock which rotates a time dial. The dial carries one or more adjustable 
devices that serve to trip the contacts. The dial may be graduated in any 
desired time units. Or the dial may be stationary and the clock rotate a hand 
which makes contact with or trips an adjustable hand. In some forms 
timers must be reset manually after each operation; in others the timing 
repeats automatically, either immediately or after a predetermined interval. 
The simplest single-switch types used for sign or henyard lighting are cheap, 
but with increased switch capacity and especially with increased flexibility 
and special design the cost mounts rapidly. In pneumatic timers small 
air valves are substituted for the electric contacts. As many as eight valves 

z can be operated by a single clock-driven timing cam. Depending on the 
manner in which the cam is cut, the intervals between the functioning of the 
several valves may be varied in any desired manner. These valves serve to 
operate diaphragm valves, pneumatic switches, dampers, or other control 
apparatus and thus may start and stop an operation and perform various 
intermediate steps.

Cycle controllers or time-set controllers contain a measuring element 
and a control system as well as a timing element. A time-pressure controller, 
for example, consists of a standard electric or pneumatic pressure controller 
the control point of which is set mechanically by the follower on a time cam cut 
to the desired time-pressure program. Time-humidity controllers used in 
program drying contain separate cams for the wet-bulb and dry-bulb pro­
grams, setting separate temperature controllers in the same case. The cams 
of recording time controllers are usually mounted in a separate second case. 
The cams may then rotate at the most suitable speed, usually other than the 
standard record-chart speeds.

Multiple cam operators or cycle timers are used where the switch or valve 
capacity or the complexity of the operating cycle is beyond the capabilities 
of single cam units. Since there is no limit to the number of operations 
which may be timed on a multiple cam unit, complex processes can be 
operated entirely automatically. Timer operation is frequently cascaded, 
one master timer operating other timers or time controllers.

Elapsed time controllers, widely used in cooking and dyeing operations, 
are controllers which contain also a mechanism to time their operation and 
turn them off after the set elapsed time period. A signal then indicates that 
the operation is completed.

PRESSURE AND VACUUM*
Devices for measuring pressure assume great importance in any study of 

control mechanisms, not only because of the innumerable occasions when 
pressure is a factor in industrial work, but also because of the many applica­
tions of these devices in other fields. Liquid level may be determined by the 
weight or pressure of a column, flow by the pressures before and after an

* See Sec. 6, pp. 780-787, and Sec. 19, p. 2186.
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Fig. 18.—Inclined-tube pres­
sure indicator.

orifice placed in the line, and temperature by the pressure set up in a closed 
system due to the tendency of fluids to expand with increased temperature. 

Pressure may be defined as the force that is ap­
plied to, or distributed over, a surface. It Is 
measured as the force per unit area. Practically all 
devices for measuring pressure utilize some form of 
sensitive element which is caused to move by the 
force. As will be seen from later descriptions, this
movement of the sensitive element is made against the pressure of the sur­
rounding atmosphere. Hence the pressure indicated by the element will be 
the resultant or difference between the two. Com­
mon usage has therefore taken the normal atmos­
pheric pressure of 14.70 lb. per sq. in. as the datum 
line, with forces greater than this termed gage pres­
sure and those below called vacuum. Pressure 
measured above zero pressure as the datum line is 
termed absolute pressure. The units most fre­
quently used in this country are pounds per square 
inch pressure and inches head of mercury vacuum.

The simplest form of pressure indicator is the 
liquid column, as in mercury barometers and 
U-tubes (see pp. 780-787).
sures.
depending on the range desired. Direct-reading manom­
eters are constructed with large area wells in comparison with 
the area of the tube. The scales are specially compensated 
for the fall of liquid in the well so that they are direct reading. 
Pressures up to 2000 lb. per sq. in. are measured by direct­
reading manometers. A variation is the inclined tube for 
measuring furnace draft and other slight pressures. One leg 
of the U-tube makes an angle of 5 to 10 deg. with the horizon­
tal so that a 7- to 10-in. movement is obtained for pressure 
changes of 1 in. head of water (Fig. 18). Furnace draft is also 
indicated by pointer gages in which connection is made from 
the stack to the inside of a counterbalanced bell immersed in 
liquid. The Bailey gage is shown in Fig. 19. With an in­
crease in draft the liquid within the bell will rise and the bell will be pulled 
down until the force is balanced against the pull of the pendulum weights which 
are fixed on the balance beam. The Ellison gage uses a link­
age which is so designed that the pointer moves over a flat 
rather than a curved scale. Several pointer-gage elements 
may be mounted side by side in one case for compactness or 
combined with other instrument movements.

The most commonly used pressure-indicating devices 
employ some type of tube, diaphragm, or bellows, which 
undergoes elastic deformation with pressure variation. These 
are known as pressure gages, sometimes called secondary 
gages since they must be calibrated by comparison with a 
primary gage such as the manometer or dead-weight gage.

Most elements designed for recording vacuum, and pres­
sures below 15 lb. per sq. in. depend on the expansion or con­
traction of a bellows. Two developments from this early element are shown in 
Figs. 20 and 22. In the box type element (Fig. 20) the bellows is encased in a

Potnfer
'Pendulums

Fig.

Counter 
weight

Draffconnection
19.—Bailey pointer 

gage.

The latter are extensively used for low gas pres- 
They may be filled with kerosene, water, tetrabromethane, or mercury,

∣r
Pressure 

connection f

Fig. 20.—
Box-type pres­
sure element.
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Fig.
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box to which the pressure is admitted. The compression actuates the pen arm
through the multiplying linkage. This element is used for ranges of 0 to 12 in.
head of water to 0 to 15 lb. per sq. in. pressure or
vacuum. Overloads of 100 per cent do not damage it.
An early form is shown in Fig. 21. Pressure is admitted ∙—-1-∙l rj
to the inside of the bellows, and, since one side is bound _ ιjχ
by a flexible strip, the tendency to expand results in a Assure , 
movement of the pointer through an arc to the right c°nn2c∙∣0n>' 
(with vacuum it is to the left). In the bellows unit 

• shown in Fig. 22, only a few diaphragms need be used. ‘
This type can be constructed to withstand pressures as ’ 
high as 30 lb. per sq. in. and as low as several inches 
head of water.

Slack-diaphragm gages are used for low’-pressure 
and draft measurement. These units are well adapted 
for multiple mounting in a single case, up to 12 indicators 
being available in one case. Diaphragms are generally 
made of leather or oiled silk for the slack-diaphragm 
type.

For higher pressure indicators and for some recorders 
the Bourdon tube is used. Diaphragm gages are 
available but, owing to the limited motion produced, are 
used only where the corrosive properties of the fluid re­
quire construction of some material not suited for use in 
Bourdon tubes. The Bourdon 
whose cross section is elliptical, 
admitted, the tube tends to 
straighten out due to the greater 
total pressure on the outer side, 
and, conversely, a vacuum causes 
it to coil up. The movement is 
transmitted through a linkage 
and amplified by a rack and 
pinion to actuate ,the pointer, as 
shown in Fig. 23. The shape, 
material, and wall thickness of 
the tube are determined by the 
pressures encountered. For 
ranges up to about 1000 lb. per 
sq. in. seamless, drawn bronze 
tubing is generally used. 
Higher pressures and corrosive 
atmospheric conditions require 
the use of alloy-steel tubes which 
are drilled from solid stock. For 
severe vibration, pulsating pres­
sures, or self-draining ability the 
element may be constructed of 
two short Bourdon springs 
which oppose each other. Good 
practice calls for the selection of 
a scale range about double the normal operating pressure of these gages. 
Periodic checking is advisable.

Fig. 22.—M u 11 i p ɪ e 
diaphragm bellows gage 
element.

pressure indi-tube 
cator.

tube is a curved tube
It is sealed on one end. When pressure is
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Fig. 24.—Typical helical tubes for pressure 
measurement.
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There have been many developments of the Bourdon tube. One of these, 
the helical, is the element now largely employed in pressure recorders. It 
is so named because the tube is coiled in helical form. The pen arm may be 
soldered directly to the element, a center post may be used, or a linkage may 
be employed, as in Fig. 24. The effective length of the tube is from the base 
to the point at which soldered connection is made to the pointer or linkage. 
This point is varied when calibrating to get the proper deflection. Owing 
to the great length of the helical coil and the small arc through which the 
pen arm moves, these elements rarely require any multiplying with attendant 
angularity errors, although multiplying may easily be accomplished with the 
linkage type. The wall thickness, shape, and metal used in the tubes 
are varied to suit conditions and ranges. Great care is taken to get tubes of 
uniform wall thickness throughout their length, else the deflections are not 
uniform. Careful annealing or aging is required before calibration to prevent 
later changes. These elements can withstand 50 to 100 per cent overload 
without damage on ranges below about 0 to 1000 lb. per sq in., but greater 
care in overloading must be used on the higher ranges. Multiple pen record­
ers can be fabricated by using linkage-type elements.

The Taylor volumetric pressure gage is designed specifically for con­
ditions where it is impractical to allow the fluid to flow into the pres­
sure gage element as in homogenizers. It uses a compressible bulb, containing 
mercury, which is connected to a Bourdon gage by means of tubing. The 
tube is specially compensated so that 
temperature variation does not affect the 
pressure. A separatory diaphragm is 
used to separate the Bourdon tube in the 
Marsh gage and pressure is transmitted 
through a liquid of low compressibility.

Absolute pressure indicators and 
recorders of the bellows type are now 
widely used where the convenience of a 
direct absolute pressure reading justifies 
the additional cost. Two bellows are 
used, one connected to, and actuated by, 
the pressure being measured, the other 
evacuated and actuated by the barometric pressure. The two bellows oppose 
each other directly or. through linkage and atmospheric pressure variations 
cancel.

Although not often used for indicating pressures, the dead-weight tester 
is the absolute standard for checking the higher range gages. This device 
uses a weighted plunger to secure a definite oil pressure in a system. Figure 
25 is a simplified cross-sectional view. The plunger is fitted at its upper end 
with a platform on which weights can be placed. Pressure can be applied 
to the oil in the chamber below the plunger by turning the handwheel so 
as to move the piston inward. When the oil pressure is greater than the 
forcé exerted by the plunger, it will be lifted off its seat and will ride on the 
oil as in the illustration. The pressure is then constant. Knowing the area 
of the end of the plunger, the weight of the plunger and platform, and the 
added weights on the platform, the pressure in pounds per square inch can be 
calculated. Hence a gage connected in the system can be checked at various 
points on the scale by placing appropriate weights on the platform. To 
prevent errors due to friction on the plunger, the tester must be level and the 
platform spun slowly while the reading is being taken.

μ=l,Λ-i⅛¾⅛⅛

FlQ. 25.—Dead-weight gage tester.
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For determining very high pressure, dead-weight gages use a suspended 

ɪθading platform of great capacity, or a scale beam system. The plunger is 
oScillated by a motor. These gages are made for pressures as high as 50,000 
ɪb. per sq. ɪɪɪ. Pressure intensifiers, available for use in conjunction with 
ʤad-weight gage testers, will 
^ɪso develop extremely high 
Pressure.

ɪhe dead-weight gage princi­
pe is utilized in the Bailey 
Power-type pressure gage 
ɪɪɪUstrated in Fig. 26. The pres­
sure to be measured is applied to 
^χe plunger which carries on its 
uPper end a cup containing 
11ιercury. It is constantly 
1'°tated by a small motor which 
also drives an oil pump, furnish- 
111g oil to a pilot valve mounted 
°u the plunger. A slight rise or 
ɪaɪl of the measuring plunger 
Jvιll allow oil to pass to the top or 
o°ttom, respectively, of the 
Power piston in an adjacent 
cylinder, forcing it downward or 
upward. Movements of this 
Piston cause corresponding 
1°otion of the displacer in the 
1Uercury, and thus increase or 
decrease the loading of the 
Plunger, resulting in a shifting of 
1^s position so as to shut off the oil supply, 
applied to the plunger, there is a definite position of the power piston. 
Uiounted on it turns a pinion gear on the shaft of the indicating device. 
Selsyn motor (see p. 2026) is shown connected to transmit the 
b> a distant indicator or recorder but a direct-read- 
Uig instrument may be substituted. This move­
ment lends itself particularly to narrow ranges such 
as 385 to 415 lb. per sq. in. for a boiler-room master 
Sage. Practically any maximum pressure may be 
secured by varying the relative sizes of the plunger, 
Uiercury cup, and displacer.

Measurements of high pressures, particularly 
1apidly fluctuating ones, can be made with the 
^cCullom-Peters electric telemeter gage 
(Baldwin-Southwark Corp.). This gage operates 
by reason of the changes in resistance of a carbon 
Pile with the force applied. In Fig. 27 changes in 
Pressure cause a flexing of the diaphragm. This 
Uiovement is transmitted through the connecting 
1°d and cantilever spring to the carbon resistors, compressing one and relieving 
the other. The resistors are composed of a number of annular sections of car-? 
bon, J^θ-in. outside diameter and 0.020 in. thick, placed between copper disks. 
Connection is made from the disks to a storage battery as shown in Fig. 28,
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with the current regulated by means of a variable resistance and voltmeter· 
The fluctuations in current are measured with a milliammeter, indicating or

Carbon resistors 
v∖*-Mi∕liarnmeteror
√∣ oscillograph

recording; or with an oscillograph, calibrated to 
read directly in pressure units. Movements of the 
diaphragm are of the order of 0.005 in. Crystals 
that exhibit piezoelectric effect (see p. 2653), 
mercury, and manganin metal can also be used foi- 
gages of this type. Frequent checking of the cali­
bration is essential as the accuracy is affected by 
conditions of temperature and vibration.

Automatic control of pressure may be accom­
plished by a great variety of devices. As a 
general rule, pressure is regulated in order to 
control a second variable. This is usually 
flow, since the amount of liquid or gas passed 
through a pipe varies with the pressure. A 
third variable may also be controlled, e.g. 
temperature, which is maintained through 
regulation of the flow and hence the pressure 
of steam. Since other factois enter into the Fig 29.-Low-pressure governor, 
control of temperature, it is accomplished by 
devices (pp. 2019 and 2056) that are somewhat different in construction.

Pressure controllers are of two general classes, self-contained and power

Voltmeter_

Fig. 28.—Electrical diagram 
for telemeter gage.

z Weights

Leatiier 
ι∕a∕ve

operated. Self-Con-
taɪned controllers 
include the devices gen­
erally called governors, 
regulators, and reduc­
ing valves. They have 
no indicating or recording 
means; they effect correc­
tions mechanically as the 
result of changes in the 
position of a diaphragm 
by opening or closing the 
inlet valve. The outlet, 
or controlled, pressure on 
one side of the diaphragm 
is opposed by a force on 
the other side. This 
force may be applied by 
weights, by a spring, by a 
weighted lever, or by a 
liquid head. The action 
of these valves will be 
readily apparent from a 
study of Figs. 29, 30, 31, 
and 32. The first type is 
used for low pressures, as 
in city gas lines. On this 
service no adjustment is

Fig. 30.—Spring- 
operated pressure 
reducing valve.

Fig. 31.—
W eighted-lever 
pressure regu­
lator.

Fig. 32.—Pilot-operated pres­
sure regulator, spring type.

needed. If a change of pressure is necessary, the head may be removed 
and weights added or removed. Where the control point must be altered
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frequentlyr use is made of a governor equipped with an extension of the 
ɪθading shaft through the head, so that weights may be added or removed 
easily. A mercury-sealed vent may be provided as a safety blowoff. The 
Regulator in Fig. 30 may be adjusted by turning the screw at the top so as to 
lHcrease or relieve the spring tension. Addition or removal of weights on the 
Weighted-Iever regulator (Fig. 31) permits an easy change in the control 
Point. The spring and weighted-lever regulators may be used for pressures 
uP to about 200 lb. per sq. in.. For heavy duty a pilot-operated valve of the 
sPring type is often used. The diaphragm moves a pilot valve which admits 
the inlet pressure to the piston of the main valve. The principle is illustrated 
ɪɪɪ Fig. 32.

The Mercon pressure regulator is a liquid-loaded valve. The dia­
phragm load is varied by changing the height of the liquid. This valve has 
χhe advantage of always having a 
Uniform effective diaphragm area 
°n both sides of the diaphragm re­
gardless of load. TheGrove 
Regulator loads the diaphragm with 
air or gas pressure in a dome, which 
ls set to equal the desired controlled 
Pressure.

Power -operated controllers 
utilize external fluid or electric 
Power to operate the valve or 
damper, the mechanism merely con­
trolling the application of this 
Power. Such controllers are more 
accurate and more powerful than 
the self-actuated type. For many 
aPplications the indicating or re­
cording-instrument type of control 
described previously (pp. 2019- 
2021) is preferred, but elsewhere, 
when an indication or record is not 
Required, the power-type regulator 
ɪs commonly used. These may 
have open-and-shut, throttling, and 
throttling reset (load-compensating 
action) just as instrument control, 
with plain throttling control most

Load compensating pressure controllers were developed mainly for 
combustion control in boiler plants where it is desired to maintain a con­
stant steam pressure despite a varying steam flow. This is accomplished by 
effecting changes in the rate of heat generation and consequent steam genera­
tion. The variables which must be controlled are the induced and forced 
draft and the fuel, or stoker, feed. These devices have been adapted for 
the control of gas pressures, for mixing gases in definite proportions, for 
operating water-gas sets, and for controlling chemical operations. Basically 
ɪnost of the available designs are scale beams which balance the controlled 
pressure against weights or other set forces. Any unbalance acts to correct 
itself but is compensated to prevent “ hunting ” or overshooting. Frequently, 
especially in boiler rooms, a number of units are employed, and all are held to 
the correct setting by a master controller. This is so arranged that the
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c 
low-pressure 
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Fig. 34.—ShaIl- 
r o s s floating-bell, 

c o n -

individual units may be separately adjusted, e.g., the ratio of fuel to air on 
any one boiler or the portion of the load carried by any one boiler.

As with other pressure controls there are two kinds of transmission, fluid 
and electric. An example of the fluid-operated compensated control 
is the Smoot shown in Fig. 33. A set air pressure, or the loading pressure 
from the master controller, and the controlled pressure or pressures acting 
Upon their respective diaphragms create forces which are 
exerted on the balance lever. The resultant moves the 
multiplying valve which controls the oil pressure under 
the piston of the regulator. Oil is supplied by a small 
pump at 10 lb. per sq. in. pressure. Air or steam may 
be used instead. The piston is acted upon by a con­
stant pressure above and a varying pressure beneath it 
and hence moves upward or downward and shifts the 
position of the operating lever which is connected to 
valves or dampers. An oil dashpot is interposed between 
the balance lever and the piston to provide momentary 
widening of effective throttling range, followed by reset­
ting of the control point as in instrument types of throt­
tling reset control. Without the oil dashpot and by-pass 
needle valve the unit becomes a throttling controller 
typical of many on the market. With sudden large 
changes the corrective movement is made directly 
through the dashpot.

Electrically operated pressure regulators, like the 
fluid-operated, balance the controlled pressure against 
weights, springs, or other forces. Any unbalance is used to make and break 
contacts or to shift a rheostat. The methods of securing throttling action 
differ considerably. The Shallcross regulator for low pressures is illustrated 
in Fig. 34. The switch contacts are connected through resistances to a shunt­
wound· motor on thé damper. When the pressure is normal, both contacts arc 
made and the armature is short-circuited. The contact surfaces are of 
graphite, and hence relieving the pressure slightly will change the resistance 
and start the motor slowly to restore equilib­
rium. A large movement of the bell makes 
the circuit through the center contact, which 
cuts out the resistance and gives rapid move­
ment, The Leeds and Northrup regulator 
employs an interrupter in the circuit to get step- 
by-step operation. It uses counterbalanced 
bells for low pressures, making contact to a 
reversible motor; and a Bourdon tube actuating 
the contact arm of a rheostat, for higher pres­
sures. Reversible motor drive is used also on the Brooke regulator (Fig. 35). 
The motor, in turning the drive wheel for the valve or damper which will correct 
the unbalance, also moves a compensating lever so as to break the contacts 
and stop itself almost immediately, thereby getting an “inching” motion· 
The Bailey electric control uses a Bourdon tube with a long pointer arm on 
which a pin is mounted. A motor-driven plate pushes this pin against two 
stepped wedges. Its exact position on the wedges, due to the pressure, deter­
mines whether it will move the “more” or “less” wedge and how far it will 
move it. On this depend the period of contact and length of time the control 
motor will run to correct conditions.

Dnve for clamper Compensating
" ~ lever

Pressure> 
connection

Weight ÷>P<*a f~⅛∣-> reducer
Fig. 35.—Brooke pressure con­

troller.
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General Considerations. Conditions and layout determine the exact 

method of connection of a pressure-sensitive mechanism to any system. It is 
good practice to have a valve in the line below a gage so that it may be 
disconnected at any time. When it is,necessary to locate a gage at a different 
level than the connection, allowance must be made on the readings for the 
pressure of any column of liquid above or below the gage. On steam lines, 
condensate will form and cause incorrect readings. Gages may be secured 
With a set-back zero, but they are not generally recommended because of the 
difficulty of checking.

Gage elements should be protected from high temperatures and corrosive 
materials if maximum service is to be obtained. A coil-pipe siphon on steam 
lines will collect the condensate and keep steam from reaching the element. 
Steel elements are generally specified for ammonia and alkali lines. Other 
corrosive gases and liquids can be prevented from attacking gage elements by 
means of oil seals so designed that an inert sealing liquid is interposed between 
the element and the pressure system. Carbon tetrachloride and mineral 
oils are most frequently used.

Rapidly fluctuating pressures are ordinarily objectionable as they make 
readings difficult. A “deadener” of fine tubing in a long coil inserted in the 
line is very effective, or devices known as “snubbers” and “pulsation damp­
ers” can be used. In the Ray pressure snubber the restriction is the annu­
lar passage formed by a hole containing a wire of size selected to give the 
desired restriction. The wire can move with pressure changes tending to 
prevent plugging by foreign matter. For a temporary condition the valve 
in the line may be partly closed. If it is desired to record the extent of the 
fluctuations as a clue to the causes of the disturbance, a high-speed strip 
chart or a rapidly turning round chart may be employed with any gage. For 
extreme conditions the McCullom-Peters telemeter (ç.v.) is more satisfactory.

All gages should be checked periodically. U-tubes are the standard on 
the lower ranges, and an indicating test gage is generally used on the higher 
tanges. A three-way cock mounted below each gage will permit an easy 
connection of the test gage. The absolute standard for checking all higher 
ranges is the dead-weight tester already described.

It is well to remember in planning piping systems for liquids that valves 
of the quick-opening variety are likely to cause water hammer. This may 
easily ruin any pressure gage in the line, owing to the momentary overloads of 
500 per cent or more. The action of all valves should be smooth.

FLUID FLOW
Measurement of flowing fluids can be divided into two broad classifications, 

quantity or positive meters and rate of flow or inferential meters. In the 
first type the flowing fluid is split into definite weights or volumes by the 
primary element, and the total numbers of such definite volumes or weights 
are totalized by some types of counter. The second type measures the flow 
of a continuous stream, the primary element indicating the instantaneous 
value of the flow rate. Quantity meters can be further subdivided into 
weighing meters and volume meters. Rate meters generally used for indus­
trial purposes employ (1) differential pressure methods; (2) flow through a 
weir; (3) area methods; (4) calorimetric methods; (5) dilution methods; 
and (6) impulse or turbine methods.

Weighing meters are used for measuring flow of liquids, especially 
where grit or mud would interfere with the operation of the volumetric type. 
The principle of operation is illustrated. by the Cochrane weighing meter, 

<
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Fig. 36. Liquid flowing into the bucket is weighed by means of the weight 
placed on a scale beam. When the weight of liquid and bucket reaches a 
certain value sufficient to counterbalance the weight, the bucket sinks and 
releases the latch which permits emptying. During the emptying period, 
inflow passes into a detaining chamber. The number of til tings is trans­
mitted to a counter. Recording is also possible—each tilt making a step 
on a chart for 10 steps, when the direction of the recording pen reverses to 
make 10 steps in the opposite direction.

Fig. 36.—Cochrane weighing meter.

Liquid

of liquidRotary type 
volumetric meter.

Volumetric meters for liquids are of either the gravitational or displace­
ment type. Gravitational meters consist of two types. The tank type 
depends upon the filling of.a tank or tanks which empty, when a certain volume 
has been attained, by tilting, float valves, or auxiliary power devices operated 
by float valves. Each emptying cycle operates a counter or recorder. The 
rotary type consists of a drum divided into several sections as shown in 
Fig. 37. Water, admitted at the center, flows into the section immediately 
below it. As water fills the section, the 
center of gravity shifts, causing the drum to 
rotate. The drum is connected to a counter 
which registers the quantity passed through.

Liquid-displacement meters are used 
principally for measuring water. For less 
than 1000 gal. water per minute, disk 
meters (see p. 866) are very common. 
Larger flows sometimes are measured with 
a combination disk- and-turbine meter, the 
former handling large flow.

Piston meters are used for accurate 
measurement of flow, particularly for small 
capacities. In these meters a piston is 
forced back and forth, tripping a valve and reversing the flow as it reaches 
the end.

Gas meters are of three principle types: (1) wet gas meters (see p. 865), 
(2) dry gas meters (see p. 865), of the diaphragm type, and (3) cycloidal 
meters (see p. 2269) which are very similar to a two-lobed cycloidal blower 
of the Roots type.

Certain types have, in addition to an integrator, a record chart on which 
temperature and pressure are recorded against flow volume, i.e., rotation of 
the chart is proportional to volume of gas flow rather than time. A time pen 
may also be added as well as a differential pen showing pressure drop across 
the meter.
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Fig. 38.—Types of ori­
fice. (α) Concentric; (b) 
eccentric; (c) segmental.
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Calibrated gas holders or “provers” of the ordinary water-sealed type
are sometimes used for measuring gas, particularly for checking meters.

For greatest accuracy with any of the foregoing meters, it is necessary to 
correct the volume for deviation from standard pressure and temperature, 
ɪt should be noted that a variation of about 4-in. water pressure or 5oF. will 
cause a change of about 1 per cent in volume of standard gas.

Differential-pressure Methods. Bernoulli’s theorem (see p. 800) is 
a corollary of the law of conservation of energy which states that the total 
energy of unit weight of a continuous mass of fluid 
passing through an isolated system remains constant 
from point to point along its line of flow, without 
regard to what may be done with the fluid within the 
system. An isolated system precludes the addition 
of energy from the outside or the removal of energy 
to the outside. Hence, except for changes due to 
friction or volume variation which change the heat content of the system, the 
total mechanical energy of the fluid will remain constant from point to point. 
Since variation in the heat content can be compensated or made practically 
negligible, these facts form the basis of two methods of flow measurement. In 
the first the velocity of the fluid is changed momentarily as it passes through a 
constriction, and the resulting change in static head is taken as a measure of the 
velocity and hence of the volume rate of flow, 
change in static head are as follows: (1) 
orifices and flow nozzles ; and (2) venturi 
tubes (see p. 843). In the second method 
the velocity head is measured directly, 
without a change in velocity, by means of 
the pitot tube (see p. 836), and this 
measurement is converted into velocity and 
volume rate of flow. Orifices (see p. 842) 
are the most commonly used differential­
pressure methods of flow measurement. Of 
the several possible types of orifice only two, ( 
the sharp-edged orifice in thin plate 
and the flow nozzle, are sufficiently repro­
ducible for general use (see p. 843). The 
sharp-edged orifice (Fig. 38) is easiest to 
reproduce accurately, is least expensive, and 
therefore is most used. This device is most 
often a circular hole in a metal diaphragm 
⅜2 to X 6 ɪɪɪ- (preferably the lower) thick 
(Fig. 38α), placed concentrically between 
flanges in the flow pipe. Occasionally it is ; 
preferable to use an offset orifice of either the 
eccentric (Fig. 38Ò) or segmental type (Fig. 38c). These orifices are useful 
where the fluid contains solids that might deposit against the upstream side 
of a concentric orifice and change its characteristics. To avoid this difficulty, 
one or the other may be used with the unobstructed side down so as to prevent 
solids from accumulating. For conditions of widely varying flow, adjustable 
orifices of the segmental type can be used. Figure 39 illustrates such an 
orifice. The orifice height can be adjusted within 0.001 in. It is used exactly 
as the segmental-type orifice. The Bailey Meter Co. also makes an automatic 

Orifice^ 
p/ate
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adjustable orifice of this type which shifts automatically with major changes 
of flow rate.

A multiple-orifice is made by the Meriam Co. which has four different 
sized orifices, any one of which can be revolved into place by loosening the 
gaskets of the orifice plate.

The action of a concentric orifice may be observed in Fig. 40. Sudden 
constriction of the flow causes the jet to contract below the orifice, reducing 
the flow to considerably less than the theoretical. In accordance with 
Bernoulli’s theorem any change in the velocity through the orifice must 
change the static head at points on either side of the orifice. For any pair 
of such points the static-pressure difference will vary as the difference of the 
squares of the velocities at and before constriction, and it is this fact which is 
used in determining the flow rate. But 
there is also a static-pressure variation from 
point to point on either side of the orifice. 
An indication of the character of this varia­
tion is given by the vertical lines in Fig. 40. 
It will be noted that the differential pressure 
h across the orifice will vary slightly depend­
ing on the points chosen for the pressure 
connections. The pressure connections 
must therefore be made for any orifice at the 
same points used in calibrating the orifice. 
There are two principal methods of locating 
the pressure connections. In the first 
the upstream tap is connected at a point a 
before any change in the static head has

Fig. 40.—Concentric orifice, 
showing methods of vena contracta 
and flange connection and indicat­
ing variations in static pressure as a 
function of the distance from the 
orifice.

taken place. The downstream tap is con­
nected at a point b, which is the point of 
maximum contraction of the jet and mini­
mum static head and is known as the vena 
contracta. The distance of the vena con­
tracta from the orifice plate varies with the 
diameter ratio, approaching the orifice plate as the ratio of orifice diameter to 
actual (not nominal) inside-pipe diameter increases. It also approaches the 
orifice plate with decreasing values of Reynolds number, but the Reynolds 
number is less effective than the diameter ratio, except at very low values of 
Reynolds number where there is a viscosity influence.

Because with certain orifice ratios the vena contracta may be so close to
the orifice that flanges interfere with the location of the pressure tap, it is 
sometimes desirable to use one of the offset orifices (Fig. 38, b and c), both 
of which have the property of pushing the vena contracta farther downstream.

The second method of connecting the pressure taps, called flange connec­
tion (Fig. 40, c and d) locates the two taps in the flanges adjacent to the two 
sides of the orifice plate. The two methods give slightly different pressure 
differentials for the same orifice and flow. The differences are taken into 
account in the determination of the orifice coefficients. A third method 
Occasionallyused is to connect the upstream tap 2⅛ pipe diameters above the 
orifice, and the downstream tap 8 diameters below the orifice. Although 
this method permits considerable tolerance in tap location, the differential 
in this case is considerably smaller than that obtained by either of the two 
foregoing methods, and pipe surface has a greater effect on discharge coeffi­
cients, creating inaccuracies.
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It was noted above in connection with Fig. 40 that the jet below an orifice 

contracts and reduces the flow to less than the theoretical. At l.he-renα 
contracta the area of the jet is about 62 per cent of the orifice area. Also 
friction through the orifice reduces the flow 1 or 2 per cent below the theoreti­
cal. The net result is that a sharp-edged orifice will pass only about 61 per 
cent of the theoretical quantity of fluid. This value, 0.61, is called the 
discharge coefficient. Its exact value varies slightly, depending on the 
ratio of orifice diameter to internal pipe diameter and the Reynolds number, 
so it must be determined experimentally. In practice, the discharge coeffi­
cient may represent more than simply the percentage of theoretical flow 
which an orifice will pass. It is also used to compensate for variation in the 
Jocation of the pressure taps and frequently includes a quantity known as the 

‘ velocity-of-approach factor. ’ ’ These additional functions account in part for 
the variations in coefficient curves which are published by different investi­
gators.

Flow Nozzles. For very high flow velocity an ordinary orifice will not 
''0 sufficiently accurate. An orifice ratio, d/D, of more than 0.6 to 0.7 is 
Usually not recommended, because inequalities in the 
Pipe may give rise to inaccuracies. Where the flow is 
v≡ry high, this difficulty may be surmounted by using a 
Well-rounded orifice or flow nozzle which, for the same 
differential, is capable of passing considerably more fluid 
than a plate orifice of the same diameter. A flow nozzle 
ls a rounded, funnel-like aperture similar to Fig. 41. 
because the stream is constricted gradually, there is 
ɪɪttle or no contraction below the nozzle. Hence the dis­
eharge coefficient will range from 0.97 to 0.99 depending 
ŋa smoothness and the accuracy of the design. For maximum accuracy each 
different design of flow nozzle must be individually calibrated. Poor designs 
nιay have coefficients as low as 0.90.

Oriflce Equations. Derivation of, and data for, orifice equations are 
given in the A.S.M.E. Fluid Meter report, in the publications of the various 
ɪneter manufacturers, and in Sec. 6 of this handbook. When primary elements 
aι'e purchased alone or with the secondary element, the calculations are 
Undertaken by the maker.

Installation of Oriflces. Careless installation can easily spoil the accu­
racy of a good orifice meter. For best results the orifice should be placed 
m a long, straight run of pipe with no change of direction or obstruction, 
such as a valve or fitting, closer than 10 to 50 pipe diameters on the upstream 
sɪde ; or 1 or 2 pipe diameters on the downstream side. It may, however, be 
Placed somewhat closer to a large-radius bend. Particularly if curves pre­
ceding the orifice are not all in one plane, a straightening vane should be 
Placed in front of the orifice not less than 6 pipe diameters upstream. Such 
vanes cut the pipe for a short distance into a number of smaller, straight 
Passages and tend to eliminate turbulence and swirling. The Natural Gas 
Association recommends the use of straightening vanes in gas metering 
"'here any disturbance takes place less than 100 diameters before the meter, 
°r where a pressure regulator precedes the meter by less than 200 diameters, 
■Pulsating flow particularly must be avoided. Orifices must be kept clean and 
sharp. If solids build up around the upstream periphery, the flow will be 
1Ucreased and the accuracy badly impaired. Orifice fittings are available 
With which it is not necessary to shut down the line when orifice plates are 
removed to be cleaned or changed. One. such installation, the Byron Jackson 
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orifice fitting, utilizes two orifice plates. To remove an orifice plate from 
the line, a crank shaft is turned 180 deg., which lifts the plate through the 
crank arrangement into an upper chamber. A shutoff valve is then lowered, 
permitting a cap to be removed.

Static-pressure-drop Recovery. Not all the orifice pressure drop is lost. 
In high-pressure metering, the permanent static-pressure loss is not usually 
important. The reverse may be true in low-pressure work. The recovery 
(i.e., the differential reconverted to static pressure at a distance 4 to 5 diam­
eters downstream) will vary between 5 to 30 per cent of the differential drop 
for the most frequently used d/D ratios (see Fig. 45, p. 2042). Where this 
loss is greater than permissible, a flow nozzle or 
a venturi tube may be substituted for the orifice; 
With large ratio nozzles, recovery up to about 
65 per cent of the loss is possible. With a 
venturi, up to 90 per cent of the differential 
pressure may be recovered.

Seals and Purges for Orifice Meters. 
Where the fluid being metered will corrode the 
manometer or foul the manometer liquid, it is 
customary to provide a liquid seal in each pressure line from orifice to manom­
eter, as shown in Fig. 42a.

If a condensable vapor such as steam is being metered, it is. necessary 
to provide small reservoirs above the meters, Fig. 425, so that a substantially 
equal head of the condensed fluid will be maintained in each connection to the 
manometer. These also serve as condensers quickly to replace any liquid 
lost through differential changes. Seals are also used when measuring liquids 
that will freeze, to make unnecessary the heating of the meter body and 
connecting lines.

Purge systems are sometimes used instead of seals to protect a meter. The 
piping is arranged so that a small flow of inert gas or liquid, too small to 
upset the flow measurement, prevents the live liquid entering the meter and 
piping. Air, steam, water, and oil are common purge fluids.

Orifice Meters. Orifice meters consist of an orifice and a differential­
pressure measuring device which indicates or records the flow directly or 
indirectly. Differential measuring devices are of three types: (1) manom­
eters, (2) liquid-sealed bells, and (3) mechanical diaphragm gages. Manom­
eters are most generally used. For indicating meters, the manometer is 
usually a U-tube of glass or a single-tube manometer containing mercury, 
tetrabromethane, water, oil, or other liquid depending on the differential. 
For low ranges the tube may be inclined to spread out the graduations. 
Standard recorder mechanisms are also used.

Recorders use all three types of differential-measuring mechanisms men­
tioned above. A mercury-filled U-tube, in which an iron float rides on the 
mercury in one branch of the U, is most common. Motion of the float is 
transmitted to the recorder pen by mechanical or electrical means. Record­
ing may be either in terms of flow or in terms of the differential pressure. 
Mechanical and U-tube recorders are used for measuring differentials ranging 
from about 0.1 in. water upward. Since flow varies as the square root of the 
differential, flow graduated meters either must use non-uniformly divided 
charts or must use some device for converting to obtain the square-root 
relation.

The most common type of mechanical flowmeter is the manometer and float 
type. Figure 43 illustrates the Foxboro manometer in which the float
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Fig. 43.—Foxboro mercury manometer mechanism.
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motion is brought out by a small shaft lapped to so close a fit with its bearing 
that a film of grease seals it for operating pressures up to 5000 lb. per sq in. 
The end thrust is taken on a jeweled bearing. Similar construction is 
offered by Brown, 
Emco, Metric, and 
Republic, and by 
Bailey and Builders 
Iron Foundry with a 
stuffing box in place 
of a lapped bearing.
The Tagliabue 
manometer uses a 
pair of permanent 
magnets to bring out 
the float motion. 
One magnet turned 
by the float inside a 
ɪion-magnetie cylin­
der uses a second 
magnet external to 
the cylinder to follow 
it and to move the 
connected pen. The 
Cochrane manome­
ter shown in Fig. 44 is 
suspended on knife- 
edges and differential 
pressure is communi­
cated through flexible 
tubes. Changes in 
mercury level cause 
the entire manometer 
to tilt against the pull of the weight. Oil- and mercury-sealed Cochrane and 
Republic ring manometers operate similarly.

The manometer shown in Fig. 43 has a uniform-interval differential scale
or a square-root flow scale. The chain and sector 
mechanism, like an equivalent lever device in the 
Emco manometer, avoids angularity errors in 
the differential scale. In the Foxboro, as in the 
Tagliabue manometer, by substituting a parabo­
loid-shaped range chamber for the cylindrical one, 
a uniform-interval flow scale from about 10 per cent 
upward is secured at higher first cost and with the 
necessity for precise leveling and filling. Cams 
are used in Cochrane meters to produce manometer 
tilt directly proportional to flow, in Republic ring 
ɪneters to convert manometer tilt, and in Builders 
Iron Foundry meters to translate float motion 
into uniform flow intervals.

Fig. 44.—Cochrane mercury 
manometer.

Bell manometers are ordinarily used for low differential ranges below the 
practical limit for float instruments. Nevertheless, one of the best-known 
bell manometers is the Bailey instrument, Fig. 45. The Ledoux floating 
bell used by Bailey and Simplex is so shaped in effective area and wall section
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Fig. 45.—Bailey Ledoux bell manometer.

that the balancing of pressure and buoyancy forces results in bell movement 
proportional to flow and hence in uniform interval flow scale from zero upward.

Straight-walled bell manometers are widely used for measuring small 
static and differential pressures. Since a single liquid-sealed bell with 
pressure connection inside suffices for static pressure (Fig. 19, p. 2028), two 
bells mechanically opposed can be used for differential pressures. More 
common, however, is the use of 
a single bell enclosed for applica­
tion of pressure on both sides. 
At low static pressures the mo­
tion may be brought out through 
a seal as in the Bacharach instru­
ment, but usually the same 
pressure-tight bearings as serve 
with float manometers are used. 
The pressure forces on the bell 
may be opposed by a calibrated 
spring as in Bristol and Fox- 
boro bell manometers; by 
change in bell buoyancy as in 
Brown, Emco, Metric; by 
change in displacer buoyancy as 
in Bacharach and Bailey; or by 
a gravity pendulum, as in Ellison 
and others. In Bailey bell 
manometers the displacer is 
often shaped to produce a uniform interval flow scale.

Mechanical diaphragm gages with fabric, leather, or metal diaphragms 
or bellows are now widely used interchangeably with liquid-sealed bell instru­
ments on many applications. Figure 46 shows a Hays spring-opposed 
diaphragm unit.

Electric meters, using electrical means for determining manometer 
response to pressure changes, 
beyond the 100- to 300-ft. 
practical limit of mechanical 
meter pressure connection 
length. They often compete 
with mechanical meters 
equipped with pneumatic 
transmission.

The Brown electric 
manometer (Fig. 47) uses an 
induction balance somewhat 
similar to that described on p. 
2026. Position of the float is 
reproduced by a similar divid­
ed coil and plunger placed in the receiving instrument. The Cochrane elec­
tric manometer is also of the induction-balance type, but does not depend 
upon the plunger pull at the receiving instrument to position the indicator. 
Instead a galvanometer is used to detect unbalance in the two inductance 
circuits and commands a servomotor so that balance is restored.

The Republic manometer, indicated schematically in Fig. 48, makes 
use of an ascending spiral of metal rods with which the rising mercury in the

are used where remote readings are desired
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low-pressure leg of the manometer successively makes contact. The rods 
are connected to resistance coils so that the total resistance is proportional 
to the height of mercury in the manometer. By making the spiral of varying 
Pitch, correction is 
ɪnade for the 
square-root rela­
tion between flow 
and differential 
Pressure, and the 
chart divisions are 
Uniform. With 
this instrument a 
modified watt- 
hour meter may be 
Used as an integra­
tor or totalizer of 
flow. The Bailey 
electric manom­
eter has a primary 
coil of insulated 
wire wound on a 
laminated iron 
core, connected to 
a 5-volt a.c. trans­
former. This is 
placed in the low- 
pressure chamber, 
and the mercury 
rises around it as 
the differential in- 
creases. The 
mercury acts as 
the secondary winding of a transformer and admits more current to the primary 
as the level rises. Electrical characteristics of this manometer automatically 
give indications directly proportional to the flow. In­
dicators and recorders are operated by indicating, and 
integrators by totalizing, admittance meters. Elec­
tric bell manometers are offered by Brown and Re­
public. A tilting type manometer is used with a 
null-method measurement in the Centrimax made by 
Leeds and Northrup, Fig. 49. Manometer unbalance 
causes a magnetic switch to operate a motor driving a 
flyball governor which exerts a restoring force upon 
the manometer to restore balance. Since this flyball 
governor force is proportional to the square of the 
motor speed and since the manometer unbalance force 
is proportional to the differential or the square of the 
flow rate, the flow rate and motor speed are propor­
tional to each other. Motor speed is integrated by a 
counter to give total flow and is measured by a
tachometer to give flow rate, both values being telemetered electrically.

Recorder Auxiliaries. . Flow recorders for gases often incorporate a 
static-pressure recording pen and sometimes a temperature pen. It is desir-

-UpsfreaιrL^∙Downstream 
tap I tap

nr^υowns}
∖ taP

■Mercury

Contact 
rods

Fig. 48.—Diagram­
matic representation of 
Republic electric manom­
eter.
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gasable that both should be used on industrial 
reducing the totalized flow to standard tem­
perature and pressure. Some instruments 
incorporate a pressure compensator to reduce 
directly the totalized flow to standard pres­
sure. For totaling the flow, two methods are 
available. In instruments not supplied with 
a mechanical integrator, it is necessary to 
average the flow rate for a period, usually 24 
hr., after which the average multiplied by the 
time equals total flow. Temperature and 
pressure may be averaged by whatever 
method is used for flow and the latter cor­
rected to standard conditions. This may be 
done visually for a number of short intervals 
and the average of the averages taken, or it 
may be done by a radial or square-root planim­
eter. Many instruments, however, incorpor­
ate an integrator which saves much labor in 
totaling the flow. Bailey and Republic elec­
tric meters have electric integrators of the
admittance and resistance-changing types, an instru­
ment similar to a watt-hour meter. Other meters 
employ mechanical integrators. One type is the 
automatic planimeter of which a typical example is 
shown in Fig. 50. A counter suspended from a 
pendulum is moved across a rotating disk driven by 
the clock. Position, and consequently speed, of the 
counter is proportional to the instantaneous rate of 
flow. The second and more generally used type is 
that in which at certain intervals, usually once per 
minute, a ratchet or clutch is caused to drive the 
counter a certain distance which is limited by a varia­
ble stop, set by the recorder pen. One of the simplest 
is shown schematically in Fig. 51. A clock-rotated 
eccentric A causes a linkage to move the arm B up 
and down. Pulley C, to which is attached a cam D1 
is rotated by a string# attached to the recorder pen, 
thus assuming a definite position for each position of
the pen. Arm B in descending comes to rest on the cam D, 
which determines the length of its stroke and hence the 
amount added to the counter. The shape of the cam com­
pensates the stroke for the square-root relation and makes it 
proportional to the instantaneous rate of flow.

Venturi tubes are used in place of orifices for applications 
requiring high accuracy or minimum pressure loss (see p. 843).

As made by the Builders Iron Foundry, standard venturi 
tubes range in entrance diameter from 2 in., with metering 
capacity from 3 to 90 gal. per min., to 60 in., with metering 
capacity from 2780 to 81,300 gal. per min. Special meters 
may be built practically any size. Smaller meters are usually 
made of cast iron with bronze throats and larger meters of
sheet metal or concrete. Various interchangeable sizes of throat are available

meters. This is to permit 
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tubes installed.

fɑr each standard size of venturi tube, as a means of changing the range. A
venturi tube will pass substantially as much fluid as a pipe of diameter equal
tɑ the venturi inlet and outlet.

Pitot tubes (see p. 837) are much used for portable and exploratory work 
but, because of the low differentials produced and the difficulties of calibration 
and clogging, are seldom used in permanent industrial installations. This 
method of flow measurement depends not on changing the velocity head 
as in orifices and venturi tubes, but upon the measurement of the difference 
between the impact and static heads of the fluid. In measuring this differ­
ence, the two pressures are connected to the two sides of a manometer as 
'U Fig. 52. The reading is the difference, or velocity 
bead, V2∕2g multiplied by a calibration factor, when 
the velocity can be calculated (see p. 837).

ɪn using a pitot tube, account must be taken of the 
⅛ct that velocity within the pipe is not uniform 
Ihroughout the cross section. Velocity at the wall of 
a pipe, when there are no disturbances (valves, 
fittings, etc.) within 50 pipe diameters of the pitot 
tube, is about one-half the center velocity. Average 
velocity is at about one-fourth radius from the pipe 
"fall. Center velocity is about 20 per cent greater 
than the mean velocity on which the flow rate must be based. It cannot, how­
ever, be assumed that this is strictly the case when the pipe interior is rough 
or contains disturbing elements. In accurate work, particularly for permanent 
installation, it is necessary to explore the pipe at 10 to 20 points to determine 
the location of mean velocity or to determine the percentage decrease from 
center to mean velocity (velocity factor).

Industrial weir meters consist of an open or closed tank in one side of 
which is a partition containing the V-notch plate. The notch should be cut 
ɪn thin, corrosion-resisting metal such as brass or monel, not over ⅜2 in­
thick unless beveled on the downstream side. Edges should be sharp and 
square. The upstream tank should have a width not less than 7/< (⅛ = 
maximum crest height) and a depth beneath the 
Vortex not less than 3⅛. Baffles must be provided 
to prevent ripples. The head may be measured 
by means of a gage glass, hook gage, float, or by 
special means. According to the Bailey Meter 
Co., meters with a single notch for maximum 
head of 10 in. can handle up to 300,000 lb. water 
per hour and, for maximum heads of 15 in., up to 
1,000,000 lb. water per hour. By using some 
form of float, or displacer, weir meters may be
made to record. In the Bailey meter two cast-iron displacers, hung from 
the ends of a balance beam as in Fig. 53, are used to compensate for the 
exponential relation and to make displacement of the balance arm directly 
proportional to the flow. In the Cochrane meter, a cam is interposed 
between the float and the recorder pen to correct for the ⅝ power relation and 
give an equally divided chart. Both meters are equipped with integrators.

Area-type meters depend upon the maintenance of a fixed pressure 
differential across an orifice of variable area. In the rotameter this is 
accomplished by using a rotor or float inside of a tapered tube. The weight 
of the rotor forms a constant head or pressure differential across the annular 
orifice; consequently increasing flows carry the rotor upward to a position of

Hotarymotion
A? recorder

Displacers·
Fια. 53.—Compensating dis­
placers of Bailey weir meter.
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Thomas calorimetric gas meter.
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greater annular orifice area. Since flow is proportional to the orifice area, 
a direct relation exists between height of rotor and flow, the calibration being 
an almost straight line. Rotameter tubes are made of either glass or trans­
parent plastics. Metal rotameter tubes are available with an indicator rod 
attached to the rotor. A transparent sight glass is placed in front of the 
indicator rod. Remote indication instruments use a synchronous generator 
actuated by the indicator to transmit to a remote synchronous motor, or an 
induction-balance method.

RotameterCalibration. One 
disadvantage of the rotameter has 
been that a separate calibration had 
to be made for each fluid to ensure 
accuracy. Schoenborn and Colburn 
∖Trans. Am. Inst. Chem. Engrs., 34, 
359 (1939)] proposed a method where­
by flow rates on one fluid can be 
predicted from calibration data on 
another fluid. See Section 6.

Another type of area meter, also 
dependent upon the maintenance of a 
fixed pressure differential across an orifice of variable area, is the Isometer 
made by the Elgin Softener Corp. Downstream and upstream pressures 
are exerted on either side of a piston, which also serves as a slide pilot valve. 
A weight is attached to the pilot valve to maintain a constant pressure 
differential. The pilot valve admits fluid pressure to the piston which regu­
lates the height of the orifice.

In the Brown and Cochrane area meters the rise and fall of a weighted 
plunger uncovering more or less port 
area is transmitted by the inductance­
bridge devices of those makers.

Calorimetric Flow Measure­
ment. Adding a measured quantity 
of heat to a flowing fluid, to produce a 
constant temperature rise, is an accu­
rate method of determining flow which 
records in weight-flow rate and does not 
require compensation for temperature 
and pressure. This is used in the 
Thomas meter (Cutler-Hammer, 
Inc.) which is designed for metering 
natural and manufactured gas. It 
depends for its accuracy on the fact 
that the specific heat of the gas remains 
substantially constant regardless of 
composition. Figure 54 indicates the 
principle of the meter. Two resistance 
thermometers in the pipe, connected into two legs of a Wheatstone-bridge 
circuit, are adjusted to give zero galvanometer deflection for a 2oF. tempera­
ture difference. A balancing device adjusts the current through the heating 
coil so as to maintain the 2oF. rise. A recording wattmeter in the heating 
circuit makes a flow-rate record and a watt-hour meter integrates the flow.

Dilution or mixture metering (see p. 867) is now little used.

/Totabzerdial

x Propetter
Fig. 55.—Sparling turbine meter.
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Impulse or turbine meters are frequently used on liquids. Many

°f the large water meters are of this type. Figure 55 shows a Sparling turbine
Bieter which is made in sizes from 2 to 60 in. or even larger.

Flow Control. Instruments measuring flow rate can, with the addition 
°f a pilot or electrically operated devices such as a valve or damper, be made 
to control flow.

Fig. 56.— 
Liquidometer 
liquid-level gage.

LIQUID LEVEL
Measurement and control of level may be accomplished by the use of floats, 

by hydrostatic or differential pressure, by differential temperature, or by 
electrical methods.

Floats are applied to indicating, recording, and controlling of level. The 
simplest indicator is one in which float movements are shown on a scale by 
the motion of a slider connected by a table going over a pulley. 
This device is generally crude. An electric contact may be 
fitted on the slider to make a controlling device. A more 
complicated indicator is the Liquidometer gage which 
transmits the movement of a float to an indicating scale by a 
balanced hydraulic system (Fig. 56). Two bellows at the 
transmission end are connected to a similar pair at the in­
dicator. The whole system is filled with a liquid, so that, 
when a change in position of the float compresses one of the 
bellows and expands the other, the set in the indicator acts 
similarly but in the opposite direction. Compensation for 
temperature changes is made by the linkage in the instrument. 
With changes in float position both bellows move in the same 
direction at C, and rotation is about D. Temperature 
changes, however, cause equal expansion or contraction of both systems with 
movement in opposite directions, therefore canceling by turning about C. 
This system is also made for recording. Another distant-type indicator 
actuated by a float is the MacCreedy (J. H. Bunnell) which was designed 
especially for oil-tank farms. It is essentially a dual telegraph system 
operating on 24 volts direct current. Each ⅜-in. movement of the float in 
either direction sends an impulse which moves the receiving indicator.

Recorders of the float type are 
numerous. The differences are 
chiefly in the mechanism used for 
reducing the motion—rack and 
pinion, worm and gear, or pulley. 
Methods of mounting charts and 
clocks differ in accordance with the 
reduction methods used. Figure 
57 shows one instrument of this 
type where the chart is on a cylinder 
which is turned by movements of 
the float. The pencil is drawn 
lengthwise on the chart by a weight, the speed being governed by the clock.

Level control by means of a float may be accomplished very simply with 
a valve directly operated by the float arm (Fig. 58). This type is in common 
use. Or thé valve may be placed at a distance by interposing rods and 
counterbalanced levers. For greater distances the float is made to operate 
a pilot valve to control air, gas, or water pressure on a remote diaphragm 

Pencil Reduction

Chart on drum

Fig. 57.—Float-operated liquid-level recorder.
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Fig. 58.—Float-type liquid-level 
controller.

valve. Direct-acting controllers of the liquid-filled type are also used. 
In these a bellows is compressed by the float to cause the expansion of a 
similar bellows mounted on the valve stem. Electric control may be obtained 
by the use of a mercury-bulb contactor so arranged aS to be tilted by a float.

Hydrostatic pressure methods of 
measuring level determine the weight or 
pressure of a column of liquid. For this, the 
various pressure indicators and recorders of 
the box, diaphragm, Bourdon, and helical 
types (¢.1'.) are used. If the liquid be in a 
slightly raised tank or so located that the 
gage may be connected and mounted at or 
near the datum line, no change need be made 
in the standard pressure gage. For greater 
elevations where the gage must be mounted 
considerably below, the pointer may be set 
below zero to obtain an instrument scale 
range corresponding with the tank level 
range. Setting back up to 300 per cent of 
the scale is possible.

For locations where the gage must be some 
distance from the point of connection, above
the surface of the liquid, or otherwise so located as to make the standard pres­
sure connection impossible, a pneumatic transmission system is used. This 
consists of a metal bell or “sensitive bulb,” 
connected by a capillary tube to the instru­
ment, the bell being open at the bottom or 
covered with a flexible rubber diaphragm. 
The air in the bell is at atmospheric pressure 
when no liquid is above it, but the pressure 
increases with the head. Various designs are 
available to permit connection to pipe lines, Fra 59.-Hydrostatie be∏s for 
for lowering into large reservoirs, and for liquid-level measurement, 
almost any requirement. Several of these 
appear in Fig. 59. Most of the standard materials for corrosion resistance 
can be used in making these forms. Open bells are usually provided with a 
hand pump for occasional pumping out and filling of the line.

Another method of gaging levels is by measuring the — -- 
back pressure on an air line which goes almost to i I r^ u ∙.'i,agt'cons∣ant. 
the bottom of the tank or storage space (Fig. 60) .The ,∣ ^eetj∕e va∣vi∖S"rsuι,∕'lyy 
line pressure is regulated with a needle valve so as to 
have air bubbling up from the pipe. Incidentally, this 
will provide agitation for mixing or keeping material 
in suspension. A small water line may be used 
similarly if conditions permit.

Difierential Pressure. As explained on p. 2028, 
pressure gages actually measure the difference between 
the pressure within and without the element or, in 
other words, between the pressure at the location of 
the sensitive bulb or pipe connection, and the atmos­
pheric pressure. Where, however, the pressure at the connection is due in 
part to pressures greater or less than atmospheric above the liquid, as in closed 
tanks, it is necessary to use a different type of instrument. A two-element

Fxg.
type liquid-level gage.

60.—Back-pressure
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pressure gage may be used to show the two separate pressures and the level
obtained from the difference. A direct reading is possible by the use of a
U-tube, as in the King-Seeley Telegage, or any differential pressure element
such as is used in orifice-type flow meters (see pp. 2040 to 2043).

Differential Temperature. The difference in temperature between 
steam and water in a steam-boiler water column is utilized in several instru­
ments for indicating, recording, and controlling boiler-water levels. The 
Bristol-Derr indicator and recorder amplifies this difference by means of a 
series thermocouple, wound on a brass tube which is connected parallel with 
the regular water column. The alternate junctions of the copper-con­
stantan couples are placed at the top of the tube. 
The others are stepped up from the bottom. With 
no water all couples are at the steam temperature, 
and the instrument reads zero. Rising water cools 
more couples, and the millivoltage increases. The 
instruments are of the usual millivoltmeter type 
(see pp. 2062, 2064, and 2082).

The heat of the steam above the water in a 
boiler is used for generation of steam in a separate 
system in several level controllers. Figure 61 
shows a generator composed of two concentric 
tubes, the inner connected to the tpp and bottom 
of the boiler. Water fills the annular section and 
is converted into steam when a drop in level 
increases the steam space in the tube. The conse­
quent increase in pressure operates the feed-water 
inlet valve to which the generator is connected.

Another level controller which functions by reason of this temperature 
difference in the water column is the Cope. In it temperature changes, due 
to boiler-level changes, expand or contract a brass tube, connected in parallel 
with the regular water column. Through a multiplying linkage, its changes 
in length operate the inlet valve.

Electrical methods can be used to indicate or control high-low levels for 
electrolytes. An electrode is placed with its end at the level to be indicated, 
and contact with the electrolyte establishes a closed circuit.

WEIGHING AND WEIGHT CONTROL
Weighing is used for determining weight of stationary, continuous, or 

intermittently moving loads. There are four fundamental types of scale: 
(1) the equal-arm balance, (2) the spring balance, (3) the multiplying-lever 
or steel-yard balance, and (4) the pendulum balance. Industrial weighing 
makes use chiefly of the compound lever and pendulum scales. Spring 
balances suffer from spring hysteresis and are not recommended. Industrial 
scales may be classified as indicators, integrators, and controllers. Indicating 
and integrating scales are of several forms: platform scales, dormant scales 
(platform scales flush with the floor), crane scales, tank and hopper scales, 
truck and track scales, and belt and bucket scales (these last for integrating 
continuous loads).

Integrating or totalizing scales weigh both stationary and moving loads. 
In the stationary type the scales may be balanced automatically or by hand. 
Such scales usually print a weight ticket and simultaneously register the 
weight on a counter. The Merrick automatic scale balancing mechanism 
has a power-applying device wτhich drives the poise backward or forward on
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The poise

Drives 
/counter

Toscate beam
Drives be/t from conveyor

Fig. 62.—Simplified repre­
sentation of Merrick weightoɪn- 
eter integrating mechanism.

the beam whenever it is out of balance, until balance is restored, 
is driven by a screw running through the center of the beam. Attached 
to the screw at the fulcrum end of the beam is a disk with rollers on its periph­
ery. A small, horizontal motor-driven bolt makes contact with the rollers 
on both sides. When the beam is in the 
balanced condition, the disk is perpendicular 
to the belt and does not turn. When the beam 
leaves the balanced condition, the disk rollers 
contact the belt at an angle, causing the disk 
to rotate at a speed proportional to the degree 
of unbalance. This rotates the screw and 
moves the poise to the balanced position. 
Rotation of the disk is recorded on a counter. 
This device is used for weighing any form of 
load on platform or dormant scales, or in 
tanks or hoppers.

Weighing continuous loads is accomplish­
ed on a conveyor belt or bucket carrier. A 
section of the belt is suspended from the scale mechanism, and move­
ment of the scale beam operates an integrator mechanism. In the 
Merrick Weightometer the load is balanced by a cylindrical displacer in a 
mercury container, resulting in a beam deflection proportional to load. 
The weight is integrated by means of a roller disk similar to that described 
on p. 2049, which is held in contact with the small driving belt at an angle 
proportional to the instantaneous load. The driving belt is driven at a speed 
directly proportional to the speed of the load belt, and hence the integration 
measures total load. The integrating mechanism is indicated in schematic 
form in Fig. 62. In the Ohatillon Telepoise scale the beam is balanced 
for normal load by means of springs. Deviation from the normal load causes 
the beam to rise or fall by an amount proportional to the load. This position 
is converted into a series of electric impulses which register on a magnetically 
driven counter. The number of impulses for each rotation of the impulse­
transmitting mechanism is proportional to the instantaneous load, and the 
number of rotations of the impulse mechanism is proportional to the speed 
of the conveyor belt. Hence the impulses per interval of time are a measure 
of the passing load for that interval.

Weighting intermittent loads so as to approximate continuous flow 
is accomplished with liquids in weigh tanks; or with solids in hoppers or on 
double-belt weighers. Weigh tanks are used singly or in pairs. The scale 
is balanced for a definite load and, when that load is reached, the weight of 
the load automatically closes the intake and opens the discharge valve. A 
counter registers the number of fillings of the tank. The action of weigh 
hoppers is similar, with the substitution of a feeder or gate-controlled feed 
hopper for the inlet valve. In the Syntron batch-weighing machine 
the material is fed through a feeder trough, which operates by means of 
vibration imparted by an electromagnet, into a rotating weigh hopper. 
When the weigh hopper approaches the correct weight, the feed is cut down, 
by decreasing the amplitude of pulsation of the electromagnet, to a small 
stream, until the exact weight is reached when the feed is cut off. The 
rotating weigh hopper consists of several sections; when the feed is cut off, 
the hopper rotates to discharge, and the next section is then filled. Photo­
electric devices are now available for controlling different types of feeders. 
The weigh indicator intercepts a light beam to a photoelectric cell which
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Fig. 63.—Richardson Conveyoweigh.
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64.—Hardinge constant-weight
feeder.

operates a relay shutting off feed. For greater accuracy a second photo­
electric cell is used for complete cut-off—the first only cutting off the feed 
to a “dribble.” Instead of a weigh 
hopper the Richardson Conveyo- 
Weigh, indicated diagrammatically 
in Fig. 63, uses two belts, one a feed 
belt and the other a weighing belt. 
The feed belt delivers batches of 
equal weight to the weigh belt. 
When the weight on the latter tips 
the scale mechanism, the circuit to 
the feed-belt motor is broken and 
that belt stops. Meanwhile, the 
continuously operating weigh belt 
delivers part of its load, the scale beam rises, and the feed belt commences 
the next feed cycle.

Weighing Controllers. Any form of automatic intermittent weigher 
may be used as a controller if it follows a definite time cycle. Otherwise a 
timing gear may be added. Con­
tinuous-weight controllers have 
inherent timing. This type of equip­
ment usually consists of a belt con­
veyor driven at constant speed, part 
or all of which is balanced by a scale 
beam. Departure from the set con­
trol rate tends to open or close a gate 
at the bottom of the feed hopper so 
as to maintain constant weight-feed 
rate to the belt. Figure 64 shows
how this is accomplished in the Hardinge constant-weight feeder. In­
stead of the hopper the Syntron gravimetric feeder uses the vibrating 
feeder trough described above, and the variation of weight experienced by 
the belt conveyor changes the amplitude of pulsation of the 
electromagnet of the feeder trough.

Proportioning. Maintenance of the flow of solids in a 
definite proportion to a liquid flow is accomplished by means 
of either intermittent load weight or continuous-weight 
controllers. One system uses a displacement flow meter to 
measure the fluid stream, and each time a definite quantity 
has passed through the fluid meter an electric contact operates 
the solid feeder for a definite time period. In another system 
a flow rate meter using the differential-pressure method is 
used to regulate the quantity of feed by a continuous-weight 
controller. Differential pressure from an orifice or venturi is 
used to operate floats, which in turn operate an electric trans­
mitter that sends out time signals to the weight controller.

The Bailey coal meter (Fig. 65) measures solids flow in­
directly in terms of volume. It is installed in a pipe not more 
than 20 deg. from vertical and measures the volume flow of 
any granular material descending at a fairly uniform rate so as to fill the pipe. 
It consists of a screw-shaped vane which is rotated by the descending solids 
and which in turn drives a counter. Probable accuracy on uniform material 
is one-third of 1 per cent.

Fig. 65.— 
Bailey coal 
meter.
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TEMPERATURE MEASUREMENT AND CONTROL
Temperature is the condition of matter which determines the flow of heat 

between bodies. It cannot be measured directly but is readily determinable 
by various indirect methods in which physical or electrical properties of 
bodies, variable with temperature, are measured instead. Nor can tempera­
ture be measured by absolute standards. It must be determined in relation 
to the temperature of standard bodies under conditions of temperature that 
are known to be constant and reproducible. Thus a body which will, when 
placed in the same environment, neither lose heat to nor gain heat from melt­
ing ice at atmospheric pressure is arbitrarily assigned a temperature of 0oC., 
32oF., 0° Reaumur, 273° Kelvin (abs. oC.), or 4920 Rankine (abs. 0F. = 0F. + 
460°). Similarly, a body which will neither gain nor lose heat in contact 
with steam at atmospheric pressure is assigned a temperature of 100oC., 
212oF., 80o Reaumur, 373o Kelvin, or 672o Rankine. The range of tem­
perature between the lower and upper standard temperature in the various 
cases is 100oC., 180oF., 80° Reaumur, 100° Kelvin, and 180o Rankine. The 
degrees in each case are equal divisions of the entire range. Temperatures 
above or below the standard ranges are allocated by extrapolation.

Any given temperature on one scale is related to the corresponding tem­
perature on any other scale by the fact that the range of units between the 
freezing and boiling temperatures (of water), although expressed differently 
on the various scales, refers to exactly the same temperature difference. On 
any scale the number of degrees from the freezing point to a given tempera­
ture, divided by the number of degrees from the freezing point to the boiling 
point, is equal to the corresponding ratio for the corresponding temperature 
range on any other scale. The relations

C. F. — 32 Reaumur Kelvin — 273 Rankine — 460
≡ ~ 180 ~ 80 " ^^ 1ÖÖ “ 180

therefore constitute the fundamental and easiest method for converting 
temperatures on one scale to those of another.

Thermodynamic Temperature Scale. From a consideration of the 
part played by temperature in the theoretical Carnot cycle, Kelvin proposed 
a fundamental temperature scale which is independent of the properties 
of actual matter. On this scale the absolute temperature of the freezing and 
boiling pointe of pure water at a pressure of 1 atm. are proportional to the 
heat rejected and absorbed by a reversible thermodynamic engine operating 
between these temperatures, which are then in the ratio of 273 to 373 on 
the centigrade scale. No actual thermometer gives results which correspond 
exactly to this scale, although the constant-volume gas thermometer 
follows it very closely when used with the “permanent” gases such as helium, 
hydrogen, and nitrogen. By correcting for the known deviations of these 
gases from the laws of perfect gases, it is found that only small corrections are 
required and that these are generally insignificant for engineering purposes.

The constant-volume gas thermometer is used only as a fundamental or 
experimental instrument because of its inconvenience. Other more practical 
instruments have been devised and calibrated in terms of fixed points estab­
lished by its use. A series of such fixed points for thermometer and pyrometer 
calibration appears in Table 1. Based on range, temperature instruments 
have been divided into thermometers for temperatures to about 1000oF., 
and pyrometers for temperatures above 1000oF., but this classification, 
never strictly valid, is now almost meaningless. Not only are electric 
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resistance thermometers used at high temperatures as well as low, but also 
thermoelectric thermometers are used throughout the entire range of indus­
trial temperature measurement. Therefore, it seems practical to classify 
thermometers by mechanism or principle rather than by range.

60-1401 -70-50

'Thermometer
bulb

Fig. 66.—Typi­
cal industrial 
thermometer.

Physical Thermometers
There are three general classes of thermometer depending on physical 

changes: (1) those measuring a change in dimensions of a gas, liquid, or solid; 
(2) those measuring change in vapor pressure of a confined liquid; (3) those 
Pleasuring a change in pressure of a gas. Most common, of course, are the 
liquid-in-glass (liquid expansion) and bimetal (solid 
expansion) thermometers of the first group, while all 
groups are represented in the “pressure-spring” or 
“ filled-system ” thermometers for industrial use.

Glass thermometers filled with mercury are avail­
able for the range from —38oF. to +750oF. Using 
borosilicate instead of lead glass, mercury thermometers 
filled with nitrogen under pressure are satisfactory to 
950oF.; with Pyrex No. 172 glass they are useful to 
1200oF. For temperatures below the freezing point of 
mercury, toluol, alcohol, or pentane may be used, having 
respectively freezing points of —143°, —171°, and 
~~328oF. Glass thermometers are calibrated either for 
total immersion or for partial immersion. Total-immer­
sion thermometers, insufficiently immersed, will read low 
lor temperatures above the surroundings and vice 
versa. The stem correction for such thermometers is

C = Kn(T - t)

where C is the correction, degrees. For Fahrenheit thermometers, K equals 
θ∙00009; fθr centigrade thermometers, K equals 0.00016. The number of 
degree divisions of emergent mercury column equals n, T is the bulb tempera­
ture, and t is the mean temperature of the emergent column. Industrial 
thermometers (Fig. 66) are partial-immersion thermometers protected 
with a glass-covered metal scale and a metal tube or guard over the bulb. 
Thermometers of various lengths for temporary and permanent use, with 
scale faces set at various angles, are available. These instruments may be 
read at a distance of several feet. For reducing temperature lag to the bulb, 
the protecting casing is usually filled with a heat-transferring medium. This 
Piay be oil, mercury, copper powder, or graphite; or a low-melting metal, 
depending upon the temperature. For measuring temperatures of gases the 
bulb guard is perforated to decrease temperature lag. For installation in 
corrosive mediums or pressure apparatus, standard thermometer wells are 
available.

Bimetallic or differential expansion thermometers, formerly used only 
where simplicity and low cost were primary objects, are now available as 
high-grade instruments. Thermometer bimetal consists of sheets of metal 
of relatively high and low coefficients of expansion, such as brass, monel or 
steel, and iron, nickel-iron, or invar laminated by welding, brazing, soldering, 
θr even riveting. The bimetal may be used in strip form or coiled into spirals 
or helicals. The Weston thermometer is actuated by a multiple-layer helix. 
By close clearances between sheath and outer layer and between subsequent
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Table 1. Fixed Points for Thermometer and Pyrometer 
Standardization

Substance Phase change
Temperature

“C. 0F.
Helium....................................................................................... Melts <—271 < - 456
Hydrogen..................................................................................... Boils -253 -423
Oxygen......................................................................................... Melts -227 -377
Nitrogen....................................................................................... Boils -196 -321
Oxygen................................................................................... Boils -183 -297
Isopentane................................. ................................................. Melts -160 -256
Methyl cyclohexane............................................................... Melts -126 -195
Carbon bisulfide...........................................................................
Toluene....................................................................................

Melts
Melts

-112-95.0 -170-139.0
Carbon dioxide........................................................................... Sublimes -78.5 -109.3
Chloroform............................................................................... Melts -63.5 -82.3
Mercury.................................................................................... Melts -38.9 -38.0
Carbon tetrachloride................................................................ Melts -22.9 -9.2
Water......................................................................................... Melts 00.0 +32.0
Glauber’s salt...................................................................... Melts 32.4 90.3
Acetylene dichloride.................................................................... Boils 55.0 131.0
Ethyl alcohol........................................................................... Boils 78.3 172.9
Water.................................................................................... Boils 100.0 212.0
Toluene.................................................................................... Boils 110.0 230.0
Chlorobenzene.................................. ..................................... Boils 132.0 269.6
Brombenzene.......................................................................... Boils 156.6 313.9
Aniline........................................................................................ Boils 184.5 364.1
Nitrobenzene.......................................................................... Boils 209.0 408.2
Tin.................................................................................... Melts 231.9 449.4
Diphenyl...................................................................................... Boils 254.6 490.3
Naphthol (α)............................................................................... Boils 278.0 532.4
Diphenylamine....................................................................... Boils 302.0 575.6
Lead............................................................................................. Melts 327.4 621.3
Mercury.................... '................................................................ Boils 357.3 675.1
Potassium dichromate................................................................. Melts 397.5 747.5
Zinc............................................................................................ Melts 419.4 786.9
Sulfur........................................................................................... Boils 444.6 832.3
Lead chloride............................................................................... Melts 501.0 933.8
Calcium nitrate.............. ,........................................... Melts 561.0 1,041.8
Antimony.................................................................... Melts 630.0 1,166.0
Aluminum................................................................... Melts 658.7 1,217.7
Manganous sulfate................................................................ Melts 700.0 1,292.0
Potassium chloride...................................................... Melts 770.3 1,418.5
Sodium chloride................................................................... Melts 800.4 1,472.7
Sodium carbonate...................................................................... Melts 852.0 1,565.6
Sodium sulfate...................................................................... Melts 884.7 1,624.5
Silver........................................................................... Melts 960.5 1,760.9
Gold.......................................................................................... Melts 1,063 1,945
Potassium sulfate........................... ........................... Melts 1,069 1,956
Copper...................... ............................................................... Melts 1,083 1,981
Stannic oxide. .............................................................. Melts 1,127 2,061
Lithium silicate....................................................................... Melts 1,201 2,194
Barium fluoride........................................................................... Melts 1,280 2,336
Nickel........................................ ................................................ Melts 1,452 2,646
Cobalt................................................................................ ......... Melts 1,480 2,696
Iron.............................................................................................. Melts 1,530 2,786
Palladium... ............................................................................. Melts 1,549 2,820
Platinum...................................................................................... Melts 1,755 3,191
Alumina.............................................. . ........................ Melts 2,000 3,632
Tungsten...................................................................................... Melts 3,400 6,152
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layers good responsiveness is secured. Ranges to 1000oF. and accuracies of 
1 and ½ per cent are available.

Pressure-spring Thermometers. The sensitive element of these ther­
mometers consists of a metal bulb joined by a capillary tube to some form of 
Pressure spring. This may be a Bourdon tube, a spiral or helix of flattened 
tubing (see p. 2029), a capsular element, or even a mercury manometer, any of 
ʌvhieh may actuate a pointer or recorder pen.

Liquid-expansion thermometers are made in ranges between —170° 
and +500oF. for organic fillings and between —38° and + 1000oF. for mercury 
fillings. The temperature scales are equally divided. The organic fillings 
ɪɪave a high expansion coefficient and require only very small bulbs permitting 
good responsiveness. The mercury filling has a low expansion coefficient 
rPqiuiring a larger bulb and an all ferrous construction.
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Fig. 67.—Methods of compensating pressure-spring thermometers.

id)

Compensation for ambient temperature changes is generally necessary if 
the capillary tubing is more than a few feet long, particularly with the organic 
fillings. For case compensation a bimetallic element connected to the measur­
ing spring offsets the spring motion occurring as a result of spring temperature 
changes, or spring and tubing temperature changes (assuming tubing always 
at spring temperature) (see Fig. 67α). The tubing may be compensated 
separately and more exactly by the invar wire method, Fig. 67Ò. By proper 
choice of tube and wire dimensions the differential expansion between the 
tube and wire may be made just to offset the expansion of the filling medium 
in that tubing. Complete compensation is also secured by the parallel­
system method in which the case and tubing errors of the measuring system 
are exactly offset in a second filled system, identical with the first except for 
omission of the bulb (see Fig. 67c.)

Vapor-pressure thermometers (Fig. 67d) are made in ranges falling 
between limits of about —25° and -f-600oF. The bulb systems are partially 
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filled with a wide variety of volatile liquids, of which methyl chloride, ethyl 
ether, alcohol, sulfur dioxide, benzol, toluol, aniline, or water are com­
monly used. The temperature scale is unequally divided, the interval 
increasing with increasing temperature. This characteristic is often utilized 
to increase readability in the operating range. Moderately small bulbs and 
high responsiveness—of great importance in control—are characteristic of 
vapor-pressure thermometers.

While vapor-pressure thermometers require no compensation, they have 
certain limitations when required to cross ambient temperature. Either 
the bulb volume must be sufficient to contain the filling liquid which distills 
from the spring and tubing when the bulb becomes the cold end (the bulb 
must be mounted at instrument level) or the “double-filling” arrangement 
(with volatile liquid only in the bulb as shown in Fig. 67e) must be used to 
avoid fluctuating hydrostatic head corrections in the tubing.

Gas-pressure thermometers are made in ranges between —300° and 
+1200oF. The gas filling is usually nitrogen. The temperature scale is 
uniformly divided. The bulbs are larger than other types of thermometers, 
and responsiveness is poorer both because of the bulb size and the low thermal 
conductivity of the filling.

Gas thermometers do not require ambient temperature Compensatiori, 
it being only necessary to make the bulb volume sufficiently large in compari­
son with the tubing and spring volume. Conveniently, there is no upper 
limit to bulb size, so that bulbs may be made as large 
as necessary for mechanical strength or for averaging 
temperatures in large ducts. Where small bulbs are 
necessary, compensation can be added, but, as a 
result of the compressible filling in the gas ther­
mometer, compensation is correct only at one tem­
perature, usually mid-scale. Hence, the bulb volume 
remains large compared with other types of ther­
mometers.

Pressure-gage thermometers are available as in­
dicators, recorders, or controllers. Indicators, also 
called dial and index thermometers, are similar 
to the pressure gage (Fig. 23). Electric contacts 
may be added for control or signaling (see Fig. 8). 
Contacts are movable and may be either single or 
double. Recorders are available for all forms of 
chart, in any of the three classes. Up to four 
temperature elements, with four pens, may be had 
in a single instrument. Electric systems or pilot valves are added for con­
trol (see p. 2019).

Temperature regulators are usually pressure-spring thermometer 
systems which have no indicator or recorder attachment, but which move a 
valve, damper, switch, etc., to maintain a substantially constant temperature 
at the bulb. The simplest is the self-operated regulator (Fig. 68), usually 
vapor-pressure operated but also made in liquid-expansion types. The 
expansion element is usually a metal bellows connected by flexible tubing to 
the bulb. Temperature increase closes a direct-acting valve or opens a 
reverse-acting valve against a spring. The control point is adjusted by 
varying the spring, pressure. Valves are of the balanced type and will 
throttle. For heating applications greater accuracy and closer control are 
obtained in a different type of regulator, whose bulb and tube system are

Fig. 68.—Ty pi e a 1 
self-operated tempera­
ture regulator.
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jɪɪled with liquid which overflows, with increasing temperature, into the 
. ellows. The bellows, located within the valve body, is exposed to the heat-> 
⅛ medium, which vaporizes the liquid and thus positions the valve. Another 
Jype of controller utilizes a pilot valve, operated by a bellows which admits 
ɪhe downstream reduced pressure to a chamber above a diaphragm upon 
JJrhose other side is exerted the upstream pressure. The operation of this 

-- - ,____  3 regulator except that a vapor-filled bellows
system actuates the pilot valve instead of 
a spring. Such regulators are cheaper than 
those using a pilot system but are not so 
accurate. The latter, of which Fig. 69 is a 
typical example, use air, water, Pr steam 
pilot valves to regulate a control valve, 
damper, etc. (see pp. 2019-2025). The 
control point is adjusted and indicated on a 
dial. Temperature regulators are also 
made with 
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Fig. 70.—Typical air-operated bimetallic tem­
perature regulator.

. Fig. 69.—Typical direct-acting 
*41r-operated temperature con­
troller.
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Steam 
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*on elements both in direct-acting and pilot or electrical types. A typical 
ll~operated type is shown in Fig. 70. For description of diaphragm valves, 
θ P- 2022. The selection of these will depend on whether the valve should 

open or closed in event of pilot-pressure failure, or upon whether the action 
the valve should be open-and-shut or throttling.

Electrical Thermometers
ɪhere are two classes of electrical thermometers: (1) resistance; (2) thermo- 

eetι,ic thermometers.
*resistance thermometers consist of a coil of wire of relatively high 

7 jAperature coefficient of resistance, connected into one arm of a Wheatstone- 
e'÷k θ ɑɪɪ'ŋɪɪɪt. Resistance, and hence temperature of the coil, is measured 

ιner by balancing the bridge or by noting the deflection of the galvanometer. 
1∏8 is the most accurate type of thermometer. Accuracy of one-quarter

1 per cent and better is possible in industrial instruments, which is closer 
ɪ an the chart can be read for long-range instruments at low temperature. 

eSistance thermometers are of use between about —330° and ⅛1800oF. 
ɑ may be used to indicate or record one or more temperatures, the difference 
ʊvvo temperatures, or the average of several temperatures. Although the 

s⅛ of a single-resistance instrument is two or three times that of a com- 
j3Γ. ɪθ Pressure-sPrInS thermometer, the use of several bulbs recording or 

u*cating on a single instrument may make multiple installations little
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more expensive than an equivalent number of pressure-spring thermometers. 
Resistance thermometers may be cheaper for installations which require 
remote location of the bulbs. In the case of indicating instruments, the 
number of bulbs that can be switched consecutively to a single indicator is 
limited only by the frequency with which each temperature must be read. In 
recording instruments, up to 16 bulbs are switched automatically and consecu­
tively to a single recorder, provided temperature changes are not too rapid. 
Measurement of an equal number of temperatures would require four 4-point 
pressure-spring-thermometer recorders which would cost nearly as much 
as a single 16-point resistan ce-thermometer recorder. An additional advan­
tage of resistance thermometers is that their bulbs may be located at any 
reasonable distance, say up to ½ mile, from the indicating or recording 
instrument. The distance is limited only by the resistance of the leads.

Resistance-thermometer bulbs are wound with platinum, nickel, or cop­
per. Temperature coefficients of resistance of these metals follow simple, 
known laws with reasonable constancy. Although the assumption of a 
straight-line law for platinum gives only small errors for temperatures near 
zero, the error becomes progressively larger with increasing temperature. 
The equation for platinum above — 40oC. is

R — Ro(l -J- dt -f- ^2)
where R is the bulb resistance at any temperature t; Ro is the bulb resistance 
aυ 0oC.; and a and b are constants. This relation is parabolic, and the bulb 
can be calibrated by the use of three fixed points, i.e., the temperatures of 
melting ice, boiling water, and boiling sulfur at atmospheric pressure. (For 
more complete information on the calibration of resistance thermometers see 
Wood and Cork, “Pyrometry,” pp. 69#., McGraw-Hill, New York, 1927.)

Platinum is used to 1800oF., nickel to 600oF., and copper to 250o to 300oF. 
Except for very high temperatures, high-resistance bulbs are preferable in 
order to reduce the effect of line-resistance variation. Base-metal bulbs 
consist of metal coils sup­
ported on an insulating 
rod or frame and enclosed 
in a metal tube. Plati­
num bulbs are preferably 
sealed in a quartz tube 
to obviate contamination 
at high temperatures.

Deflection Indica­
tors and Recorders.
As noted above, the re­
sistance of the thermom­
eter bulb is measured by 
means of a balanced or an 
unbalanced Wheatstone 
bridge. The unbal­
anced bridge, using the 
galvanometer deflection 
as a measure of the temperature, is shown in Fig. 71α. A and B are ratio 
coils of equal resistance. C and D are coils of resistance equal to the 
resistance pf the bulb at, respectively, the highest and the lowest tem­
peratures for which the instrument is graduated. D is used in standard­
izing the battery voltage every day or two. To do so, the thermometer

bridge.
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Northrup automatic 
cuit-balancing device.

bulb X is disconnected, and D is connected into the network by switch £. 
Rheostat R is adjusted until the galvanometer deflects to the lowest division 
on the scale. Millivoltmeters are used as indicating instruments, together 
With a separate bridge box containing the bridge circuit and standardizing 
switch. Recorders are of the usual depressor-bar roll-chart type with the 
bridge circuit installed either within the case or in a separate box. Multi­
point recorders have a clock-driven commutating switch for periodically 
connecting the various bulbs into the network.

In millivoltmeter instruments the small amount of power available from a 
galvanometer makes it necessary to add an auxiliary source of power to 
secure control action. The pointer may be depressed at intervals by a 
meter or solenoid-operated chopper bar to operate control or signal contacts, 
or an inductive or capacitive detection of pointer position (see p. 2021) may 
be used.

Balanced or null-type instruments use a circuit similar to Fig. 716, 
which is the one used in the Leeds and Northrup instrument. In the 
case of indicating instruments the balancing is accomplished by hand, a 
single knob being used in the simultaneous adjust­
ment of the two slide wires S and S' until the 
galvanometer deflection is zero. The resistance of 
the slide wires is so proportioned that the total 
resistance of the two ratio arms A and B, fixed coils, 
and their associated sections of slide wire, remain 
equal for all adjustments. At the same time the 
resistance of C varies and the bridge reaches balance 
when C has been made exactly equal to bulb X. 
The lead resistance is divided between the two 
arms C and X of the bridge and does not affect the 
balance. The three leads of each bulb must be 
identical copper conductors.

Recorders use ingenious automatic balancing 
devices to adjust the slide wires until zero deflection 
is obtained. The first widely used self-balancing 
mechanism is shown in Fig. 72. Galvanometer 
Pointer A swings in a horizontal plane beneath two 
normally horizontal fingers B and C. Periodically 
a chopper bar D, driven by the recorder motor, ascends and, striking 
Pointer, moves it upward a short distance. If the galvanometer is in 
zθro position, the pointer is lifted between the two opposing fingers so as to 
touch neither. If it should be deflected to one side or the other, owing to 
unbalance of the bridge, then it will strike and lift one or the other of the 
fingers, such as B, an amount proportional to the deflection of the galvanom­
eter. The finger pivots about B, and attached arm F rotates clutch lever G 
in front of the disk H. As soon as the lever has tipped, a cam pushes the 
clutch lever back until cork pads attached to its ends engage the disk, and 
another cam striking the end of the lever G turns it until it is horizontal, 
carrying the disk through an angle θ. This returns the arms F and the fingers 
B and C to their normal positions. The slide wires are mounted on a drum 
turning with disk H. Rotation of the disk moves the slide wires under 
stationary contact brushes tending to bring the bridge into balance.

Leeds and Northrup Micromax balancing device, which has superseded 
the mechanism described above, is a refinement which does not differ from 
it fundamentally. Periodically the pointer A is clamped in position by a 

cir-

the 
the
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chopper bar, whereupon two vertical fingers, which replace fingers B and C, 
move in toward the pointer until they touch it. If the pointer is off center, 
one of the fingers stops before reaching the center while the other moves 
past center, turning the clutch lever G by an amount proportional to the 
deflection, which then functions to rotate the disk H exactly as in the older 
method. Quicker balancing without strain on the galvanometer is the 
advantage of the newer method.

In both types, as soon as the movement of the disk has been completed, 
the clutch lever G is released, the galvanometer pointer A seeks its new posi­
tion nearer the zero line, and the cycle described is repeated until the bridge 
is balanced. The recorder pen is operated by the movement of the disk H. 
For each position of the disk the pen has a definite position. In multipoint 
recorders a print wheel, turned in synchronism with the commutating switch, 
replaces the pen.

The Tag Celectray balancing device utilizes a mirror galvanometer in 
which a beam of reflected light replaces the pointer. Movement of the 
galvanometer causes the beam of reflected light to pass across the controlling 
edge of a photoelectric tube screen, which operates a reversing electric motor 
by means of relays. The motor in turn causes the moving contact to assume 
a new position until zero galvanometer deflection is obtained.

Leeds and Northrup Speedomax balancing mechanism, while utilizing 
the bridge system, does not use a galvanometer. Instead, a carbon micro­
phone actuated by an a.c. armature is introduced into the bridge circuit. 
This modulates any unbalanced direct current in the bridge circuit, which 
also includes the primary of a transformer. The secondary feeds an amplify­
ing system, consisting of two opposed grid-controlled rectifier tubes which 
are connected to the exciting winding of a split-field motor. The motor 
positions a slide-wire contact. This instrument will cross the chart width of 
10 in. in less than 2 sec. without overshooting.

The Bristol wide-chart recorder uses a feeler mechanism similar to 
that in Fig. 72 to operate contacts feeding a reversing motor. Rotation of 
the motor in accordance with the amount and direction of galvanometer 
deviation turns a screw moving the slide-wire contact along the straight slide 
wire. The pen mounted on the same carriage records the motions on the 
adjacent chart.

The Bailey Galvatron (round chart) uses a similar contacting gal­
vanometer but interposes an electronic relay system between contacts and 
reversing motor which drives the slide-wire disk and associated pen. The 
Bailey instrument, in the two-, three-, and four-record forms, has a separate 
slide wire and continuously recording pen for each record. Each unit is 
balanced in turn by the single galvanometer system.

The Bristol Pyromaster (round chart) uses a Weston contact galvanom­
eter to detect unbalance and to operate a small reversing motor driving the 
slide-wire disk. By means of a relay system, providing for a holding current 
to avoid chattering and releasing after an interval for a new determination of 
the circuit balance or unbalance, a step-by-step balancing action is secured.

In the Brown balancing mechanism a stepped feeler table raised against 
the clamped galvanometer pointer detects its position and correspondingly 
selects the direction and number of teeth picked up on the ensuing balancing 
gear stroke. The contact yoke for the spiral slide wire and the pen carriage 
drive screw are geared to the balancing gear.

The Foxboro Stabilog mechanism which first combined a potentiometer 
measuring system with a pneumatic control system is shown in Fig. 73. 
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ʌ slide wire is set manually to the desired control temperature, and deviations 
from the control point are indicated by galvanometer deflections. At each 
balancing stroke the galvanometer is clamped, its position detected by the 
curved cam and translated without lost motion into flapper motion which 
ɪɪi turn results in control action tending to return the process to balance. 
Thus, although the measuring system alone is a deviation instrument, when 
combined with the throttling reset-type control mechanism and the process> 
H becomes a null type or self-balancing instrument.

A similar balancing mechanism is used in the wide-chart recorder. As 
With all recording controllers, the accuracy here cannot be closer than the 
turn-to-turn slide-wire interval, a limitation which is avoided in the non­
recorder described above.

Detector cam-j,
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■Drive cam
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Anvil-

-Lifterarm _ , ,■"Galvanometer 
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-Clamping 
arm

Galvanometer 
pointer

Scaleacljuster
Fig. 73.—Foxboro Stabilog mechanism.

Control equipment can be built into any of these recording instruments. 
•Electric and pneumatic systems are available for two and more position con­
trol or signals and for throttling or proportional position control with or 
without automatic reset. In the Leeds and Northrup instruments contact- 
0Perating disks control slide-wire drum, or pilot-operating cams mounted on 
the slide-wire drum shaft effect the control. A wide variety of equivalent 
devices suitable to the individual recorder (and control-equipment) design 
arθ available on other makes.

Multipoint controllers are widely used as alarm instruments. Under 
sPitable but infrequent conditions they may be used for control of separate, 
il°t too rapidly responding processes. Selector switches provide for sequen- 
^a>l connection of appropriate control circuits as well as measuring circuits.

deviation instruments are those in which the setting of the control 
^θɪɪiperature adjusts a slide wire so that the instrument Isbalancedwhenthe 
^θɪnperature is correct. They are frequently used as controllers. A simple 
chopper bar mechanism operates contacts or pneumatic pilots whenever the 
ε⅛lvanometer deflects owing to variation of the temperature.
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Accessories. For use in multiple-indicating and recording installations, 
various forms of switching equipment are available (see p. 2065). Standard 
thermometer wells are available for corrosive, high-pressure, and high- 
temperature service.

Thermoelectric Pyrometers (see pp. 2653 and 2703). A thermoelectric 
pyrometer consists of thermocouple, millivoltmeter, and lead wires to connect 
the two. In 1821, Seebeck discovered that a current would flow through 
two dissimilar wires welded together at the ends, when one junction was at a 
higher temperature than the other. Practical application of this discovery 
is made in the thermocouple. Two wires of dissimilar, pure metals or 
alloys are joined at one end by fusing together. The fused end is the hot 
junction. The unfused ends are connected through suitable leads to a 
millivoltmeter which completes the circuit. The point at which the thermo­
couple wires join the leads is the cold junction. When the hot junc­
tion is heated, the e.m.f. generated is approximately directly proportional 
to the difference in temperature between the hot and cold junctions, and the 
millivoltmeter may be calibrated in terms of this temperature difference. 
It is customary to assume a cold-junction temperature of 32oF. and to 
compensate for variations in cold-junction temperature. Depending on the 
metals used, the e.m.f.-temperature-difference relation approaches more or 
less closely to a straight line. Requirements for a suitable thermocouple 
include approximation to the straight-line relation, ready reproducibility, 
constancy of calibration, reasonably large e.m.f. per degree temperature

Table 2. Composition and Upper Temperature Limits for Thermo­
couples for Continuous Service.

Thermocouple Approximate 
composition oF.

Copper (+)—constantan (-)..................

Chromel (+)—constantan“(—)...............

Iron (+)—constantan (-)......................

Chromel (÷)—alumel (-).......................

(Platinumrhodium) (+)—platinum (-) 

(Platinum rhodium) (+)—platinum (-)

(Cu
) 60% Cu; 40% Ni 
(90% Ni; 10% Cr
I 60% Cu; 40% Ni 
( Fe
I 60% Cu; 40% Ni 
(90% Ni; 10% Cr 
¿94% Ni; 2% Al; 
/ 3% Mn; 1 % Si 
(90% Pt; 10% Rh 
)Pt
(87% Pt; 13% Rh
IPt

600

1600

1600

2200

2800*

* 3000oF. for intermittent service.

difference, and reasonable cost. Table 2 shows the thermocouples most 
generally used, their composition, and the upper limits of temperature to 
which they may be used for continuous service. Thermocouples are of two 
general sorts, (α) noble metal and (δ) base metal. The noble-metal ther­
mocouple uses one wire of platinum and one of platinum-10 per cent rhodium 
or of platinum-13 per cent rhodium giving a slightly higher e.m.f. Standard 
wire diameters range from 0.015 to 0.024 in. Because of volatility platinum­
iridium couples are no longer used. Figure 74 shows the temperature-e.m.f∙ 
relations between platinum and various other wires used for thermocouples. 
At any temperature the vertical distance between any two curves is the

2800*
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e.m.f. for a thermocouple using those two wires. Note that the e.m.f. is 
small for noble-metal thermocouples, necessitating more sensitive instru­
ments. Furthermore, noble-metal thermocouples, being expensive, are

Fig. 74.—Temperature-e.m.f. relations of wires 
for thermocouples.

made of small wires having high 
resistance, whereas base-metal 
thermocouples, being inexpen­
sive, may be of low resistance.

Thermocouple Mounting. 
Thermocouples may lose their 
calibration more or less rapidly 
and require discarding or recali­
bration as a result of composi­
tion changes. Except at low 
temperatures or in the absence 
of a contaminating atmosphere, 
all thermocouples require some 
protection. Noble-metal ther­
mocouples are particularly 
affected by reducing atmos­
pheres. Iron-constantan thermocouples are affected by oxidizing; and chro­
mel-alumel thermocouples, by alternately oxidizing and reducing atmospheres.

A thermocouple mounting consists of suitable protection and a terminal 
head for connecting the leads. Protection is of three sorts: (1) insulation 
for the wires, (2) primary protection tube to avoid contamination, and (3) 
secondary protection tube to protect the primary tube. All three are 
desirable for severe conditions. All thermocouples require insulation. 
This is provided by means of single- or double-hole porcelain or lava tubes 
through which the wires are threaded. Over this assembly the primary tube 
is slipped and joined to a terminal head by some form of gas-tight connection. 
Secondary tubes may be either joined to the terminal head or supported by 
the apparatus. Figure 75 shows a 
typical mounting for a noble-metal 
thermocouple. Complete protection, 
as shown in the illustration, is usually 
desirable for noble-metal thermo­
couples. Porcelain or silica tubes 
should be used for primary protection 
and are recommended for secondary 
protection unless greater mechanical 
strength is required. Metal protec­
tion tubes used for secondary protec-

Lead
terminals

Fig. 75.—Typical mounting for noble­
metal thermocouple.

Insulatlngtube
Secondary tube-

Primary' Hot ∙ 
tube Junction

tion are not so long lived at high temperatures as are ceramic tubes. For 
base-metal thermocouples the range of materials used for protection tubes is 
very wide. As the information is highly specialized, manufacturers had best 
be consulted in specific cases.

Noble- vs. Base-metal Thermocouples. Up to 2200oF., choice between 
noble- and base-metal thermocouples depends on cost and continued accuracy. 
Platinum thermocouples cost several times as much but last many years 
if properly protected and maintained. Base-metal thermocouples require 
frequent checking if used at high temperature. The long-run cost of 
noble-metal thermocouples may be less. In a large heat-treating plant, 
cost per couple per year, including maintenance, was $3.50 for platinum 
thermocouples.
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Calibrating and Checking Thermocouples. All new thermocouples 
are annealed above the maximum operating temperature to ensure homo­
geneity. Heterogeneity will later develop in base-metal thermocouples, 
and any thermocouple may become contaminated. If the thermocouple 
can be removed, it is best checked against a standard thermocouple at one 
or more temperatures in a bath of molten metal such as tin, covered with 
graphite to prevent oxidation; or in molten salt or in sulfur vapor. If 
thermocouples must be checked in place, the hot junction of the standard 
thermocouple must be as close as possible to that of the couple undergoing 
test. Contaminated couples can only be checked in place, as varying 
the thermal gradient will vary the couple output. This is simplified by 
using a secondary protection tube large enough to admit the standard 
thermocouple.

Cold-junction Corrections. Since the e.m.f. generated by a thermo­
couple is proportional to the difference in temperature between the hot and 
cold junctions, cold-junction temperature must be known before the hot- 
junction temperature can be determined. As instrument calibration is 
based on some standard cold-junction temperature, variations from actual 
cold-junction temperature will be reflected in the indicated temperature. In 
base-metal thermocouples, cold-junction temperature rise is approximately 
equal to the number of degrees that must be added to the indicated tempera­
ture. Approximately half the cold-junction rise must be added in case of 
noble-metal couples. The exact correction varies with the thermocouple 
and with the hot-junction temperature. Tables of exact corrections may 
be obtained from manufacturers. Formerly, the cold-junction temperature 
was made constant by jacketing the terminal head of the thermocouple, 
using a steam-heated or thermostatically controlled, electrically heated 
junction box; or by burying the cold junction 6 to 10 ft. underground where 
temperature will not vary more than about 5oF. throughout the year. These 
last methods are not much used at present since modern instruments incor­
porate automatic cold-junction compensators. These require that the cold 
junction be at the instrument.

Extension leads make it possible to extend the cold junction to any 
desired distance from the couple. With base-metal thermocouples such 
extension leads are made of the same metals used in the couple or of cheaper 
or lower resistance base-metal combinations having the same thermoelectric 
properties in compensation temperature range. With noble-metal couples, 
extension or compensating leads, consisting of a copper wire connected 
to the platinum-rhodium wire and a copper-nickel alloy wire connected to 
the platinum wire are used. Using extension or compensating leads, the 
point where the copper leads to the instrument are connected becomes the 
cold junction. This may be at the instrument or at any point between 
the instrument and the couple.

Millivoltmeter Indicators and Recorders. The e.m.f. produced by a 
thermocouple may be measured by (1) a millivoltmeter or (2) a potentiometer. 
Since potentiometers measure potential without drawing current, the effect 
of variable line resistance is eliminated. Millivoltmeter instruments, 
however, are calibrated for a definite line resistance. For accuracy, a reason­
ably constant line resistance must be maintained. Poor connections, 
oxidation, breakage of several wires in a stranded lead, or temperature 
changes in the leads may introduce inaccuracy. These errors are minimized 
in high-resistance instruments which must be correspondingly sensitive and 
high-priced. Lead resistance should be checked occasionally.
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Millivoltmeter instruments are similar to those described on p. 2082. They 

are of high resistance, recorders being mainly of the roll-chart type (see p. 
2018). Most millivoltmeters incorporate automatic cold-junction compensa­
tion as described below.

C old-junction correction is applied in several ways. Instruments not 
otherwise compensated are provided with a zero adjustment for setting 
the pointer to take care of a known cold-junction temperature. If the cold 
junction is brought to the instrument by means of extension or compensating 
leads, a bimetallic spiral attached to the moving system of the millivolt­
meter may be used to shift the pointer automatically an amount equal to the 
cold-junction correction.

The Wilson-Maeulen system impresses a compensating e.m.f. on 
that produced by the thermocouple. A Wheatstone bridge within the instru­
ment is connected in series with one lead. One of the four bridge resistances 
is temperature sensitive and causes the compensator bridge balance to vary 
with ambient temperature, permitting more or less current from the bridge 
battery to flow to the millivoltmeter to correct the couple e.m.f.

Multiple Selector Switches. Within the limits imposed by the speed 
of the temperature fluctuations, any number of thermocouples may be 
connected in turn to a single instrument. Recorders use an automatic 
commutating switch driven by the recorder clock or motor for series 
connecting the several thermocouples to the millivoltmeter. Couple capacity 
ranges from 6 to 16 points maximum, varying with strip-chart make and type, 
down to 2 points for round-chart types, except Bailey 4. Indicators use 
a manually controlled switch which operates by the rotation of a brush contact 
over stationary contact buttons; by the pushing of individual buttons or 
toggle switches; or by inserting plugs joined by cables to the instrument into 
sockets connected to the thermocouples, as in a telephone switchboard. If 
both indicating and recording instruments are to operate in parallel on a 
multiple installation, the resistance of the millivoltmeters must be high in 
order that the connection of two instruments simultaneously to a single 
thermocouple shall not produce a low indication on both instruments. It is 
preferable to use a special cut-out switch which disconnects the recorder 
whenever the indicator is connected to the same thermocouple. This is 
conveniently included in the toggle-type selector-switch mechanisms.

Potentiometer instruments are either of the fully balanced (null) 
or of the deflection type. In the first the instrument 
is fully balanced so no current flows through the 
galvanometer. In the second the instrument is par­
tially balanced, and the galvanometer shows deviation 
from the fully balanced condition. A simple poten­
tiometer circuit is shown in Fig. 76. The potentiometer 
consists of three circuits shown respectively in solid 
lines, dash lines, and dotted lines. The potentiometer 
circuit (solid lines) is adjusted by means of the rheostat 
R against the standard cell (Weston unsaturated 
cadmium type) with switch S thrown to the right. 
When the galvanometer shows no current, the poten­
tial drop through the slide wire AB is equal for the 
battery and the standard cell. Then the switch S
is thrown to the left, and the potential due to the thermocouple is determined 
by moving the sliding contact X along the slide wire until the galvanometer 
reads zero. Calibration of the slide wire shows what proportion of the

⅜s⅛⅝yΛ⅛———zprz"
^Battery
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Fig. 76.—Simple po­

tentiometer pyrometer 
circuit.
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potential drop due to - the battery is equal to the e.m.f. generated by the 
couple. Instead of being calibrated in terms 0f e.m.f., the slide wire may be 
calibrated in terms of temperature. In indicating instruments the slider is 
adjusted by hand and its position is shown on a temperature scale.

In recorders the slider is adjusted automatically by the same mechanisms 
that are used in resistance thermometers (see p. 2059). In certain models 
the battery rheostat R is also adjusted automatically at frequent intervals. 
In others a temperature-compensated battery provides a stable current 
output over long periods. In another type the battery voltage is recorded 
at intervals for reference.

Automatic cold-junction compensation is furnished on the potentiom­
eter-type thermoelectric thermometers and on ma 
shows a typical arrangement of the cold-junction 
compensation. The thermocouple is connected 
through the galvanometer, not to the end of slide 
wire as in Fig. 77, but to the junction of two 
coils bridging the slide wire. The left coil, wound 
with nickel wire, increases in resistance with rising 
temperature, in effect shifting the thermocouple 
end up the slide wire to compensate for the dimin­
ishing couple output with rising cold-junction 
temperature.

The temperature-sensitive compensator coil is 
ordinarily mounted on the terminal board of the 
instrument adjacent to the thermocouple cold 
junctions. In some instruments provision is made 
for location of the compensator in a remote junc­
tion box to permit ordinary copper leads from the 
instrument to the junction box. In other instru­
ments the compensator remains in the instrument and an auxiliary compensa­
ting couple is carried to the junction box. This requires a pair of alloy leads 
instead of three copper leads.

Deflection potentiometers differ from Fig. 76 in the fact that the slider 
X normally is stationary. The amount of unbalance of the potentiometer is 
indicated by the galvanometer. Unless the temperature change is greater 
than can be shown by full deflection of the galvanometer, X need not be 
adjusted. This type is used in indicating instruments, often controllers. 
In certain laboratory types the slide-wire contacts are spaced at intervals of 
several degrees or perhaps 1 millivolt. A variable resistance in the gal­
vanometer circuit compensates for changes in resistance of this circuit when X 
is moved.

*√√⅛y∕vv-
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compen-' 
cafor

Fig.

rs. Figure 77
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*T7.—Automatic cold­

junction compensation.

Temperature Measurement above 1000oF.

Miscellaneous instruments for the measurement of temperatures above 
1000oF. are of three types: (1) fusion, (2) calorimetric, (3) optical (mono­
chromatic radiation), and (4).total radiation. Fusion of solids has two 
pyrometric applications. The small pyramids made of mixtures of oxides, 
known usually as Seger cones, are useful for the approximate measurement 
of temperatures by steps averaging about 36o from 1100° to 3700oF. Their 
principal use is in ceramics where they are considered indispensable, not 
because of high temperature accuracy but because their temperature-time 
performance is similar to that of the materials being fired. Also it is easy



TEMPERATURE MEASUREMENT AND CONTROL 2067

Fig. 78—Tern- 
perature-tim e 
curves as used in 
calibrating thermo­
couples by fusion­
point method.

Green glass used at 
higher temperatures
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Fig. 79.—Morse type optical pyrometer. 
(Leeds and Northrup.)
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to distribute them throughout a kiln or furnace charge to study temperature 
gradients.

The melting points of metals are often used for standardizing pyrometers. 
Table 1 includes melting points of certain metals and salts that can be used 
in the pyrometric range as well as for thermometers. In 
using this method, the readings of the pyrometer should 
be plotted against time, with the temperature of the metal 
bath both ascending and descending through the transition 
point, as in Fig. 78. This assures its correct location.

Calorimetric or water pyrometers are seldom used at 
present and need no description other than to mention 
that the temperature rise of a known weight of water, in 
a container of known weight and specific heat, is used to 
calculate the temperature of a piece of metal, of known 
weight and specific heat, which is placed in the water.

Optical Pjrrometers (see Radiation, pp. 1002 and 1029. 
According to the Stefan-Boltzmann law (see p. 1003), a black 
body (theoretical body which absorbs all incident radiation and reflects none, 
radiating only in proportion to its temperature) gives off total radiation in 
proportion to the fourth power of its absolute temperature. Since many 
heating operations (t.e.∙, objects inside furnaces) are carried out under 
approximately black-body conditions, two methods based on radiation of 
incandescent bodies are used for high-temperature measurements. The first 
method (optical pyrometry) measures the intensity of monochromatic radia­
tion; and the second method (see 
below, Radiation Pyrometers) 
measures total radiation. A law 
formulated by Wien and reformu­
lated more exactly by Planck shows 
the intensity of radiation of any 
given wave length to be a complex 
relation between the wave length 
and the absolute temperature. 
Hence, having measured the inten­
sity of a known wave length by 
visual comparison with a standard, 
the temperature may be calculated. 
Instruments based on this method 
are suitable for temperatures from 
1400o to 5000oF., with an accuracy 
in commercial instruments under 
best conditions of 10o to 20o. The 
presence of flames and smoke may 
introduce very large errors. Radiating objects in the open may read low, 
although oxides, such as scale on an iron billet, will often reduce the error 
to small proportions.

The Morse type of disappearing-filament optical pyrometer (Leeds 
and Northrup) is shown in Fig. 79. A single wave length is selected by a 
red glass filter, and the intensity of radiation of this wave length from the 
radiating source is determined in comparison with an electric-lamp filament, 
which is viewed against the radiating source. The lamp current is varied 
until the filament disappears, and this current, as read on an ammeter, is 
taken as a measure of temperature. In the “F and F” pyrometer (Scientific 
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Materials Company) the lamp current remains constant, and the apparent 
intensity of the radiating body is varied to secure a “match” by rotating a 
wedge of absorbing glass. The thickness of the wedge at the point where 
the filament just disappears is taken as a measure of temperature. In 
both instruments the temperature range may be changed by the use of 
absorbing screens. To measurer temperature where metallic oxides exist 
and radiation intensity varies, the Βι-optical Pyrometer (The Pyrometer 
Instrument Co.) matches the color instead of the brightness. Two wedges 
are used: one to obtain an intensity match and the other to obtain a color 
match. The absorbing wedge for obtaining an intensity match is like the 
one described above and functions in the same manner. The other wedge 
is a bichromatic wedge that permits only red and green light to pass through. 
By varying the position of the wedge, a different intensity ratio is obtained 
for the two colors, so that a yellowish-white light can be obtained. This 
color is matched against a standard lamp—and a “color” temperature is 
obtained. A third form of optical pyrometer, the Wanner, uses a direct- 
vision spectroscope and polarizing prisms to isolate monochromatic radiation. 
The operator, in looking in the eyepiece, sees two half-disks, one monochro­
matic light from a standardized electric light and the other from the radiating 
body. Rotation of the analyzer for the beam from the standardized lamp 
decreases its intensity until a “match” is obtained between the two half­
disks. Rotation is taken as a measure of the intensity of radiation from the 
source in comparison with the standard, and hence of the temperature. The 
lamp is standardized periodically by sighting on a standard amyl acetate 
lamp-

photoelectric optical pyrometers have been developed recently. In 
one type, the Brown Optimatic, two photoelectric cells are used: one to 
view the temperature to be measured; the other to maintain automatically 
a relatite value of conductivity proportional to the first cell, illuminated 
by a standard lamp. Current in the standard lamp is a measure of the tem­
perature. Another type, Bristol’s Electronic Instagraph, uses a Weston 
Photronic cell behind a band-pass filter in the receiving tube, and a potentiom­
eter amplifier is used to amplify the current. A direct-marking type-recording 
milliammeter graduated in degrees temperature is used as the measuring 
instrument. This instrument is suitable for temperatures to 2250oF.

Radiation Pyrometers (see Radiation, pp. 1002-1029). Instead of 
monochromatic radiation, this class of instrument measures total radiation. 
As in photoelectric type optical pyrometers the measurement does not depend 
on visual comparison and hence may be used for indicating, recording, and 
controlling instruments, using millivoltmeters or potentiometers as the 
indicating mechanism. Radiation elements are used not only in ranges up to 
3300oF.—beyond the range of couples—but also in much lower ranges to 
measure temperatures of moving or otherwise inaccessible bodies. The Féry 
pyrometer uses a concave mirror to focus radiation on a small thermocouple, 
which is protected from direct radiation. The instrument is sighted on the 
radiating source through a telescope and the con<!ave mirror moved backward 
or forward until the image of the source, as reflected by two small inclined 
mirrors placed near the thermocouple, becomes circular, indicating correct 
focus. In fixed-focus instruments, such as the Thwing (Fig. 80), the thermo­
couple is located near the apex of a conical mirror. Many radiation elements 
use lenses instead of mirrors to focus the radiations on the thermocouple or 
thermopile, sometimes mounted in vaβuo. Lens types cannot be used below 
800oF.
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Fig. 80√—Thwing radiation pyrometer.

Radiation is focused on a very small bimetallic spiral,

Radiation pyrometers are made in portable forms. One made by Leeds
and Northup uses a lightweight radiation tube and an indicating potenti­
ometer with neck strap. Another form, the Pyro pyrometer, made by
the Pyrometer In- comave
StrumentCompany, Non-reflecting surfaces mirror∖ ↑ mirror
is fully self-contain- 
ed, the milli-volt- ,' 
meter being built 
into the instrument. 
Still another form is 
the meta 1-spiral 
radiation pyrometer 
originated by Féry.
which, in increasing in temperature, tends to uncoil and move a pointer on 
a scale.

CONTROL BASED ON COMPOSITION
Several variables frequently met in plant operations depend primarily 

on the composition of the material. Where variation in the proportions of 
one or more components of a mixture (gas, liquid, or suspension) occurs, the 
variation may often be measured and controlled by measuring and controlling 
one or more properties of the material. Conversely, it is often possible to 
control these properties by controlling the composition of the mixture. If 
the properties can be measured, they can usually be controlled automatically. 
The principal properties of gases, liquids, and suspensions that are used in 
measuring and controlling composition are as follows:

Liquids
Density and specific gravity.
Viscosity.
Calorific value.
Electrical conductivity.
Hydrogen-ion concentration.

Gases
Density and specific gravity.
Humidity.
Calorific value.
Composition, by automatic analysis.
Thermal conductivity. 
Refractive power.

Colloids and Suspensions
Consistency.

Density, Specific Gravity
Density is defined as weight per unit volume. Specific gravity of liquids 

and solids is the density compared with that of water at 4oC.; and of gases, 
density compared with air at 32oF. and 14.7 lb. per sq. in. abs. Specific 
gravity (or density) of liquids is determined: (1) by weighing a known 
volume, or weighing equal volumes of water and the liquid and comparing 
(pycnometer) ; (2) by determining the loss of weight of a plummet of known 
volume weighed in air and in the liquid, or by comparing the weight of a 
plummet of unknown volume weighed in water (at 4oC.) and in the liquid 
(Westphal balance); or (3) by means of hydrometers (see p. 776), ι.e., 
weighted glass floats which sink in the liquid to a depth dependent on the 
density, which is read at the liquid line on a calibrated stem extending above 
the liquid. Hydrometers are calibrated (1) in terms of specific gravity of 
liquid at 60oF., compared with water at 60oF. (called sp. gr. 60o∕60oF.) ; (2) 
in percentage of a substance in a solution or mixture; or (3) in arbitrary 
divisions such as degrees Baumé (Bé.) ; degrees A.P.I. (American Petroleum 
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Institute); degrees Twaddell (Tw.), used in England; or degrees Brix (also 
called Fisher).

For liquids lighter than water:

Deg. Bé.
140_____

sp. gr. 60o∕60°F.

131.5Deg. A.P.I. * 141.5 ____
sp. gr. 60o∕60oF.

Deg. Brix
_____ 400____
sp. gr. 60o∕60oF.

For liquids heavier than water:

Deg. Bé. = 145 -
145

sp. gr. 60o∕60oF.
Deg. Tw. = 200(sp. gr. — 1)
Deg. Brixf = arbitrary graduation

To correct hydrometer readings for departures of the liquid from the calibra­
tion temperature, the coefficient of expansion of the liquid near the working 
temperature must be known.

Density recorders for liquids operate on a variety of principles. In the 
Bailey gravity meter (Fig. 81) several 
large volume displacers are hung from a 
balance beam within a pressure-tight tank 
and immersed in the liquid which is flowing 
through the tank. The beam is counter­
balanced by a number of plates of less 
volume than the displacer, but of equal 
weight, hung from the other end of the 
beam. A pendulum, attached to the center 
of the beam at the fulcrum, causes the beam 
to assume a definite angular displacement 
for each specific gravity of the liquid. 
Temperature changes are compensated by 
using as displacers expansible containers 
filled with the liquid to be measured. The 
beam displacement is therefore independent 
of temperature. This displacement is com­
municated through a magnetic transmission
to the recorder pen. The device may be used as a controller by the addition 
of electric contacts or pilot air valves.

The Anubis liquid gravitometer actually weighs a given volume of 
liquid. Liquid flows into and out of a counterweighted bulb through tubes 
acting as a spring balance. Movement of the bulb, with change in specific 
gravity, is transmitted through a linkage to a recording pen. Temperature 
compensation is provided in some models. For corrosive liquids the bulb 
and tubes are made of pyrex glass or some other suitable material.

Standard differential recorders may be connected to serve as gravity 
recorders by weighing a column of the unknown liquid. The methods of 
application are extremely varied to fit the variety of application conditions.

* Used in the United States principally for petroleum products.
•f So graduated that lo Brix = ɪ per cent sugar in solution; used as a saccharimeter.

meter.
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A simple and effective device for controlling the underflow of thickeners

is the Thyle density-control valve. This device continuously weighs a
certain volume of the sludge discharge and regulates a valve to control the
rate of efflux to maintain constant density.

Gas density is measured ordinarily by weighing a definite volume in 
comparison with air. In the Lux recorder the gas passes slowly through a 
chamber containing a liquid-sealed floating bottom connected to the recorder 
pen and counterweighted to assume a definite position when the chamber 
contains air. This is shown diagrammatically in Fig. 82. In the Ranarex 

instrument (Permutit Company) (Fig. 83) the 
density of an unknown gas is compared with the 
density of a standard, such as air, by comparing 
the torque exerted on paddles by whirling columns 
of the two gases, set in motion by fans. Each gas 
flows continuously through a chamber. The com­
parison of torques is made by a mechanical linkage 
joining the two paddles and connected to the 
indicator pointer. This also operates a recorder 
pen. The device may be calibrated in terms of 
density (specific gravity) or in percentage of one 

82.—Lux 
density recorder. 
Lux Co.)

gas- 
(Alpha

Paddle

6as inlet

Mechanism of
Ranarex gas-density recorder. 
(Permutit Co.)

Alrlnlet

component in a mixture of gases. Another type, the American Meter 
gravitometer, admits gas to a chamber at a pressure of 30 in. of mercury 
through a diaphragm-reducing valve weighted by air pressure at 30 in. of 
mercury absolute. Pressure differential across a synchronous motor-driven 
centrifugal fan is used as a measure of density.

Humidity
In previous sections (pp. 1079 and 1479) the methods and theory of humidity 

regulation and air conditioning were considered. It is proposed to treat 
here the mechanisms used to indicate, record, and control humidity.

The amount of water in the air may be determined as the actual quantity 
in a given volume (absolute humidity, expressed in grains of water per 
cubic foot of air or grams per cubic meter). Or it may be determined as 
the relation between the quantity of water in the particular sample and the 
quantity there would be in an equal volume of saturated air at the same 
temperature and pressure (relative humidity, expressed in per cent). It 
is well to bear in mind, however, that changes in temperature cause changes 
in volume, and hence this basis is a shifting one. Recent experimental work 
uses the weight of dry air as a basis. Absolute humidity is then expressed 
as grains or pounds per pound of dry air and percentage absolute humidity 
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Fig. 84.—Bahn- 
son wood-block 
humidity control­
ler.

as the relation between the weight of water per pound of dry air in the sample 
and weight of water per pound of dry air were it saturated at the same tem­
perature and pressure. The percentage relative humidity and the per­
centage absolute humidity will not agree and will differ more widely at the 
higher temperatures.

Relative humidity is the commonly accepted measure in industrial work. 
The numerous instruments developed to determine it may be divided into two 
groups: hygrometers and psychrometers.

HygTometers (see pp. 1086 and 1087) depend for their 
operation on the expansion and contraction of certain 
hygroscopic substances with variations in the moisture 
content. This moisture content changes as the humidity 
of the surrounding air varies. The materials commonly 
used are wood, paper, silk, animal membranes, and hair. 
The Bahnson humidifier is controlled by the expansion 
and contraction of wood. Three blocks of pine, cut hori­
zontally across the grain, are placed between the adjusting 
screw and the lever (Fig. 84). The blocks will each 
expand about ⅜ ɪɪɪ- ʃɔɪ' a change from 0 to 100 per cent 
humidity. This movement shifts the needle valve through 
the lever to affect the flow of water to the humidifier. 
The Bahnson master control uses a strip of special 
paper and a multiplying lever to operate a toggle switch 
which closes the circuit to a motor valve.

Strands of silk and hair are used in several recorders and controllers. The 
general arrangement is as in Fig. 85. The arm may have a pen mounted on 
the end so as to mark on a drum chart, or it may be made to operate a pilot

Fulcrum>

recorder.

valve. The membrane type is similar in 
arrangement. All the usual air- and electric­
control systems can be operated by hair and 
membrane elements.

Hygrometers must be checked against some 
standard. Once set, these instruments will 
operate with fair accuracy over the ordinary 
working range. In general, hygroscopic ma­
terials do not expand exactly with the humid­
ity. There is a falling off from the curve at 
temperatures in excess of about 150oF. For 
controlling, or for recording in a narrow range, 
this error is not of consequence. Care must be 
exercised to keep the elements clean and in a current of air to avoid the intro­
duction of a lag in the readings.

Psychrometers function by reason of the drop in temperature due to 
evaporation of water. This drop varies directly with the rate of evaporation, 
and this, in turn, is inversely proportional to the amount of water vapoɪ in 
the air. Thus, if a thermometer bulb is covered with a thin film of water 
and air passed rapidly over it, the temperature will fall a definite amount 
dependent on the initial temperature and the amount of moisture in the air, 
provided the air velocity is sufficiently great. The minimum is usually set 
at 15 ft. per sec. From the initial or dry-bulb temperature and the difference 
or depression of the wet bulb, the relative humidity may be calculated (p. 
1085). Intermittent or check readings are usually made with a sling psy­
chrometer consisting of two glass-stem thermometers mounted in some
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mechanism for whirling rapidly, one bulb being covered with a moistened
cotton wick as in Fig. 86.

Records and control of humidity can be ob­
tained by the use of two-pen thermometers of the 
types described on p. 2055, with one of the bulbs 
moist and the other dry. For this reason these 
psychrometers are frequently termed “wet- and 
dry-bulb thermometers.” If the air circulation at 
the bulbs is not sufficiently great, a small motor fan 
may be used to suck air over the bulbs. Means for 
keeping the bulb moist have been the subject of 
much work and discussion. The most common is 
the cotton wick, a piece of cotton which has been 
boiled to remove any sizing or grease. The thick­
ness seems not to be of so much importance as the 
porosity and ability to absorb water. Since this is 
dependent on the cleanliness, wicks must be changed 
frequently, the period varying with the amount of 
dirt and lint in the air and the amount of dissolved 
solids left behind by the water. The wick is made 
large enough to cover the bulb and to dip into a 
water reservoir mounted beneath it. The water is 
maintained at a constant level by a float valve, an 
overflow, or an inverted bottle. With an overflow, 
a needle valve should be connected in the water line 
to provide close adjustment.

A method of eliminating the changing of wicks is 
an alundum sleeve which fits over the bulb. Water 
ɪs admitted to the inside and seeps through the pores, 
ed and operated, the solids from the water as well as dirt from the process 
remains on the surface of the sleeve, whence it 
falls off or is easily wiped off.

The Parks-Cramer humidity controller 
employs no wick. The arrangement is as in Fig. 
87, with air being sucked over the dry bulb by 
the spray, which saturates it before it passes 
over the wet bulb. The spray water must be at 
the approximate temperature of the wet bulb.

Leeds and Northrup have produced a direct­
reading relative-humidity recorder operating 
from wet- and dry-bulb resistance-thermometer 
elements. A complex self-balancing Wheat­
stone-bridge circuit interprets the two separate 
resistance values in relative-humidity percentage.

Wet- and dry-bulb thermometers are naturally 
limited to temperatures between the freezing and 
boiling points of water. In addition, certain 
errors are encountered in both the lower and the 
upper portions of this range. These are not of 
great consequence where comparative readings 
θ∏ly are desired in order to duplicate conditions.

The automatic control of humidity (see p. 1103) may be accomplished 
by the use of two-element temperature controllers of the types described on 

When, properly install-

Fig. 87.—Parks-Cramer hu­
midity controller.
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pp. 2019 to 2021 and 2056. The dry-bulb instrument or element then con­
trols the temperature by a valve in the steam line to the heating coil. The 
wet bulb controls a valve in the water or steam line to the spray nozzles. 
Or, in circulating-air dryers, a damper may be shifted to govern the amount of 
saturated air taken from the circuit and fresh air admitted. Another method 
is to circulate the air through a chamber where it is cooled and saturated at 
the proper dewpoint and then heated to the desired temperature.

Absolute Humidity (see p. 1083). The actual moisture content of the 
air may be determined by absorbing the water vapor from a known volume 
of air or by observing the temperature at which dew forms on a polished 
metal surface (the dewpoint hygrometer). The General Electric dewpoint 
potentiometer was recently developed especially for determining humid­
ity of gases at high temperature by the dew-point method. Gas is passed 
continuously over a polished metal mirror opposite a sight glass. Cool­
ing of the mirror for low dewpoint temperatures is accomplished by cool­
ing gas issuing from a jet. For high dewpoint temperatures the mirror 
is heated by a lamp. A fine wire thermocouple measures the temperature 
at which moisture appears on the mirror.

Viscosity and Consistency*

* See Sec. 6, Flow of Fluids.

Viscosity of fluids is the measure of resistance to fluid shear at any tem­
perature. Displacement of the fluid continues at a constant velocity, depend­
ent on viscosity, as long as constant force is applied. In true fluids, there 
is no elastic limit that must be first overcome. In plastic flow, deformation 
will take place, but not beyond a certain limit until the force exceeds a definite 
yield value. This property is known as consistency and is exhibited by 
colloids and by suspensions. Very dilute suspensions, in general, show 
negligible variations from viscous flow, however. Concentrated suspensions, 
such as paper stock, exhibit a form of plastic flow, and the term “ consistency ” 
is the best that can be applied.

Measurement of viscosity is accomplished by two principal methods: (1) 
timing the efflux of a definite volume of liquid through a short tube; or (2) 
measuring the shear of a fluid in an annular space between concentric cylin­
ders. Less used methods include timing the fall of a ball through a fluid 
and timing the flow through a capillary tube. Method (1) is represented 
by the Saybolt Universal, Engler, and Redwood, etc., viscometers where 
a definite volume of fluid at a definite temperature is timed in flowing from a 
short tube. Viscosity is expressed in seconds (Saybolt seconds, etc.). For 
viscous flow through the tube,

,where μ/p is kinematic viscosity; θ, Saybolt seconds; μ, the viscosity relative 
to water at 68oF. (centipoises); and p, the specific gravity of the liquid at the 
temperature of the test. Method (2) is represented by the Stormer and 
MacMichael viscometers (see p. 1529). In the former the outer cylinder 
is a stationary cup, and the inner cylinder is timed for a number of revolutions 
under the application of a known force. In the latter the outer cup is rotated 
at known speed, and the force tending to turn the inner cylinder is measured 
in terms of the torsional stress in a supporting filament. These instruments 
are usually calibrated with water as unity.
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None oɪ the instruments described above are well adapted to recording or 
to automatic control. Variations, however, of several of them are used, 
ɪf a constant volume of liquid be passed continuously through a short fric­
tion tube, the magnitude of the upstream pressure, as shown by an indicating 
or recording pressure gage, is a measure of the viscosity at the existing tem­
perature. By controlling the temperature or controlling the mixing of 
ingredients, viscosity control can be effected by such a device. The Bradley- 
Osbourne viscosity controller (Fig. 88), made by Thyle Machinery Co., is 
based on the principle of the Mac- 
Michael instrument. A cylinder 
driven by a motor through gearing is 
placed in the liquor conduit. Vis­
cous resistance to the rotation of the 
cylinder tends to rotate the motor 
and gear case which are suspended 
from the cylinder shaft. As the 
motor is counterweighted to maintain 
a definite position when there is no 
load on the cylinder, the degree
of rotation of the motor assembly about the shaft is proportional to the load, 
and hence to the viscosity of the liquid. Mercury contactor switches attached 
to the motor serve to open or close a heating or dilution valve and to maintain 
the desired viscosity (or consistency). Position of the motor may be recorded 
as viscosity on a position recorder.

Consistency controllers, as used on paper stock, usually measure the 
torque required to rotate a paddle at constant speed in the stock. This 
measurement may be accomplished by means of a controlling ammeter or by 
any mechanical method of torque measurement. For control, the torque 
indications may be transmitted mechanically or electrically to a dilution 
valve and so control dilution rate as to produce constant consistency.

Combustion

t ⅛i,._J
Fig. 89.—Diagrammatic arrangement of Thomas 

calorimeter. (Cutler-Hammer, Inc.)

The flow of the heat-absorbing fluid is ordi-
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Caloriflc Value
This is used as a control property, principally in recording the quality of 

fuel gas; and in mixing gases, such as natural, coke-oven, or water gas. There 
are available a number of rather 
crude gas testers which deter­
mine heating value roughly as a 
function of density and calorific 
power, by determining the 
quantity of air required to burn 
the gas with a certain character 
of flame. In calorimeters the 
heat produced in burning a 
known value of gas is trans­
ferred to a known weight of 
water or a known volume of air, 
and the temperature rise noted. _ . .
narily continuous. Calorific value is calculated from the known weights and 
specific heats and the temperature rise. Several automatic and manually oper­
ated calorimeters are based on this principle. In the Thomas calorimeter 
(Cutler-Hammer, Inc.), air is the heat-absorbing medium as shown in Fig. 89. 
Separate interlocked water-sealed meters provide constant proportions of 
heat-absorbing air, gas, and combustion air, all at substantially atmospheric
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pressure. The temperature rise of the air is measured in terms of calorific 
value of the gas by means of two resistance thermometers Ti and Ti, connected 
to a Leeds and Northrup temperature difference recorder (see p. 2059). 
When two gases of different, but substantially constant, heating value are 
being mixed to produce a mixed gas of constant value, electric contacts on this 
calorimeter will control the mixing. One gas is supplied at constant rate and 
the other at a rate controlled by the calorimeter contacts which operate a 
reversing motor valve.

If the heating values of the two gases change rapidly, the control described 
has too much lag, and an auxiliary quick-acting calorimeter is used. This 
consists of a motor-driven pump for gas and air, and a combustion tube in 
which the temperature of the heat-absorbing air causes a thermostat to make 
high or low contacts, depending on whether the air temperature is above or 
below the set point. The thermostat controls the mixing valve, while the 
Thomas recording calorimeter, described above, keeps a check on the quick­
acting calorimeter, correcting the proportion of heat-absorbing air to gas 
burned in the quick-acting calorimeter, if the latter tends to control too high 
or too low.

Some combustible-gas detectors are closely allied to calorimeters. In 
the Bacharach, Mine Safety, and Union Carbide types a metal filament 
enclosed in safety screens is connected as one arm of a Wheatstone-bridge 
circuit. When it is heated by the bridge current, any combustible gas in the 
surrounding atmosphere burns on its surface, raises its temperature, and 
changes its resistance. This is indicated on the bridge galvanometer. In 
the Mine Safety carbon monoxide recorder, the temperature of a catalytic 
material known as Hopcalite is raised by the oxidation of any carbon monoxide 
in gas passing through it at constant rate. This temperature is measured by 
a thermocouple and recorded as per cent carbon monoxide. Concentrations 
as low as 2 parts per million can be measured.

Leveknq 
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Fig. 90.—Simplified 
Orsat gas analyzer.

Gas Analyzers
A mixture of gases may be analyzed by measuring the volume decrease of 

the sample when several components are absorbed, one by one, in various 
solutions. The principle of the familiar Orsat ana­
lyzer is the basis of most manual and automatic gas 
analyzers. The Orsat instrument consists of a 
measuring burette, a leveling bottle for moving gas 
and adjusting pressure, and absorption pipettes for 
removing the several gases. A simplified Orsat 
analyzer with one pipette is shown in Fig. 90. The 
leveling bottle is used to draw gas into the measuring 
burette where its volume is adjusted to atmospheric 
pressure, after which the displacement water (or other 
confining fluid), which must be well saturated with 
the gases, is used to force the mixture successively 
into the several pipettes. During absorption of any 
component, when there is no further decrease in 
volume, this is taken as complete absorption. Total 
gas volume is measured after each absorption to show 
the percentage of that gas in the original sample. In the Hays Orsatomat 
gas is drawn into a measuring chamber by tilting the apparatus. The meas­
uring chamber is open to the atmosphere through the outlet line. Tilt­
ing in the opposite direction causes the gas to pass into the absorption
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chamber, at the same time sealing the outlet line. Absorption of the absorb­
able gas causes a decrease in pressure and is indicated by the bellows which 
ɪs used as a measure of the gas composition. For flue gas the first absorption 
pipette contains strong KOH solution (1 part KOH, 2 parts H2O) for absorb­
ing C02; the second pipette, alkaline pyrogallol (1 part pyrogallol and 3 parts 
water plus an equal volume of the above KOH solution) for absorbing O2; 
and the third pipette, Cu2Cl2 for absorbing CO. This is made by mixing 
together in a large bottle containing scrap copper, 150 g. Cu2Cl2 and 1 1. 
1.12 sp. gr. commercial HCl. The KOH solution absorbs about forty times 
its volume, the pyrogallate about twice its volume, and the Cu2Cl2 solution 
only about its own volume.

Automatic Orsats generally analyze a mixture for only one gas. They 
are operated by siphoning water, or by electricity, and are supplied by a pump, 
aspirator, or exhauster with the gas to be analyzed. The Hays CO2 recorder 
uses an aspirator and water siphon. This is shown schematically in Fig. 91. 
With water at level 1, aspirator A draws gas through pipe B, measuring 
burette C, and tube D until the water level in tank E reaches 2, when it seals 
B and D. Water continues to rise toward 3, forcing the surplus gas into the 
rubber “atmospheric” bag F. At level 3 this is sealed off, and the sample, 
at atmospheric pressure, is of definite volume. As the level continues to rise 
toward 4, the gas in B and C is forced through capillary tube G, then to the 
KOH pipette where, as the KOH is displaced into 
the storage tank I, the CO2 is absorbed by KOH 
retained in the steel-wool packing of H. The 
volume of KOH forced from level 5 up into the 
compression chamber J then depends on the per­
centage of CO2 absorbed. The bottom of the 
calibrating tube K, which is open to the atmos­
phere, corresponds to the level 6 reached for the 
theoretical maximum CO2 (20 per cent). Less 
CO2 causes a greater rise to such a level as 7. 
Hence air is trapped in the upper part of J and a 
bellows L operates the recorder pen to register the 
actual per cent CO2. Meanwhile, the water level 
has just reached 4, and the syphon M empties the 
tank to level 1, the cycle then being repeated. 
An automatic device, not shown, readjusts the KOH 
level to level 5, during the emptying of tank F, to make up for any losses.

Other automatic analyzers are somewhat similar. The Tag-Mono 
Duplex recorder has a mercury-driven pump instead of an aspirator and 
measures the decrease in gas volume in a gasometer. In addition, at every 
alternate cycle, the instrument burns out any combustible gas in an electric 
furnace, and the apparent increase in CO2 for these alternate cycles is a 
measure of combustible-gas content. Instead of absorbing CO2 in KOH 
solution, the Uehling Apex CO2 analyzer uses solid NaOH, and the decrease 
in gas pressure in the absorption chamber, at the entrance and exit of which 
there are small orifices, is taken as a measure of CO2. A different principle 
is used in the Defender portable CO2 analyzer. Gas is pumped into a 
chamber divided horizontally by a porous plate. A portion of the gas 
passing through the upper chamber diffuses through the porous plate and is 
absorbed in KOH contained in the lower chamber, creating a partial vacuum 
depending upon the CO2 content. A float is used to transmit pressure 
variation.

Fig. 91.—Mechanism of Hays 
automatic CO2 recorder.
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Thermal Conductivity Analysis. Industrial gases differing consider­
ably in thermal conductivity may be accurately analyzed by an instrument 
which determines thermal-conductivity rate in comparison with a standard. 
Table 3 shows the ratio of thermal conductivities of certain gases to that of 
air at 32oF. and at 212oF. (the latter in italic type). In using this method, 
two thermal-conductivity cells Ci and C2 (Fig. 92) are connected into two 
arms of a Wheatstone bridge. These two cells are usually built into a 
single block of metal in which are equal platinum resistance wires insulated 
from the metal. For corrosive gases glass and 
able. As usually operated, one cell C2 has sealed 
within it a reference gas, usually air. The other 
cell is connected in parallel with a pipe carrying 
the gas to be analyzed and part of this gas slowly 
drifts through the cell Ci. The bridge has two 
equal Hianganin ratio coils Jii and ½. Current 
from the battery B is passed through the bridge 
with the result that the platinum wires in the 
cells are heated 100° to 200oC. The bridge is 
first balanced with the slide wire S, using the 
same gas in both cells. When the gas to be 
analyzed is passed through Ci, if it differs from 
the reference gas in thermal conductivity, the 
platinum wire in Ci will lose heat more or less 
rapidly than that in C2, its temperature and con­
sequently its resistance will change, and the 
bridge will be unbalanced by an amount depend­
ing on the difference in thermal conductivity 
of the test and reference gases. The indicating instrument must be cali­
brated for the particular gas for which it is to be used. Available instruments 
include both indicators and recorders, the latter in both the balanced and 

, deflection types (see Resistance Thermometers, pp. 2057 to 2062).
In general, the greatest accuracy of analysis can be obtained in a mixture 

of gases in which the gas to be determined differs considerably in thermal

Table 3. Thermal Conductivities of Gases Referred to Air* 
(See also pp. 959 to 961)

Figures in roman type, gases and air at 32oF.
Figures in italic type, gases and air at 212oF.

Gas K gas
K air Gas K gas

K air Gas K gas
K air

Air.................................. 1.000
U. 000

1.15
0.98
0.585
0.690
0.312

0.958

0.370

Ethane............................ 0.876

0.708
Ó.698
0.885
6.08
5.53
7.35
6.9Jt
0.635

Hydrogen, sulfide............ (0.648
∣i.l27 

∣ ί.314 

( I. ÒÔ4 
10.999 
Í 1.007 
11.0S4 
(0.415

Ammonia......................... Ethyl alcohol.................. Methane..........................

Carbon dioxide.............. Ethylene.......................... Methanol.. ......................

Carbon disulfide............ Helium............................ Nitrogen..........................

Carbon monoxide......... Hydrogen........................ Oxygen.. . ........................

Chlorine......................... Hydrogen chloride.......... Sulfur dioxide.................

Nall. But. Standards, Tech. Paper 249.



CONTROL BASED ON COMPOSITION 2079 
conductivity from the others. Table 3 will serve as a guide to indicate 
Possible analyses. It should be noted, however, that oxygen can be deter­
mined in a mixture of nitrogen and oxygen, using air as the reference gas, but 
⅛e differences are so slight as to require an apparatus of sensitivity too great 
for average industrial use.

Instead of using a sealed-in reference gas, as in the single by-pass type of 
cell, described above, a double by-pass cell substitutes a constantly chang- 
ɪng reference gas. Single by-pass cells are used for determining one gas in 
a binary mixture or one gas in a mixture of several where the others differ 
considerably in conductivity. Double by-pass cells are used where the 
reference gas is necessarily changing, as in 
comparing a gas before and after a reaction; 
ɑr it is used in analyzing a mixture of gases 
where more than one gas. must be determined. 
Rgure 93 shows how a mixture of hydrogen, 
carbon monoxide, carbon dioxide, and water 
vapor may be analyzed for carbon dioxide and 
hydrogen. Both cell units record on a single 
two-record recorder. Auxiliary equipment 
for thermal-conductivity analysis includes 
means for drying the gas, for maintaining a 
reasonably constant rate of flow (not over 20 
cc. per min., Natl. Bur. Standards, Tech. Paper

H2,C O 
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θɪ
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Z l,j 
Single-pass 

cell block Aspirator

Fig. 93.—Thermal-conductivity 
method of analyzing a gas mixture 
for two components.

249), and apparatus for sampling the gas flow. Automatic control is quite 
simply accomplished by adding high and low contacts to the recorder.

Analysis by Refraction. It is entirely possible to use the interferometer 
for analysis of gas mixtures, since the refractive power varies with the compo­
sition. However, this method is rarely used industrially because of the bulk­
iness of the equipment and the fact that the method depends on visual 
adjustment and hence (barring development of a photoelectric method) 
cannot record.

Electrical Conductivity
The property of electrical conductivity can often be used to determine 

of an electrolyte 

V
the composition of an electrolyte. The specific resistance 
is defined as the resistance in ohms of a column of electro­
lyte 1 sq. cm. in cross section and 1 cm. deep. The specific 
conductance is the reciprocal of specific resistance expressed 
in reciprocal ohms. As distinguished from the determi­
nation of hydrogen-ion concentration, the conductivity of 
a solution is a function of all the ions present in the solution. 
Wlicn the total number of ions increases, the conductivity 
increases, and vice versa. Hence the concentration in a 
solution of a single electrolyte, or group of electrolytes, 
may be readily determined. The method is widely used 
in determining the purity of boiler feed water or blowdown. 
It makes use of a conductivity cell (Fig. 94) containing the 
liquid or submerged in the liquid. The two electrodes of 
the cell are usually of platinum or gold, connected into one 
arm of an a.c. Wheatstone bridge. The resistance of the 
cell as shown by the instrument depends on the solution 
and the characteristics of the cell. For low conductivities the electrodes are 
placed close together and farther apart for high conductivities. To facili-

Electrodes

Glassʌ -
Fig. 94.—Elec­

trical conductivity 
cell.
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controller. (Leeds and Northrup.)

tale choosing the proper electrode area and spacing for a given bridge and 
solution, a cell constant is specified, given by the expression

«-Í
in which R is the resistance measured in ohms, or maximum resistance 
measurable by the bridge; K is the expected minimum conductivity of the 
electrolyte to be measured; and C is the cell constant. Alternating current 
is used to reduce polarization. Theoretically, a high frequency is desirable, 
but the error introduced by using 60-cycle 
current is not more than ⅜ per cent and is 
usually unimportant for industrial purposes. 
In industrial instruments an a.c. galvanom­
eter is used either as the indicator or as the 
null detector of an a.c. bridge circuit, often 
a self-balancing type.

Conductivity changes to the extent of 
about 2 per cent per oC. temperature change; 
so it is necessary to use a constant tempera­
ture bath or a reference cell. Figure 95 
shows a conductivity controller adapted 
to maintain a given concentration of elec­
trolyte bath. Solution of the required com­
position is placed in a sealed conductivity cell, which is submerged in the 
bath to eliminate effect of temperature change. The self-balancing bridge 
makes low or high contacts to control the addition of electrolyte.

Hydrogen-ion Control
A great many processes are now carried out under pH control. To mention 

a few, pH control is of utmost importance in sugar manufacture (to prevent 
inversion) ; in paper manufacture (in controlling size precipitation) ; in 
electroplating; sewage and trade-waste disposal; food manufacture; tanning; 
preparing clay slips; all settling operations; and in selective flotation. 
pH is a measure of the hydrogen-ion concentration and is expressed as the 
logarithm of the reciprocal of the gram ionic hydrogen equivalents per liter 
^pH = log per 1. ) , so that pH is a measure of effective and not total 

acidity or alkalinity.
There are two general methods of pH measurement: (1) the fundamental 

electrometric method, and (2) the derived colorimetric method based on the 
use of indicators and permanent color standards. As the second method 
depends on visual comparison of color, it cannot record or control automati­
cally but is nevertheless most used for control purposes. The usual pH range 
for each indicator is about 1.6 pH. The color standards are usually liquid- 
filled tubes differing by about 0.2 pH. Although not so accurate, impreg­
nated papers and colored glasses are sometimes used.

Electrometric pH measurement depends on the fact that two suitable 
electrodes in contact with a solution will develop a potential proportional 
to the hydrogen-ion concentration. This potential may be measured with 
a potentiometer. The test electrode develops a variable potential dependent 
on the pH of the test solution, while the other (the reference electrode) 
develops a constant potential independent of the pH. The hydrogen test or
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measuring electrode has been displaced by new types. The hydrogen elec­
trode is a piece of platinum coated with platinum black, over which hydrogen 
gas is bubbled. It is not adapted for industrial use due to its susceptibility 
to poisons, errors caused in either oxidation or reduction systems, inaccuracies 
in the presence of metals below hydrogen in the electromotive series, and 
difficulty in adaption for continuous measurement. Quinhydrone, glass, 
and metallic oxide electrodes are those most commonly used for industrial 
Purposes. The quinhydrone electrode simply consists of a platinum or 
gold electrode immersed in the sample solution which is saturated with 
quinhydrone. Its main disadvantage is that the solution under test must 
be saturated with quinhydrone, and it is accurate only to a pH of 7, although 
it can be used up to a pH of 9 for less accurate work. The most frequently 
used metallic oxide electrode is that of antimony. Its main advantage is its 
ruggedness, but it is subject to salt errors, to oxidation or reduction system 
errors, to change in calibration due to movement of solution, and to an over-all 
limit of error of + 0.2 pH. The glass electrode consists of a glass tube with 
a thin bulb blown at one end. This is filled with an electrolyte in which an

Fig. 96.—Beckman glass-electrode flow-chamber assembly.

inner platinum electrode is immersed. The glass itself acquires a surface 
Potential when in contact with a solution, depending upon the pH. Owing 
to the high resistance of the glass itself, generally a vacuum-tube amplifier 
Jias to be used in the measuring circuit. Although this electrode is inaccurate 
ɪn the presence of sodium salts above pH value of 9.5, it is adapted to oxida­
tion or reduction systems, thick fluids, and continuous recording.

For reference, the calomel electrode is nearly always used. This con­
sists of mercury in contact with calomel, which is, in turn, in contact with a 
solution of KCl saturated with calomel. A gooseneck tube serves to make 
electrical contact with the solution surrounding the measuring electrode.. 
Γhe tube is often closed with an alundum thimble, or a ground joint cap, to 
reduce diffusion.

For industrial work the two electrodes are usually combined, and for 
continuous measuring a resistance thermometer or thermopile temperature 
compensator is added to the combination which has a considerable tempera­
ture coefficient. The assembly is usually mounted in a flow chamber. A 
potentiometer recorder is used where a record of the pH is to be kept. The 
instrument may be equipped for automatic control. In the quinhydrone- 
flow type of electrode, means must be provided for the continuous addition
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of a small amount of quinhydrone solution. According to the Leeds and 
Northrup Co., 6 to 8 drops of a saturated solution of quinhydrone in acetone 
suffices for 50-cc. test solution, or the test solution may be passed slowly over 
quinhydrone tablets. It is to be noted that the temperature has a consid­
erable effect on pH measurements. Figure 96 shows the Beckman glass­
electrode flow-chamber assembly open. Shielded leads from the electrode 
assembly connect with the electronic amplifier from which standard indica­
tors, recorders, and controllers may be operated.

ELECTRICAL MEASUREMENTS*
Control and measurement of electricity are far too voluminous subjects to be 

covered thoroughly in this brief article. Therefore only information likely to 
be of assistance to the chemical engineer in plant work has been included. 
For laboratory instruments, power-plant equipment, and theoretical con­
siderations, the reader is referred to the many standard works available.

Measurement of Voltage. There are three fundamental types of volt­
meter now being furnished for industrial use: (1) permanent-magnet, moving­
coil, (2) electrodynamic, and (3) electromagnetic. Others, such as the hot 
wire and electrostatic, are little used in plants at present, while some, such 
as the induction, have been discontinued by the manufacturers.

Permanent-magnet, moving-coil voltmeters are an adaptation of the 
D, Arsonval galvanometer. Deflections are obtained by the reaction between 
an energized coil and the field of a permanent magnet. In Fig. 97 the coil 
of fine wire is connected across the circuit to be measured, through the spiral 
restraining springs. (In the higher ranges a series resistor limits the current.) 
It is supported on pivots in the annular space between a soft-iron core and the 
pole pieces of a permanent magnet. In the uniform magnetic field the deflec­
tions of the pointer are directly proportional 
to the current, and the scale divisions are 
uniform. Damping is customarily obtained 
by winding the coil on an aluminum frame, 
in which eddy currents set up by the mag­
netic field act to retard any movement. 
This element is standard for d.c. potential 
indications and to a great extent for record­
ing. The ranges may be as low as 0 to 1 
millivolts. For ranges below 0 to 100 milli­
volts on recording instruments the power 
available is usually so small as to necessitate 
the use of a depressor bar or other means 
of eliminating pen friction. When used on 
these low ranges, this element is termed a “millivoltmeter.” It is utilized in 
pyrometers, conductivity recorders, and other instruments which measure 
other variables by means of a direct current.

Electrodynamic, or moving-coil, voltmeters depend for their operation 
on the reaction between the fields of fixed and moving coils connected in 
series. In consequence, the pointer deflections will increase according to the 
square of the current. All these movements may be used on either alternat­
ing or direct current, although they are generally less accurate with the 
latter. The dynamometer type has the moving coil within the fixed coil 
or coils, as in Fig. 98. It is used in a.c. indicators and strip-chart recorders. 
Another variation of the electrodynamic voltmeter is the Kelvin balance,

* See pp. 2017, 2019, and 2653.
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Fig. 97.—Permanent-magnet, mov­
ing-coil voltmeter.
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shown diagrammatically in Fig. 99. Two coils are balanced on a knɪfe- 
e⅛e so that they are free to move between two sets of fixed 
coils. When connected in series, the movable coils take up a 
Position dependent on the current strength. Westinghouse 
strip-chart recorders operate on this principle with a con­
tact-making device to control the movement of a motor- 
driven pointer. The attraeting-eoiɪ element uses but two 
coils in series. The movable one is wound on a horizontal 
shaft which passes through the fixed coil and is supported at 
the ends by knife-edge springs (Fig. 100). With an increased 
current the coils attract each other, and the pen arm is 
deflected. This element is used in some Bristol round-chart 
recorders. The scale is increasing, so that the best working 
ɪ`ange is in the middle third of the graduations. Where 
damping is desired, an oil pot is mounted beside the move­
ment. A vane fastened to the shaft of the movable coil dips
ɪɪɪto the oil and slows the movement. Oils of various viscosities may be used 
bi obtain the amount of damping desired.

Electromagnetic, or moving-iron, voltmeters 
function by the effect on soft iron of the magnetic 
field around a coil through which current is flowing. 
The chief difference between various forms is in the 
shape and location of the iron. In the repulsion- 
iron instruments two thin pieces of soft iron are 
Placed within a coil. Both become similarly mag­
netized, and, since only one is movable, it is repelled 
by the other with a force proportional to the strength
θf the field. The scale is increasing but may be made fairly uniform by 
Properly shaping the iron. Alternating-current instru­
ments only are equipped with this movement. The 
Weston instrument of this type is shown in Fig. 101. 
f,he soft-iron pieces are bent to form concentric arcs, 
a∏d the stationary one is tongue-shaped to get better 
scale characteristics. An air damper is mounted on the 
shaft of the movable element. It consists of a vane in 
a box with very small clearance so that air pressure 
Jyill be set up to oppose any movement. Westing­
house uses two rectangular strips which open like a

~ ..ɪvlɪ ɪ-—wv. This element will with-
The General Electric
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ɪɪɪelined coil uses a coil mounted at 45 deg. to 
carries a soft-iron vane. This gives movement of 
the pointer through an arc exceeding 90 deg. The 
attracting-disk element is constructed the same 
as the attracting coil, described above, except that 
⅛he moving member is a soft-iron disk. The scale 
ɪs nearly uniform in the upper part of the range, 
and hence this movement is employed in Bristol 
ɪound-ehart recorders for narrow scales starting 
above zero, as 90 to 140 volts, alternating current 
and direct current. Solenoid or soft-iron 
Plunger elements are supplied in several makes 
°f round-chart recorder for both alternating and direct current. As the
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Fig. 101.—Weston repul 

sion-iron voltmeter.
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name implies, a soft-iron plunger is pulled into a long coil or solenoid as 
the current increases. The scale which results increases as the square 
of the current. An oil damper may be used. The Westinghouse round­
chart recorder has a laminated-iron armature which moves between the 
pole pieces of an electromagnet and is restrained from rotating by spiral 
springs. Magnetic damping is used.

Measurement of Amperage. In general, ammeters are of the same 
construction as voltmeters, except that relatively few turns of large-diameter 
wire are used instead of many turns of fine wire. Thus the resistance is low, 
although the number of ampere-turns is approximately the same. All types 
of element described under voltmeters are used for current measurements, 
except the attracting coil. Any d.c. ammeter may be shunted for higher 
capacity, but the more common practice is to design for a definite potential 
drop of 50, 75, 100, or 200 millivolts. This is then measured by a milli­
voltmeter calibrated to read directly in amperes. Alternating-current 
ammeters cannot be shunted, and, when the current (or potential) becomes 
unsafe for a self-contained instrument, a transformer is used with a 5-amp- 
range meter. For high-frequency circuits the thermocouple ammeter 
is satisfactory. A thermocouple is enclosed in an evacuated tube with a 
conductor. The heating effect of the current, as it passes through the 
conductor in the tube, sets up a potential in the thermocouple. This increases 
with the current and may be measured with a millivoltmeter calibrated 
directly in amperes.

Power Measurement. In d.c. circuits the power value may be obtained 
by measuring the voltage and amperage separately. With alternating cur­
rent a power-factor variation from unity occurs with any inductive or capac­
ity load. Hence a wattmeter must be used for loads other than incandescent 
lamps and electric heating units, the dynamometer and Kelvin balance 
wattmeters which are similar to the voltmeter movements previously 
described. The only change is to connect the fixed coils in series with the 
line (current coils) and the movable coils across the line (potential coils). For 
three- or four-wire circuits a double element is used in the dynamometer. 
Rewiring is the only change necessary on polyphase with the Kelvin balance. 
Dynamometer movements are found in both indicating and recording watt­
meters, but the Kelvin balance is used only for recording instruments of the 
contact-making type.

A wattmeter gives the instantaneous measure of energy, or a curve showing 
the rate at which it is being expended. The total energy used is obtained 
by means of a watt-hour meter, sometimes called an integrating meter. 
This is essentially a small motor whose speed is proportional to the power 
consumption. The moving element operates a dial register to give the total 
in watt-hours.

Control of power consumption may be effected by several devices now 
available. The hook-up differs with each installation, but the arrangement 
is such that when the load exceeds a set figure, the least important portion 
is automatically cut out. A further increase cuts out the next; and so on. 
When the load decreases, the operations are progressively started up. The 
actuating mechanism is a contact-making wattmeter or demand meter, with 
which is incorporated a timing switch to prevent action with momentary 
increase in load. Such control is especially desirable where the power con­
tracts sets the price according to the maximum demand.

Power Factor (see p. 2642). Knowledge of the power factor is necessary 
since most power contracts contain a clause penalizing for any marked devia-
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tɪons from unity. It may be determined by instruments similar to either 
the dynamometer or the Kelvin-balance wattmeters. In the former the 
difference is in having two moving coils crossed at right angles to each other. 
ʌɪɪ inductance is placed in the circuit of one and a resistance in the other. 
The Kelvin balance actually measures the angle through which a phase shifter 
ɪnust be turned to get zero power factor in the measuring element. The 
cOrrection of power factor may be effected by the substitution of syn­
chronous motors for all operations where they can be used. Sometimes an 
overexcited synchronous motor, or synchronous condenser as it is then called, 
's allowed to float on the line for this purpose only. For smaller installations a 
capacitor, or static condenser, is commonly connected in the motor circuit.

Frequency. Determinations of frequency are generally measured by 
setting up an unbalance in the circuit. Either the cross-coil dynamometer 
or the Kelvin-balance movement, as used in power-factor measurement, is 
connected in two opposing circuits with a resistance in one and an inductance 
ɪn the other. The current in the resistance is dependent on the voltage alone, 
while that in the inductance depends on frequency and voltage. The résult­
at of the pulls of the two coils will vary with the frequency. This method 
18 used also in the Bristol which employs the same element as in the inductance 
balance for long-distance transmission (p. 2026). These instruments are 
accurate to about one-tenth cycle. Interconnection of power systems has 
caused a demand for instruments which will read closer, and several have been 
developed. The Leeds and Northrup recorder has a circuit composed of 
au impedance bridge, two arms consisting of non-inductive resistances, and 
two of non-inductive resistances together with condenser units. In one of 
these arms the condensér is in parallel with the resistance; in the other it is 
ɪu series. The bridge is of the balanced or null type, balancing being accom­
plished by means of a contact-making galvanometer. The Westinghouse 
centrifugal frequency recorder employs a synchronous motor to drive a 
flyball-contacting device which starts, stops, and reverses a separate motor 
tθr moving the pen arm.

MISCELLANEOUS MECHANICAL CONTROLS
Under this heading there will be considered the means of indicating, record- 

]ug, and controlling mechanical operations. The variables are speed, posi­
tion, thickness, and time. In addition, photosensitive devices will be 
described.

Speed. Measurement of speed assumes great importance because of the 
secondary factors dependent on it, e.g., voltage or frequency in electric 
generators, or pressure of blowers. Devices are now available for momentary- 
eheck readings, for continuous indication, for curve drawing, and for con­
trolling, using both mechanical and electrical means.

Check readings may be made with an indicating tachometer designed to 
bθ held in the hand while testing. It is fitted with a pointed metal or rubber­
tipped shaft, which is held against the center of the rotating part whose speed 
18 to be measured. One type actually counts the number of revolutions in a 
fixed period of several seconds. The pointer moves around the dial, which 
reads in revolutions per minute, and stops automatically at the end of the 
interval. Another type operates like a flyball governor. Weights are so 
ɪnounted on a shaft that they, revolving with it, tend to fly off as the speed 
increases the centrifugal force. This force is resisted by springs, and the 
résultant motion is transmitted to the pointer. This same principle is incor­
porated in some stationary indicating, recording, and controlling tachometers.
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The instrument shaft is in this case driven by a belt from the main shaft 
instead of being pressed against it. Recorders have also been built of the 
pneumatic type, which depends on the vacuum created in a T-shaped tube 
when it is turned in a closed chamber on the axis of its vertical arm.

Electric tachometers are now most used for stationary work. They 
have been developed to a high degree of accuracy. A d.c. magneto of special 
design is driven by a belt, gear, or chain, or through direct connection from the 
rotating part. The potential of the magneto terminals will be a straight- 
line function of the speed. This may be measured with an indicating or 
recording voltmeter calibrated to read directly in revolutions per minute.

Of great importance in connection with speed, although not primarily, a 
method of determining it, are the stroboscopes which permit the study of 
mechanisms while in rapid rotary or reciprocating motion. They depend 
on the ability of the eye to retain an image for an appreciable time. If 
an object is seen intermittently, the effect of a continuous view will be had 
when the interval between glimpses is less than the time the eye will retain 
the image. If the interval is too great, the image will flicker. A rapidly 
rotating object seen at intervals equal to the time of one revolution will 
therefore appear to be stationary, as it will be in the same position each time 
it is viewed. If the interval is slightly greater or less, it will appear to be 
moving forward or backward very slowly. By changing the interval, the 
apparent speed of the part may be varied at will. This makes possible a 
thorough study of the action of fast moving machinery. The methods of 
accomplishing this result are by interrupting the vision and by interrupting 
the light. The former is done by observing the part through a slotted disk 
or cylinder which may be turned at a set speed The light outfit consists 
of a contact breaker in the light circuit, driven by the machine under observa­
tion, or by a separate motor. A neon light is ordinarily used so that the 
object may be viewed in daylight or artificial light without interference. 
The flashes are then synchronized or put slightly out of step as desired.

Position. When working with inaccessible or remotely operated gates, 
dampers, and valves, or with pulp beaters and other equipment, it is of value 
to know their exact position. This is accomplished by the use of a system 
of levers, sometimes in conjunction with cables and pulleys, to move a pointer 
on a scale. The arrangement is such as to get the proper reduction of the 
movement for full-scale deflection. These motion recorders may be fitted 
with remote transmitting and receiving systems so that the reading is avail­
able at a distant point, e.g., at the control switchboard. The position may 
be altered by manual control, push-button motor control, or automatic 
control.

Thickness. Variations in thickness, as of the cake on a rotary filter, may 
be recorded by the motion recorders described above. A roller or shoe riding 
on the material is connected to the levers. These instruments are limited 
as to accuracy on very thin materials, such as rubber sheeting or paper, but 
several other devices have been developed for these applications. The 
Schuster magnetic gage, designed originally for rubber calender rolls, 
consists of an electromagnet mounted on wheels so as to ride on the stock. 
The distance between the roll and the magnet varies with the thickness of 
the stock, and the current flowing through the magnet coils will vary with 
this distance. These changes in current are read directly as thickness in 
ten-thousandths of an inch.

Another device, designed to regulate thickness of rubber coatings is the 
weight Verigraph. This is essentially a tuned-radio circuit. The web of
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*haterial passing between two condenser plates varies the capacity. A 
*nill-type recorder shows deviations from the correct thickness.

, ɪɪɪɪɪ6* Instruments are available for recording both the duration and 
he frequency of movements. One type, the electric operation recorder, 
unctions by having an electric contactor so arranged that the motion will 

ʃnake and break the circuit to a small magnet coil. Mounted on its pole piece 
ls a pen arm which draws a short line at right angles to the direction of chart 
ravel for each change. These are used to show the starting and stopping of 
θoɪns, motors, presses, and for innumerable other operations. The exact 

hieans of making the contacts will differ with each installation. One opera­
tion recorder is equipped with a timing device to ring a bell or light a lamp 
when the operation is finished. This contains a time switch similar to those 
used separately to stop an operation automatically. Another type is usually 
called an auto time recorder because of its common use on automobiles, 
ɪt has a waxed or sensitized chart across which the pointer moves when its 
support vibrates, as with the running of the engine.

Photosensitive Cells. Certain metals emit electrons when exposed to 
ɪight, as do others when heated. The latter form the basis of the electron 
tubes of radio, by assisting the passage of current between electrodes made 
of these thermionic materials. If light-sensitive metals be used, the current 
Passing in the circuit will vary with the amount of light received by the 
electrodes, whence the intensity of light may be measured with great accuracy. 
I,he metals which have this photoelectric property are sodium, potassium, 
cesium, rubidium, lithium, strontium, and barium. C 
Uow generally used because its sensitivity more nearly 
coincides with the range of human vision. A common 
design of cesium cell is shown in Fig. 102. The V-shaped 
cathode is coated with cesium, and the bulb may be 
cither evacuated or gas filled.

The electrical output of photoelectric cells ranges from 
a fraction of one microampere to several microamperes. 
It may be amplified by séveral three-electrode vacuum 
tubes of the ordinary radio types in series, and so meas­
ured with a microammeter or used to operate a relay for 
control purposes. Power-relay tubes, such as the Grid­
glow and the Thyratron, combine sensitivity with considerable power out­
put. Complete units of sensitive-cell, power-tube, and relay switch are 
now available.

Recently interest has been revived in the companion phenomenon of photo­
conductivity, first used in the selenium cell whose resistance changes with 
the intensity of the light. Selenium showed a considerable lag which is not 
found in the new selenium and copper oxide cells where a thin layer only is 
used.

The Weston photronic cell has a thin metal disk serving as the 
positive terminal, upon which a thin film of light-sensitive material serves 
as a negative terminal. Contact with the light-sensitive material is made 
through a metallic collector ring. A filter is used when the spectral sensi­
tivity must conform with that of the human eye. Available in water­
proof housings and having a high output—several hundred microamperes 
under intense illumination—which eliminates the need for amplifiers in most 
applications, barrier layei' photocells are widely used in industry. However, 
for high frequencies and sensitivities the more fragile photoemission cells 
are used.

these, cesium is

Fig. 102.—Photo­
electric cell for con­
centrated light.
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Applications of photoelectric cells may be grouped as sorting, usually 
dependent on the light reflected from the surface under examination; counting, 
by cutting off a beam of light; measuring radiation, as with hot bodies and 
daylight; and analyzing color or composition by transmitted or reflected 
light. Considerable experimenting may need to be done to find the optimum 
conditions for each application.

SUPERVISION OF INSTRUMENTS
Details of the operation and maintenance of control instruments naturally 

are too voluminous for treatment here. The manufacturer’s direction sheets 
should be read carefully. They have been written in the light of past experi­
ence, and, if followed, no difficulties should be encountered. One general 
rule may be given here: Do not allow any person to touch an instrument 
except for necessary maintenance work. The great majority of trouble 
cases come from tampering by inexperienced persons. It is advisable to 
make some one person responsible for all instruments in the plant, whether 
there be one or many. For this work some handy person can usually be 
found. He should be given time to study over the directions and familiarize 
himself with maintenance details. The manufacturer’s serviceman can 
undoubtedly help in this. Some companies have sent their maintenance 
men to the factories where the instruments were made. The manufacturers 
are willing and anxious to show them through their factories and shops and 
to give instruction on the work which can be done in the field. Aside from 
the actual knowledge gained, this has the advantage of arousing a keen 
interest and pride in the work.

In the selection and location of instruments it is well to get the recom­
mendations of the manufacturers’ salesmen. As a group they are factory- 
trained men with a background of engineering education and experience. 
Their recommendations merit serious consideration.

As to location of instruments it may be said in general that the most 
accessible place is the best. It cannot be too strongly emphasized that 
instruments are primarily guides for the operators, not checks on their derelic­
tions. For this reason they should be located as near the operator’s regular 
station as practicable. It will then not be difficult to get the operator to 
consult them frequently and to depend on the readings. Centralization of 
all instruments is usually desirable. Although the cost is ordinarily greater, 
it does make for a good-looking installation. Operating efficiency is enhanced 
if all information and controls, manual or automatic, are conveniently at 
hand. Needless to say, there is little gain in centralization of instruments 
if the process operation is not otherwise arranged for centralized operation. 
Where a central control board is used, it should be in the most accessible 
place, or the center of population, as it might be described. In older plants 
location of indicating and controlling instruments beside the operations with 
recording instruments at some central point is often good practice. In such 
cases remote manual controls are often advisable to permit immediate 
adjustments.

Automatic control has one inherent danger: so much dependence is placed 
on it that its failure may be disastrous. For this reason all possible safety 
devices should be used. On air-operated controls the valve operation should 
be selected so that the valves will assume the safer position on air failure. 
Also safety interlocks may be needed. On electrical controls, a change in 
the wiring will often suffice, e.g., connection of the blower, the oil pump, 
and the control instrument on one circuit. A failure of one means the failure
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ŋf all. A manually reset relay, in addition, will make certain that the 
attendant is present when current goes “on” again. Solenoid valves may 
bθ placed in a line to cut off with current failure, or working with a controller, 
to cut off for overtemperature. Switches which break an electric circuit on 
failure of pressure in air, gas, or oil lines are available. Numerous schemes 
Lave been worked out or can be devised easily, but this matter should receive 
careful consideration.

Charts from recording instruments deserve thorough study. Comparison 
8hould be made with records of previous days and years and checked against 
the results of the day’s run. The records, if carefully marked with batch 
lumbers and filed, will assist in assigning the cause of failure of returned 
Material. Instruments are additional tools and fact finders and give benefit 
according to the amount of use.
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MATERIALS OF CONSTRUCTION
Introduction. Materials for chemical-plant construction fall naturally 

into two general classes, metals and non-metals, the former class being 
further divisible into pure metals and solid-solution-type alloys on the one 
hand and non-homogeneous alloys· on the other. The latter distinction is an 
important one as, for corrosion-resisting purposes, the solid-solution alloys 
frequently behave as though they were chemical individuals of definite 
characteristics, while the mixed-crystal type usually has roughly the resist­
ance of the poorest constituent, the resistance being still further diminished 
by the presence of numerous electrolytic cells. The difference in behavior 
between properly and improperly heat-treated metals of the stainless-steel 
class well illustrates this characteristic difference between the solid-solution 
and the mixed-crystal types.

In the selection of material for the construction of a chemical plant, 
resistance to the corroding medium is usually the determining factor as 
otherwise the choice would fall automatically on the cheapest material 
mechanically suitable, and laboratory corrosion tests are frequently the 
quickest and most satisfactory means of arriving at a preliminary selection 
of the suitable substances. Unfortunately, however, it is not possible on 
the basis of any existing laboratory test to predict with accuracy the behavior 
of the selected material in the plant. The outstanding difficulty in this 
connection lies not so much in carrying out the test as in interpreting the 
results and translating them into terms of plant performance. A laboratory 
test of the standardized type gives but one factor, the chemical resistance of 
the proposed material to the corrosive agent, and there are numerous other 
factors entering into the behavior of the materials in the plant.

The following method of determining this factor, which is the so-called 
total immersion test, represents an unaccelerated method which has been 
found to give reasonably concordant results which are in approximate agree­
ment with results obtained on the large scale when the other variables are 
taken into account. Various other tests have been proposed and are in use, 
such as the salt spray, the accelerated electrolytic, the alternate immersion, 
the aerated total immersion, etc., but in view of the numerous other com­
plications entering into the translation of laboratory results into plant results, 
the simplest test would seem the most desirable for routine preliminary work, 
reserving the special test methods for special cases. This preliminary test 
serves quite well to eliminate the materials which obviously cannot be used; 
further selection among those which apparently can be used can be made on 
the basis of a knowledge of the properties of the materials concerned and the 
working conditions, or by constructing larger scale equipment of the proposed 
material in which the operating conditions can be simulated.

THE TOTAL IMMERSION TEST
The following conditions and factors affecting the results of tests have been 

investigated :
Test Piece. The shape of the test piece does not affect results within a 

reasonable range of ratio of length of edge to surface. Determinations have 
been made for ratios between 2 and 10. Fine polishing is unnecessary, 
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They may consist of dissolving 
In each case the error due] to a
The first 48-hr. immersion in

although tool marks and oxide coatings should be removed. Many deter­
minations have been made on roughened and smoothed pieces.

Volume of the Corroding Solution. Investigations using volumes 
of solution ranging from 20 cm. to 200 cm. per sq. in. of test piece exposed 
show that the effect of the volume of the corroding solution becomes prac­
tically negligible if a relation of volume to square inch of test piece in excess 
of a certain minimum is used.

Temperature of Corroding Solution. Results of many experiments 
show that the temperature coefficient is high for all reactions. For theoretical 
Work in determining the law of temperature, it is absolutely necessary to use 
an accurately regulated thermostat. In applying results to plant practice, 
similarly careful consideration must be given to temperature control in all 
specific tests. In comparing different metals, care must be taken that the 
temperature is the same for all tests.

Time of Exposure. It has been found that results of corrosion tests 
vary enormously with the time of exposure of the material to the corroding 
solution. This variation is due to initial electrochemical surface actions 
such as overvoltage and to the period of time required for the formation of a 
protective coat. Evidently initial effects of this kind must be neglected if a 
corrosion factor for use over a long period of time is to be obtained. The 
logical way is to measure the rate over an interval of time after this initial 
high corrosion rate has decreased and become constant. For the most 
careful work thiβ must be done. The experimental data available at present 
indicate that corrosion should Be determined at the end of 48, 96, and 240 hr. 
Sufficient accuracy for comparative work may usually be obtained by 
Meglecting the corrosion over the first 48 hr. and averaging the rate over the 
second 48-hr. period.

Cleaning Test Pieces. Many methods have been investigated for 
removing coatings from the test pieces, 
the coat or of removing it mechanically, 
particular method has been determined, 
the corroding solution may be considered a preparation of the test piece for 
the final test.

Reagents and Apparatus. Corroding Solution. Use 250 cm. of the 
corroding solution per test piece of given area (4.6 sq. in.) for a fairly rapid 
corrosion rate (0.01-in. penetration per month). The volume should be 
increased in proportion for pieces of greater area.

Preparation of the Sample. 1. Metal Test Piece. Size 2 by 1 by 
0.1 in, (area 4.6 sq. in.). Dimensions should be accurate to 0.01 in. in order 
to save the time of measurement and area calculation in the laboratory. 
Other shapes may be used within a range of ratio of length of edge to total 
area of test piece between 4 and 8.

2. Preparation. The strip of indicated size may be cut from flat sheet 
metal or turned from pipe. Tool marks should be removed by successive 
use of file and emery. Exceedingly fine finishes are unnecessary, but the 
surface should be clean and reasonably smooth as, for example, finished with 
120 grain emery.

Detailed Procedure. Standard Static Corrosion Test. Place the 
corroding solution in a flask or wide-mouth bottle and bring to the temper­
ature of the test. Maintain this temperature to at least loC. in a carefully 
regulated thermostat. Suspend the test piece upon a glass hook from a 
stopper of such a size as to fit the flask or the bottle loosely. The stopper 
must be made of a material which will be unaffected by the corroding solution. 
Immerse the test piece in the solution when it reaches the proper temperature, 
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closing the bottle or flask with the stopper. If the test is being made at a 
high temperature, a reflux condenser must be used, taking care to prevent 
the condensate running directly on to the test piece.

The highest accuracy is desirable. Expose the test piece for 48 hr. to the 
COIToding solution. Remove from the solution, wash thoroughly in a stream 
of water, and remove any coating. This cleaning may be done by dissolving 
off the coating (lead sulfate in ammonium acetate solution, lead chloride in 
hot water, etc.) or by rubbing and scouring with or without a soft powder as a 
mild abrasive. Do not adopt any method of cleaning until the error due to 
its use has been determined. Weigh the test piece after thoroughly drying, 
especially wiping out the hole by which it was suspended on the glass hook. 
Immerse the test piece in the corroding solution for a second 48-hr. period. 
Care should be taken that while drying and making the first weight, no oil 
or grease is allowed to get on the test piece by handling, since this would give 
low results. After the second 48-hr. immersion period, clean and weigh 
again as described above. From the loss during the last 48 hr., calculate the 
average rate of corrosion (¿ = 48 hr.) as indicated under Calculations.

Run a check test simultaneously. Never place test pieces of different 
metals in the same container. It is permissible to place two pieces of the 
same metal in the same container, but they should not be in contact.

In case the metal develops pitting, this factor must be included in the 
results, since failure in any case will occur when a pit has entirely penetrated 
the metal. Determine the magnitude of this effect by grinding down on a 
metallographic grinding set until all the pits have just disappeared and solid 
metal is reached. The loss in weight during this grinding is determined and 
the pitting calculated as indicated.
Form for Card File of Corrosion Data Form for Laboratory Data

Material
Corrosive agent
Concentration
Temperature
Rate of corrosion, mo. 
Report of data 
Method No.
By
For

Metal
Solution 
Temperature 
Test piece No. 
Dimensions

Length 
Width 
Thickness 
Area

Weight
Before test
After test 
Loss

Time
Start
Finish
Run, hr.

Corrosion rate
Calculations. Standard Static Corrosion Test.
If W = loss in weight (in grams) of test piece during the second 48-hr. 

immersion; A = area of test piece in square inches; >8 = density of metal in 
grams per cubic centimeter; and t = time of exposure in hours (t = 48) : 
Then C = rate of chemical corrosion expressed as inches penetrated pej, 

month :
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24 × 30 × W 43.9 IT

(2.54) 3ASi °r ASt

In order to calculate the pitting corrosion, let p = loss in weight (in grams) 
due to grinding out pits:
Then d = rate of penetration of metal by both normal corrosion over the 

entire surface and by local action due to pitting;

d 43.9(TΓ +p)
ASt

Effect of Variables on Corrosion Test. As in other branches of engi­
neering, it is necessary to apply a factor of safety to the results obtained, the 
factor varying with the degree of confidence in the applicability of the results. 
Ordinarily, a factor of from 3 to 10 might be considered normal.

Among the more important points which should be considered in attempt­
ing to base plant design of laboratory data are the following:

Effect of Oxygen. The test given above does not call for aération, the 
reason being that the effect of oxygen is considered a specific one, to be taken 
into account for each problem. In general, its effect is to increase the rate of 
corrosion markedly, and, if it is to be present in the plant operation, its 
effect should be allowed for.

Electrolysis. This is a frequent source of trouble on the large scale. 
Not only is the use of different metals in the same piece of equipment danger­
ous, but the effect of cold working may be sufficient to establish potential 
differences of objectionable magnitude between different parts of the same 
piece of metal. Riveting, even when extreme precautions are taken to have 
the rivets of identical composition with the sheet, is very likely to establish 
potential differences. Even such slight working as threading without 
subsequent annealing has been known to cause rapid failure from electrolysis. 
The mass of metal in chemical apparatus is ordinarily so great, and the 
electrical resistance consequently so low, that a very small voltage can cause 
a very high current. It might also be noted that improper heat treatment of 
a solid-solution-type alloy may convert it from the solid-solution type to the 
non-homogeneous type, with the result that it fails even more rapidly than 
its poorest constituent. Welding also, if not properly done, may leave the 
weld of a different physical or chemical composition from the body of the 
sheet and cause the development of stray currents. A simple test for weld 
homogeneity is to treat a sample of the welded sheet containing a portion of 
both weld and sheet with a suitable solvent such as nitric acid or aqua regia, 
till about half the thickness of the metal has been dissolved; if heterogeneity 
exists, evidence of differential attack should be seen.

Velocity of Corrosive Liquid. Because of increased rate of removal of 
corrosion products and increased mechanical action, corrosion increases 
rapidly with increasing velocity of corrosive medium. This is especially 
true if the flow is turbulent, or if the liquid carries suspended matter. Fre­
quently, slight alterations in design can be made to reduce this factor.

Local Concentration. Both local variations in temperature and crevices 
which permit the accumulation of corrosion products are capable of allowing 
the formation of concentration cells, with the result of accelerated local 
corrosion.

Temperature. In the laboratory, the temperature of the test specimen 
is that of the liquid in which it is immersed, and the measured temperature 
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is actually that at which the reaction is taking place. In the plant, heat 
being supplied through the metal to the liquid in many cases, the temperature 
of the film of (corrosive) liquid on the inside of the vessel may be a number 
of degrees higher than that registered by the thermometer. As the relation 
between temperature and corrosion is a logarithmic one, the rate of increase 
is very rapid. Like other chemical reactions, the speed ordinarily increases 
two- to threefold for each IO0 temperature rise, the actual relation being that 

of the equation: log K = A + — > where K represents the rate of corrosion, 

and T absolute temperature.
Impurities. The effect of impurities in either structural material or 

corrosive material is so marked (while at the same time it may be either 
accelerating or decelerating) that for reliable results the actual materials it is 
proposed to use should be tested and not types of these materials. In other 
words, it is much more desirable to test the actual plant solution and the 
actual metal or non-metal than to rely upon a duplication of either. Since 
as little as 0.01 per cent of certain organic compounds will reduce the rate of 
solution of steel in sulfuric acid 99.5 per cent, and 0.05 per cent bismuth in 
lead will increase the rate of corrosion over 1000 per cent under certain con­
ditions, it can be seen how difficult it would be to attempt to duplicate here 
all the significant constituents.

SPECIAL PROPERTIES OF CERTAIN MATERIALS
Metals. Iron withstands anhydrous acids and concentrated solutions of 

some acids but is attacked by dilute aqueous solutions. It resists alkaline 
solutions with the exception of very hot, highly concentrated solutions, 
though its resistance is sufficiently good in the latter case for extensive use.

Copper, as can be seen from its position in the electromotive series of the 
metals, has little tendency to dissolve in non-oxidizing acids. It is, however, 
very subject to oxidation and, as the oxide is readily soluble in most acids, is 
subject to marked attack in the presence of air or other oxidizing agents. 
Ammonia and amines similarly attack copper under oxidizing conditions. 
It is less attacked by strong caustic solutions than is iron.

Nickel possesses in many respects the characteristics of a seminoble 
metal. It is acted upon by dilute acids with relative slowness, so that it 
can frequently be used at a fairly low pH. It resists concentrated caustic 
solutions very well. It is less affected by ammonia and by the amines than 
copper and is less rapidly oxidized.

Lead, because of its low tensile strength and elastic limit, is used chiefly in the 
form of linings. If not carefully anchored in place it is very liable to creep 
slowly, with the resulting formation of buckles especially if alternately heated 
and cooled. It is attacked but slowly by most acids and hence is very exten­
sively used in chemical-plant construction. Homogeneous lead lining over­
comes the tendency of lead to creep and also improves the heat transfer as 
compared with loose linings.

Aluminum, while belonging to the class of metals which decompose water, 
is quite resistant to dilute and weak acids because of the presence of a surface 
film of the relatively inert hydrated oxide. Any material capable of removing 
the aluminum oxide, however, such as the halogen acids or alkalies, will cause 
very rapid corrosion of aluminum by exposing the highly reactive metal. 
Thermometers in aluminum equipment should be carefully protected, as
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the mercury from a broken bulb, if it comes in intimate contact with the 
ɪnetal, will cause rapid perforation.

Tantalum, while not extensively used in the past, possesses the valuable 
property of being unattacked by aqueous hydrochloric acid, either hot or 
cold, and by most other chemical reagents excepting hydrofluoric acid, fluo­
rides, and sodium hydroxide solutions. Its relatively high cost restricts its use 
to linings for the most part but makes possible the construction of certain 
equipment in metal which would otherwise have to be built of anon-metal.

Silver also possesses a fair degree of resistance to the aqueous solutions of 
the halogen acids. In this case the resistance is due largely to the formation 
of a protective film of the insoluble halide, so that conditions which favor the 
recrystallization of the halide, such as the presence of ammonium salts or 
very high temperatures, materially reduce the life of the equipment. Silver 
is also widely used for handling and storage of organic acids, particularly 
at high temperatures.

Magnesium is one of the few materials not attacked by dilute aqueous 
solutions of hydrofluoric acid.

Antimony, while seldom used because of brittleness, also withstands well 
the action of aqueous hydrochloric acid.

Alloys. Chromium-iron-nickel alloys (stainless steels) belong to the 
solid-solution type of alloy when properly heat treated; when improperly heat 
treated, segregation takes place and the resulting electrolysis may reduce the 
resistance below that of ordinary steel. Roughly, the resistance to acids 
increases with increasing nickel content.

Bronzes tend to possess the acid resistance of copper with a lessened 
tendency to oxidation, so that their over-all resistance is somewhat greater 
than that of copper while the mechanical properties are much superior to those 
of copper.

Brasses, like bronzes, have mechanical properties and workability superior 
to those of copper. As a class they are subject to dezincification and con­
sequent weakening on exposure to corrosive conditions.

Silicon alloys, such as Corrosiron, Duriron, and Durichlor, have the 
high resistance to be expected from the high silicon content and also the brit­
tleness and hardness which are ordinarily associated with the compounds 
of silicon. The high-silicon alloys must be worked by casting and grinding.

Non-metals. One important difference between the metals and the 
non-metals, which greatly affects the design of equipment, is the low thermal 
conductivity of the latter class. It is frequently difficult or impossible to 
obtain the necessary heat transfer through the wall of the vessel when working 
with a non-metal, so that some form of internal heating.or cooling must be 
resorted to, such as coils, electrical heating, or live steam.

Glass possesses the desirable quality of almost perfect resistance to acids 
of all strengths and at almost all temperatures, hydrofluoric acid being 
an exception to the rule. The difficulty of obtaining large sizes and the 
fragility of the material have somewhat limited its application, piping being 
the chief form of equipment ordinarily used. The making of tight joints 
also presents a problem, no material equally resistant being available for 
use as a gasket material, while fused joints increase the complication and 
fragility of the assembly. Glass is also sensitive to sudden changes of 
temperature and must be carefully protected from them.

Silica ware, while possessing the corrosion resistance of glass in a more 
marked degree, also possesses all the weaknesses of glass with the exception 
of its susceptibility to sudden temperature changes.
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Enameled ware to a considerable degree avoids the objectionable mechan­
ical features of glassware but at the expense of a reduction in chemical 
resistance. The glass used for coating iron or steel is less resistant to chemical 
action than the best grade of chemical glass, which because of its coefficient 
of expansion and melting point, however, cannot be used for enameling.

Stoneware largely avoids the mechanical fragility of glass and silica but 
substitutes a problem in heat transfer, the thickness of the material ordinarily 
used causing this to become a serious problem when considerable quantities 
of heat are to be supplied or removed.

Other ceramic materials present problems, in general, similar to those 
already mentioned, the design problems accompanying the use of porcelain 
or stoneware, tile or brick, of cementlike material in general, being accom­
panied by limitations as to temperature, pressure, heat transfer, size of 
equipment, etc., which are not present when working with the metals or 
alloys. Enameled equipment is the only type of this group in which the 
working surface is non-metallic, and the physical strength is supplied by a 
metal. In tile lining, difficulty is also encountered in obtaining satisfactory 
cement of resistance equal to the tile.

Hard and soft rubber are frequently used for the handling of acids, 
especially dilute aqueous solutions. The resistant properties of the two are 
similar, both being unattacked by dilute aqueous solutions except those of 
oxidizing agents and both being swelled by organic solvents. An important 
difference between the two lies in the fact that the soft rubber is used as a 
lining, usually for steel, while the hard rubber can be used alone.

Synthetic rubberlike polymers are becoming of increasing importance as 
engineering raw materials because of the superiority to natural rubber in 
many important properties such as resistance to oxidation, solvents, oil, and 
many chemicals.

Polymers such as neoprene and Perbunan can be compounded and cured 
to yield vulcanizates similar to natural rubber in their stress-strain and 
elastic properties. Other polymers such as Thiokol are swollen even less 
than neoprene or Perbunan by aliphatic hydrocarbons but have lower 
elongations and do not retain their properties as well at elevated tempera­
tures. Plasticized polyvinyl chloride such as Koroseal can be used where 
less rubberlike properties are required.

Wood, while fairly inert chemically, is readily dehydrated by concen­
trated solutions and hence shrinks badly when subjected to the action of 
such solutions. It is also slowly hydrolyzed by acids and alkalies, especially 
when hot. In tank construction, if sufficient shrinkage once takes place 
to allow crystals to form between the staves, it becomes very difficult to 
make the tank tight again.

Structural carbon is available for use as tank linings, tower packing, 
absorption systems, and piping. It is suitable for use with most chemical 
materials except strong oxidizing agents. An impervious form, Karbate, is 
available; Karbate No. 2, impervious graphite, has good thermal conductivity 
and can be used in heat-transfer equipment.

RECOMMENDED MATERIALS OF CONSTRUCTION FOR 
DIFFERENT USES

Materials of Construction Used in Chemical Operations. (From 
“Corrosion, Causes and Prevention,” pages 562 to 568, by Frank N. Speller.) 
This list- gives the materials of construction commonly used in chemical 
operations. It represents the results of a survey of the literature, the edited
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comments of manufacturers of chemicals and apparatus, and the experience 
of Whitman and Russell who compiled the list.1 The table does not attempt 
to give the entire range over which a given material will resist corrosion or 
the entire list of materials which will withstand a given corroding agent, but 
rather it indicates the range over which the material usually finds application. 
The materials included are given in alphabetical order with no attempt to 
indicate which ones are superior. Where pipe or tubing is specified, valves, 
fittings, etc., should be constructed of the same material. Where monel 
ɪnetal is specified, other copper-nickel alloys are often suitable.

The concentrations and temperatures commonly encountered are given in 
parentheses or brackets, the concentrations being given first and the temper­
atures second. For example “[all cones.; temp. 158oF. (70°C.)]” means all 
concentrations at temperatures below 158oF. (70oC.).

1. Acetic anhydride.
Copper, enameled iron, fused silica, glass, high-silicon iron, steel, lead.

2. Acid, acetic.
Aluminum—distillation (glacial), condenser and piping, tanks (glacial).
Aluminum bronze—pumps (all cones.), condenser and piping.
Cast iron—stills for commercial acid.
Chromium-nickel stainless steels (all cones. ; all temps.).
Copper—distillation (glacial), condenser and piping, tanks (glacial). 
Enameled iron or steel—condensers and piping, tanks (glacial).
Hard rubber—tank lining, pumps, piping (all cones.; low temp.). 
High-silicon iron—condensers and piping, pumps (all cones.).
Monel metal—pumps and tubing (all cones.).
Phosphor bronze—pumps (high cones.).
Silver—condensing tubes.
Slate—tanks (glacial).
Stoneware—condensers and piping; tanks and pumps (all cones.).
Wood-tanks (oak, cypress, fir) (glacial); for short-storage tanks (low concβ.).

3. Acid, benzoic [vapor 4820F. (250oC.)].

Aluminum, nickel.
KA2SMo—high temperatures.
Silver.

4. Acid, chloracetic (plant cones.).
Copper, enameled iron, leâd, nickel.

δ. Acids, fatty (propionic, butyric, etc.).
Aluminum—condensers, pumps.
Bronze—pumps (low cones.).
Cast iron—stills.
Copper—pipe (all cones.; all temps.), condenser tubes.
Enameled iron—stills, condensers.
High-silicon iron—condensers, piping, pumps.
Monel metal—pumps, tubing, receiving eggs.
Steel—stills.
Stoneware—pumps.

1 The helpful cooperation of the various manufacturers of chemicals and equipment 
who contributed to this table is acknowledged. The table of Calcott and Whetzel has 
been of especial assistance in this work.
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6. Acid, hydrochloric.
Acid-brick—lining for tanks (all cones.; all temps.).
Cast iron—furnace pots.
Durichlor—(all cones.; all temps.).
Earthenware—gas fans (moist), gas pipe (moist, cool).
Fused silica—gas pipe (all cones.; all temps.), absorption systems.
Glass—absorption systems, pipes, carboys.
Hard lead—pumps (cones, from 1 to 5 per cent).
Hard rubber—lining for fans (moist, cool), pumps (cones, from 1 to 30 per cent), 

pipes (all cones.; all temps.), lining for tanks (all cones.; low temps.).
Hastelloy B—(all cones.; all temps.).
Haveg—(all cones, up to boiling point).
Karbate—pipe, linings, absorption systems (all cones.; all temps.).
Monel metal—pickling equipment (low cones, and temps.).
Pure gum rubber—tubing, lining for tanks, tank cars, fans (all cones.; low temps.). 
Rubber—acid hose for piping (all cones.).
Stoneware—gas and liquor pipes (all cones.; all low temps.), absorption systems, 

tanks (above 5 per cent), pumps, lifts, fans.
Tantalum—aqueous, hot or cold.

7. Acid, lactic.
Bronze—pumps (all cones.).
Copper—evaporators, tanks, and pipe (all cones.; all temps.).
Enameled steel—evaporating pans, tanks, pipes, pumps (for edible products) 

(all cones.).

8. Acid, mixed.
Acid-brick—tanks.
Cast steel—tanks, pumps.
Enameled iron—nitrators.
High-chrome alloys—dipping baskets.
18-8—dipping baskets.
Lead—nitrators.
Steel—tanks, pipe, nitrators.

9. Acid, nitric.
Acid-brick—towers and packing (cone. 60 per cent; all temps.).
Fused silica—gas piping and condensers (all cones.).
High-Chromium iron.
High-Silicon iron—gas piping, condensers, pumps, fans, and liquor piping (all 

cones.).
Stainless steel—chromium-nickel-iron alloys.
Stoneware—gas piping, condensers, absorption systems, pumps, fans, and piping 

(all cones.).

10. Acid, sulfuric.
Acid-brick—absorption towers (cones. < 75 per cent; high temps.), absorption­

tower packing, pickling tanks (6 per cent conc.).
Aluminum bronze—pickling apparatus (6 per cent conc.), pumps (low conc.).
Cast iron—absorbers and tanks (cones, from 85 to 98 per cent), pumps and lifts 

(cones, from 90 to 98 per cent).
Coke—absorption-tower packing.
Concrete—pickling tanks.
Hard rubber—pumps (cones, from lo to 45oB0.; low temps.), pipe, tanks. 
High-Silicon iron—^-chamber acid concentration (cones, from 70 to 90 per cent), 

fans, pumps (cones, from 10 to 70 per cent), piping.
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Lead [temps. < 320oF. (150oC.)]—chambers, shell for absorption towers (only soft 
lead for 48o to 5O°Bé.), lining for pumps (cones. < 70 per cent), lining for pickling 
tanks and agitators, hard lead for fans and pumps (low cones.).

Monel metal—pumps and tubing [cones. < 15 per cent; temps. < 392oF. (200oC.)J, 
pickling apparatus (6 per cent conc.).

Quartz—absorption tower packing.
Stainless steel (KA2SMo)—0 to 10 per cent and 95 to 122.5 per cent.
Steel—absorbers and tanks (cones, from 90 per cent to fuming), pumps and lifts 

[90 per cent conc.; temps. < 149oF. (65oC.)].
Stoneware—absorption-tower packing, fans, pumps (all cones.), pickling apparatus 

and pickling tanks (6 per cent conc.).
Wood—pickling apparatus (6 per cent conc.), tanks (cones. < 20 per cent).

11. Acid, sulfurous.
Acid-brick—linings of digesters and absorption towers.
Aluminum bronze—relief gas lines [temps. < 320oF. (150oC.)J, pumps [high conc.; 

temp. 212oF. (100oC.)J, piping liquor [all cones. ; temps. < 212oF. (100oC.)J, 
SO2 gas piping [temps. < 3920F. (200oC.)].

Cast iron—SO2 burner gas [temps. < 392oF. (200oC.)].
Enameled iron—tanks [low cones.; temps. < 212oF. (100oC.)].
Hard lead—liquor piping [all cones. ; temps. < 212oF. (100oC.)l. SO2 gas piping 

[temps. < 392oF. (200oC.)].
Lead—pumps [high cones. ; temp. < 212oF. ( 100oC.)J, lining for tanks [low cones. ; 

temps. < 2120F. (100oC.)], pipe and pipe lining for liquor [(temp. < 212oF. 
(100oC.)J, SO2 gas piping [temps. < 392oF. (200oC.)].

Stainless steel (KA2S)—digesters.
Steel—shell for absorption system [temps. < 212oF. ( 100oC.)], shell for digesters 

(all cones.; all temps.), rotary burner shells.
Stoneware—absorption systems [all cones. ; temps. < 212oF. ( 100oC.)J, pumps 

[high cones.; temps. < 212oF. (100oC.)], piping for liquor [all cones.; temps. < 
122oF. (50oC.)], SO2 gas piping [temps. < 392oF. (200oC.)].

Wood—asphalted for tanks [low cones.; temps. < 2120F. (100oC.)] (yellow pine 
or cypress).

12. Alkaline brines.
Cast iron, low-carbon open-hearth steel, ingot iron, steel, wood.

13. Alums.
High-Silicon iron—pumps (all eonesɪ; all temps.).
Lead—pumps and lining for tanks (cones. < 20°Bé.).
Stoneware—tanks (cones. < 20°Bé.), pumps (all cones. ; all temps.). 
Wood—tanks (cones. < 20oB6.).

14. Ammonia, anhydrous—liquid.
Monel metal—pump and valve parts.
Steel.

16. Ammonia, aqua.
Cast iron and steel (all cones. ; all temps.).

16. Ammonia, vapor.
Aluminum (all cones.; high temps.).
Nickel—high temps.
Steel—ordinary temps.
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17. Ammonium nitrate.
Acid-brick—lining for reaction tubes.
Cast iron—evaporating pans, coils.
High-Silicon iron—NH3 distributor in reaction tubs.
Stainless steel.
Steel—heater coils.
Wood—mixing tank.

13. Ammonium sulfate.
Acid-brick—tank linings (high temps.).
Aluminum bronze—ammonia saturators.
High-Silicon iron—pipe and pumps (all cones.).
Lead—tanks and absorber linings, pumps, pipe.
Monel metal—filter cloth, ammonia saturators, extractor baskets..

19. Antimony trichloride.
Enameled iron, lead-lined steel, steel.

20. Bleach liquors.
Cast iron—piping, pumps.
Cement—tanks, bleaching tanks.
High-Silicon iron—pumps, pipes.
Lead—pipe lining.
Monel metal—valves, tank linings, auxiliaries (cones. < 3 g. available chlorine 

per liter).

21. Calcium chloride.
Cast iron—evaporators, piping.
Steel—evaporators, piping, tanks.

22. Caustic alkalies.
Cast iron (low Si and 2.5 Mn best)—pots for fusions [cones, from 50 to 95 per cent; 

temps. < 482oF. (250oC.)], kettles and autoclaves (all cones.; all temps.), pumps 
and piping [all cones.; temp. < 176oF. (80oC.)], valves (all cones.; all temps.) 
(lubricated with graphite), salt catches.

Cast steel—kettles and autoclaves.
Copper—filtrations.
Monel metal—filter cloth, pumps, evaporator tubes, autoclave linings, salt catches. 
Nickel—evaporator tubes.
Steel—evaporators, pumps, piping [all cones.; temps. < 212oF. (IOO0C.)], tanks 

(all cones.; all temps.).
Steel, low-carbon open hearth (seamless)—evaporator tubes.

23. Chlorine (gas).
Cast iron—piping [dry gas; temp, of about 212oF. (100oC.)], fans (moist gas; 1 per 

cent conc.; low temps.), chlorinators.
Earthenware—sewer-pipe piping [moist gas; temps, slightly > 2120F. ( 100oC.)]. 
Enameled iron—chlorinators.
Everdur—valve bodies.
Fused silica—piping (any temperatures).
Glass—chlorinators.
Hard rubber—up to 10 ɪb. per sq. in. pressure (low temps.).
High-Silicon iron—piping [dry gas; temp. 2120F. (100oC.)], fans.
Lead—lining for pipe [moist gas; temps. < 2120F. ( 100oC.)], chlorinators.
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Monel metal—valves (dry and liquefied gas).
Monel—valve-stem seats.
Nickel—piping, high temp., 300 to 800oF.
Silver—reducing valves.
Steel piping [dry gas; temp, to 300oF.)], chlorinators, high-pressure cylinders. 
Stellite—valves.
Stoneware—piping (dry gas; low temps.) (flanged, with rubber gaskets).
Stainless steel—piping, high temp., 300 to 600oF.

24∙ Chlorine (solutions).

Enameled iron—pumps and piping.
Hard rubber—pumps and piping, valves (low' temps.).
High-Silicon iron—pipe, pumps.
Stellite—valves.
Stoneware—pumps, piping, valves, tanks, jars, etc.

∙ Electrolytic cells.
Asbestos—diaphragm.
Concrete—b odies.
Eiltros—diaphragm.
Steel—bodies.

2β∙ Filtrations (strong acids).
Asbestos, Filtros, porous stoneware, sand, wool, porous carbon.
Vinyon—filter cloth (temp, below 130oF.).

*57∙ Filtrations (weak acids).
Cotton, Filtros, ground quartz, monel-metal cloth, porous stoneware, wool, 

nitrocellulose.
Human hair, glass cloth, porous carbon, porous rubber, Vinyon (below 130oF,).

2δ∙ Fruit juices.

Aluminum—kettles, evaporators.
Enameled iron—evaporators, tanks, pipe.
Glass—piping (all cones.).
Hard rubber—pumps, piping (low temps.).
Monel metal—evaporators, tanks, pipes.
Silvered copper—evaporators, tanks, pipes.
Tinned copper—evaporators, tanks, pipes.
W ood—tanks.

29. Phenol.
Enameled iron—tanks, receivers.
Silver—still lining, condensers.

3o∙ Reductions.
Cast iron, high-silicon irons, lead, monel metal.

31 ∙ Soda pulp, black liquor.
Cast iron—evaporators, pumps (all cones.; all temps.).
Monel metal—evaporator tubes.
Steel—tanks, evaporators (all cones.; all temps.).
Wrought iron—evaporators.
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32. Sodium carbonate.
Cast iron, steel; wood (low cones.).

33. Sodium chloride.
Admiralty brass—sea-water condenser tubes.
Bronze—pumps.
Cast iron—pumps, piping (all cones.; all temps.).
Cement—tanks.
Copper—tubes for heaters, evaporators.
Enameled iron—tanks, piping.
Monel metal—pumps, tubing, filter cloth.
Naval bronze—pumps, piping.
Steel—piping.
W ood—tanks.
Wrought iron—piping.

34. Sodium hydrosulfite.
Lead—absorber and tank lining, also piping [20 per cent conc.; temp. 77oF. (25oC.)J.

35. Sodium hypochlorite.
Concrete, soapstone, stoneware, wood [20 per cent conc.; temp. 77oF. (25oC.)J.
See also Bleach liquors.

36. Sodium nitrate.
Cast iron, steel (all cones.; all temps.).

37. Sodium sulfate.
Cast iron—pumps (all cones.; all temps.).
Galvanized iron—crystallizing pans.
Steel—tanks (all cones.; all temps.).
Wood—filter presses, crystallizing pans [temps. < 122oF. (50oC.)].

38. Sodium sulfide.
Acid-brick—furnaces.
Inconel—solutions.
Lead—tank lining, piping [cones. 5 to 25 per cent; temps. < 212oF. (100oC.)J.
Nickel—solutions.
Stainless steel—solutions.
Steel—tanks, piping, cooling pans (high cones.).
Stoneware—tanks, piping.

39. Sodium thiosulfate.
Hard lead, lead lining, monel metal, nickel, stoneware.

40. Sulfite pulp liquor.
Cast iron—evaporators, pumps.
Special alloys—evaporators.
Special alloys of chromium and nickel with copper and molybdenum— pumps, 

valves, evaporators.
Wood—tanks.

41. Sulfouations.
Brick-Iined steel—sulfonators.
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Cast iron, enameled iron, lead.
Steel—Sulfonators.

*2. Sulfur chloride.
Earthenware, glass, lead, steel.

43∙ Sulfuryl chloride.
Glass, lead.

Zinc chloride.
Cast iron—fusion kettles, hot solutions.
Enameled iron—concentration, fusion.
Hastelloy B—solutions, hot, concentrated.
Rubber-lined steel—storage or shipping (low conc., low temp.).
Steel—tanks (hot solutions if free from copper).
Stoneware—tanks, pipes.

Table 1. Concrete for Chemical-tank Construction *

* From Chem. & Met. Eng., September, 1929.

Solutions Applications Treatment

Ammonium hydroxide.
Bleach liquors.............

Brines.......... ...............

Calcium chloride..
Coconut oil...........
Cottonseed oil___
Fish oil..................
Fluosilicates..........

Glycerine... ...........
Hemlock liquors...

Hydrochloric acid.

Leaching bark.......

Mineral oils...........
Molasses................
Peanut oil.............
Quebracho extract.

Sodium silicate....
Soya-bean oil.........
Sulfuric acid..........

Tanning liquors,
Water..............
Zinc chloride....

Storing strong ammoniacal liquors
Bleach tanks, stuff chests and bleachers in 

paper plants
Tanks for holding brine solutions in paper 
manufacturing, salt works, and vegetable­
pickling plants

Containers
Storage tanks
Storage tanks
Storage tanks
Depositing tanks in electrolytic refining of 
lead

Storage tanks
Storage tanks

Chemical-sediment tanks (dilute acid)

Storing and handling of leaching-bark 
solutions

Storage tanks
Storage tanks
Storage tanks
Handling of quebracho extracts

Storage tanks
Storage tanks
Digester tanks for boiling wood chips 
Depositing tank in electrolytic refining of 

zinc
Storing of fuming acid
Storing 5 % sulfuric acid
Vats for beam-house work In a tannery 
Storage tanks
Storing concentrated solutions of zinc 

chloride

Inside coating of tar
No special treatment necessary

No special treatment necessary

No special treatment necessary 
No special treatment necessary 
No special treatment necessary 
No special treatment necessary 
Asphalt coating used

Coating of rich mortar
Treated on inside with a brush 

coat of neat cement
Lined inside and outside with 

special coating
Inner surface plastered with 
cement mortar

Coating of rich mortar
No special treatment necessary 
No special treatment necessary 
Inside plaster coat of 1:2 
cement mortar

Nospeciai treatment necessary 
Lined with brick laid in litharge 
Asphalt coating used

Lined with lead ,
Lined with mastic
No special treatment necessary 
Coating of rich mortar
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Table 2. Resistance of Metals and Alloys to Corrosive Gases*
Part ɪ. Typical Composition of Alloys for Resistance to Corrosive Gases 

(in Presence of Moisture)
Representative 

Trade Names or
Type Number (See 

Composition Tables 3 and 5)
Moist ∙SO2α

14—18 Cr, bal. Fe, 0.12 max. C...................................................................... Stainless type 430/
23—30 Cr, bal. Fe, 0.35 max. C...................................................................... Stainless type 446
17.5— 19 Cr, 8—9 Ni, bal. Fe, 0.08 max. C.................................................. Stainless type 304®
18-20 Cr. 9-10 Ni, bal. Fe, 0.08 max. C................................................., . Stainless type 304
22— 26 Cr, 12—14 Ni, bal. Fe, 0.20 max. C................................................. Stainless type 309
17— 19 Cr, 7—9 Ni, 1—1.5 Cu, 1—1.5 Mo, bal. Fe, 0.15 max. C................ Stainless type 315
18- 20 Cr, 14 max. Ni, 3-4 Mo, bal. Fe, 0.10 max. C........................... Stainless type 317
19 Cr, 22 Ni, 3.5 Mo, 1.25 Si, 0.07 max. C, bal. Fe.............................. Durimet
14.5 Si, 0.8 C, bal. Fe........................................................................................ Duriron
14 Cr, 58 Ni, 17 Mo, 5 W, 6 Fe.................................................................... Hastelloy C
99.93 Pb, 0.06 Cu............................................................................................... Chemical lead
94 Pb, 6 Sb.................................................................................................. : . . . . Antimonial lead
100 Ta..................................................................................................................... Tantalum

AIoist Nitrods Gasesi,
14-18 Cr, bal. Fe, 0.12 max. C............................. ∙. -................................... Stainless type 430/
23- 30 Cr, bal. Fe, 0.35 max. C........................... .......................................... Stainless type 446
17.5- 19 Cr, 8—9 Ni, bal. Fe, 0.08 max. C................................................... Stainless type 304®
18-20 Cr, 9-10 Ni, bal. Fe, 0.08 max. C.................................................. Stainless type 304
22-26 Cr, 12-14 Ni, bal. Fe, 0.20 max. C................................................ Stainless type 309
17— 19 Cr, 7-9.5 Ni, 1-1.5 Cu, 1—1.5 Mo, bal. Fe, 0.15 max. C........... Stainless type 315
18- 20 Cr, 14 max. Ni, 3-4 Mo, bal. Fe, 0.10 max. C............................ Stainless type 317
14 Cr, 58 Ni, 17 Mo, 5 W, 6 Fe.................................................................... Hastelloy C
55-60 Ni, 18-24 Cr, 5-7 Mo, 4-8 Fe, 1-8 Cu.......................................... Illium G
14.5 Si, 0.8 C, bal. Fe....................................................................................... Duriron
100 Ta..................................................................................................................... Tantalum

Moist Hydrochloric Acid Vaporsc
62 Ni, 30 Mo, 5 Fe............................................................................................ Hastelloy B
14 Cr, 58 Ni, 17 Mo, 5 W, 6 Fe................................................................... Hastelloy C*
14.5 Si, 3 Mo, bal. Fe.......... ............................................................................ Durichlor
100 Ta..................................................................................................................... Tantalum

Moist Chlorined
14 Cr, 58 Ni, 17 Mo, 5 W, 6 Fe.................................................................... HasteUoy Ca
100 Ta..................................................................................................................... Tantalum

Moist Hydrofluoric Acid Vapors, ColdA
55-60 Ni, 18-24 Cr, 5-7 Mo, 4-8 Fe, 1-8 Cu.......................................... Illium G
99.93 Pb, 0.06 Cu............................................................................................... Chemical lead
86 Cu, 10 Al, 4 Fe.............................................................................................. Ampco

* Based on Chilton and Huey [Ind. Eng. Chem., 24, 125 (1932)]; “Tables of Chemical 
Compositions, Physical and Mechanical Properties and Corrosion-resistant Properties 
of Corrosion-resistant and Heat-resistant Alloys” [Proc. Am. Soc. Testing Materials, 
30, Part I, Suppl. (1930)]; “Modern Alloys” [C hem. & Met. Eng., 39, 497 (1932]; and 
other sources.

aAlloys from column headed Moist Sulfurous Atmosphere, A.S.T.M. Tables, 1930.
b Alloys taken from column headed Nitric Acid, recommendations for all concentra­

tions at room and some higher temperature.
c Alloys taken from column headed Hydrochloric Acid, A.S.T.M. Tables, 1930; same 

recommendations.
dAlloys taken from column headed Chlorine in Aqueous Solution; same recom­

mendations.
e Alloys taken from column headed Hydrofluoric Acid, A.S.T.M. Tables, 1930, and are 

the only ones unqualifiedly recommended by the manufacturers; none are recommended 
for hot solutions.

ʃ Nearest type number to compositions listed, A.S.T.M. Tables, 1930.
® Columbium-modified compositions also applicable.
a Low temperatures only.
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Table 2. Resistance of Metals and Alloys to Corrosive 

Gases *—(Continued)
Part II. Typical Composition of Alloys for Resistance to Direct Gaseous Attack 

(in Absence of Moisture)
Attack by Air and Oxidizing Fuel Gases'*

Max. temp, recommended, oC. Composition Representative trade names or type number’ (see Tables 3 and 5)
500 70 Cu, 29 Ni, 1 Sn Adnic500*.' 67 Ni, 30 Cu, 1.4 Fe, 1 Mn Monel540 14 Cr, 0.35 C, bal. Fe Stainless type 420<*595 13 Cr, 2 Ni, 0.12 C, bal. Fe Stainless type 414700 72 Ni, 18 Co, 6.5 Fe, 2.5 Ti, 0.5 Al Konel700*·' 99.4 Ni Nickel700*.' 79.5 Ni, 13 Cr, 6.5 Fe inconel760* 18 20 Or, 9-10 Ni, 0.2 C, bal. Fe Stainless Type 302800» 58 Ni, 20 Cr, 20 Fe, 2 Mn Hastelloy A800* 85 Ni, 10 Si, 3 Cu, 2 Al Hastelloy D815 14-18 Cr, bal. Fe Stainless type 440815*.' 22-26 Cr, 12-14 Ni Stainless type 309815*.' 36 Ni. 11-15 Cr, bal. Fe ATV-I925» 23-30 Cr, 0.35 max. C, bal. Fe Stainless type 446950*.' 26.5 Ni, 14 Cr, 3.5 W, bal. Fe ATV-31000 50 Co, 30 Cr, 15.5 W, bal. Fe Stcllite No. I1000 65 Co, 30 Cr, 4 W, bal. Fe Stellite No. 61000 60 Co, 30 Cr, 8 W, bal. Fe StelliteNo. 121000».' 58 Ni, 17 Mo, 14 Cr, 5 W, 6 Fe Hastelloy C .1150' 80 Ni, 20 Cr Nichrome V

Attack by Sulfur Gases«
540 18-20 Cr. 9-10 Ni, 0.2 C, bal. Fe Stainless type 302540 14 Cr, 0.35 C, bal. Fe Stainless type 421M815 14-18 Cr, bal. Fe Stainless type 440925 23-30 Cr, 0.35 max. C, bal. Fe Stainless type 446

Attack by Hydrogen, Nitrogen and Ammonia/

*Based on Chilton and Huey [Ind. Eng. Chem., 24, 125 (1932); “Tables of Chemical Compositions, Physical and Mechanical Properties and Corrosion-resistant Properties of Corrosion-resistant and Heat-resistant Alloys,” Proc. Am. Soc. Testing Materials, 30, Part I, Suppl. (1930)]: “Modern Alloys,” 
Chem. & Met. Eng., 39, 497 (1932); and other sources.a Alloys are listed under the lowest maximum operating temperature recommended by any manufacturer for material of substantially the same composition (A.S.T.M. Tables, 1930). Manufacturers vary widely in their recommendations; some recommend alloys of the same or even lower alloy content for higher temperatures.b Recommended for oxidizing fuel gases at the same temperature (A.S.T.M. Tables, 1930).' Nickel alloys recommended only in absence of sulfur-containing gases.d Nearest type number to compositions listed, A.S.T.M. Tables, 1930.•Only those alloys recommended for H2S, SO?., and SO3 are included; the temperature is the l0we3t recommended by any manufacturer for substantially the same composition (A.S.T.M. Tables, 1930)./ Taken from column with this heading in A.S.T.M. Tables, 1930; the temperatures given are the lowest recommended by any manufacturer for any of the three gases for substantially the same alloy composition. Note that the metals should not be used at high pressure at these temperatures; see Maxwell [Trans. Am. 
Soc. Metals, 24, 213 (1936)].

480 18-20 Cr, 9-10 Ni, 0.2 C, baɪ. Fe Stainless type 302540 22-26 Cr, 12-14 Ni Stainless type 309705 18-20 Cr, 14 max. Nb 3-4 Mo, bal. Fe, 0.10 max. C Stainless type 317785 20 Ni, 8 Cr, I Si, 0.4 C, bal. Fe Cyclops No. 17900 35 Ni, 18 Cr, bal. Fe Chromax1000 45 Ni, 55 Cu Advance
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Table 6. S.A.E. Steel Numbering System*

* Reprinted from the S.A.E. Handbook, 1940 edition, by permission of the Society of 
Automotive Engineers, Inc.

Compositions that do not conform to the S.A.E. compositions or that are not included 
ɪɪɪ the S.A.E. Standard, should not bear the prefix “S.A.E.”

A numeral index system is used to identify the compositions of the S.A.E. steels, 
which makes it possible to use numerals on shop drawings and blueprints that are 
Partially descriptive of the composition of material covered by such numbers. The first 
4igit indicates the type to which the steel belongs: thus 1- indicates a carbon steel, 2- a 
ɪɪɪekel steel, and 3— a nickel chromium steel. In the case of the simple alloy steels the 
8θcond digit generally indicates the approximate percentage of the predominant alloying 
element. Usually the last two or three digits indicate the average carbon content in

Points,” or hundredths of 1 per cent. Thus 2340 indicates a nickel steel of approxi­
mately 3 per cent nickel (3.25 to 3.75) and 0.40 per cent carbon (0.35 to 0.45); and 71360 
indicates a tungsten steel of about 13 per cent tungsten (12 to 15) and 0.60 per cent 
carbon (0.50 to 0.70).

In some instances, in order to avoid confusion, it has been found necessary to depart 
ɪrom this system of identifying the approximate alloy composition of a steel by varying 
the second and third digits of the number. An instance of such departure is the steel 
numbers selected for several of the corrosion and heat-resisting alloys.

The basic numerals for various types of S.A.E. steel are
Type of Steel

Carbon steels.......................................
Plain carbon....................................
Free cutting (screw stock)
Free cutting, manganese..

High manganese.......................
Nickel steels.............................

0.50% nickel........................................
1.50% nickel........................................
3.50 % nickel........................................
5.00% nickel........................................

Nickel chromium steels.........................
1.25 % nickel, 0.60 % chromium...
1.75% nickel, 1.00% chromium. . .
3.50 % nickel, 1.50 % chromium.. .
3.00 % nickel, 0.80 % chromium. . .
Corrosion and heat-resisting steels 

Molybdenum steels..................................
Chromium..............................................
Chromium nickel....................
Nickel.........................................

Chromium steels.........................
Low chromium........................
Medium chromium................
Corrosion and heat resisting.

Chromium vanadium steels.. .
Tungsten steels............................
Silicon manganese steels...........

Numerals (and Digits) 
.. Ixxx
. . IOxx
.. Ilxx
.. X13xx
.. T13xx
. . 2xxx
.. 20xx
.. 21xx
.. 23xx
.. 25xx
.. 3xxx
.. 31xx
.. 32xx
.. 33xx
.. 34xx
.. 30xxx
.. 4xxx
.. 41xx
.. 43xx
. . 46xx and 48xx
.. 5xxx
.. 51xx
.. 52xxx
.. 51xxx
.. 6xxx
. . 7xxx and 7xxxx
.. 9xxx

Prefixes:
The prefix X is used in numerous instances to denote variations in thę range of 

elements.
The prefix T is used with the manganese steels (1300 series) to avoid confusion 

with steels of somewhat different manganese range that have been identified by the same 
numerals but without the prefix.
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Table 6. S.A.E. Steel Numbering System—(Continued)
Chemical Compositions

Carbon Steels

S.A.E.No. Carbon range Manganese range Phosphorus, max. Sulfur, max.
WIO 0.05-0.15 0.30-0.60 0.045 0.055W15 0.10-0.20 0.30-0.60 0.045 0.055X1015 0.10-0.20 0.70-1.00 0.045 0.0551020 0.15-0.25 0.30-0.60 0.045 0.055X1020 0.15-0.25 0.70-1.00 0.045 0.0551025 0.20-0.30 0.30-0.60 0.045 0.055X1025 0.20-0.30 0.70-1.00 0.045 0.055W30 0.25-0.35 0.60-0.90 0.045 0.0551035 0.30-0.40 0.60-0.90 0.045 0.0551040 0.35-0.45 0.60-0.90 0.045 0.055Xi040 0.35-0.45 0.40-0.70 0.045 0.055W45 0.40-0.50 0.60-0.90 0.045 0.055X1045 0.40-0.50 0.40-0.70 0.045 0.0551050 0.45-0.55 0.60-0.90 0.045 0.055X1050 0.45-0.55 0.40-0.70 0.045 0.055W55 0.50-0.60 0.60-0.90 0.040 0.055X1055 0.50-0.60 0.90-1.20 0.040 0.055W60 0.55-0.70 0.60-0.90 0.040 0.055W65 0.60-0.75 0.60-0.90 0.040 0.055XW65 0.60-0.75 0.90-1.20 0.040 0.0551070 0.65-0.80 0.60-0.90 0.040 0.055W75 0.70-0.85 0.60-0.90 0.040 0.055W80 0.75-0.90 0.60-0.90 0.040 0.055W85 0.80-0.95 0.60-0.90 0.040 0.055W90 0.85-1.00 0.60-0.90 0.040 0.0551095 0.90-1.05 0.25-0.50 0.040 0.055

Free Cutting Steels

t The Iron and Steel Division contemplates discontinuing S.A.E. 1120 at an early date in view of its gradual displacement in industry by S.A.E. 1115. (Note—Dec. 7, 1937.)

S.A.E. No. Carbon range Manganese range Phosphorusrange Sulfur range
1112 0.08-0.16 0.60-0.90 0.09-0.13 0.10 -0.20X1112 0.08-0.16 0.60-0.90 0.09-0.13 0.20 -0.301115 0.10-0.20 0.70-1.00 0.045 max. 0.075-0.15H20t 0.15-0.25 0.60-0.90 0.045 max. 0.075-0.15X13I4 0.10-0.20 1.00-1.30 0.045 max. 0.075-0.15X13I5 0.10-0.20 1.30-1.60 0.045 max. 0.075-0.15X1330 0.25-0.35 1.35-1.65 0.045 max. 0.075-0.15X1335 0.30-0.40 1.35-1.65 0.045 max. 0.075-0.15X134O 0.35-0.45 1.35-1.65 0.045 max. 0.075-0.15
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Table 6. S.A.E. Steel Numbering System—(,Continued) 

Chemical Compositions
Manganese Steelsf

SJLE.No. Carbon range Manganese range ■Phosphorus, max. Sulfur, max.
Tl 330 0.25-0.35 1.60-1.90 0.040 0.050T1335 0.30-0.40 1.60-1.90 0.040 0.050TI340 0.35-0.45 1.60-1.90 0.040 0.050T1345 0.40-0.50 1.60-1.90 0.040 0.050T1350 0.45-0.55 1.60-1.90 0.040 0.050

Nickel Steelsf

S.A.E. No. Carbon range Manganese range Phosphorus, max. "Sulfur, max. Nickel range
2015 0.10-0.20 0.30-0.60 0.040 0.050 0.40-0.602115 0.10-0.20 0.30-0.60 0.040 0.050 1.25-1.752315 0.10-0.20 0.30-0.60 0.040 0.050 3.25-3.752320 0.15-0.25 0.30-0.60 0.040 0.050 3.25-3.752330 0.25-0.35 0.50-0.80 0.040 0.050 3.25-3.752335 0.30-0.40 0.50-0.80 0.040 0.050 3.25-3.752340 0.35-0.45 0.60-0.90 0.040 0.050 3.25-3.752345 0.40-0.50 0.60-0.90 0.040 0.050 3.25-3.752350 0.45-0.55 0.60-0.90 0.040 0.050 3.25-3.752515 0.10-0.20 0.30-0.60 0.040 0.050 4.75-5.25

Nickel Chromium. Steelsf

t Silicon range of all S.A.E. basic open-hearth alloy steels shall be 0.15-0.30. For electric and acid open- hearth alloy steels, the silicon content shall be 0.15 minimum.

S.A.E. Carbon Manganese Phosphorus, Sulfur, Nickel ChromiumNo. range range max. max. range
3115 0.10-0.20 0.30-0.60 0.040 0.050 1.00-1.50 0.45-0.753120 0.15-0.25 0.30-0.60 0.040 0.050 1.00-1.50 0.45-0.753125 O.2O-O.3O 0.50-0.80 0.040 0.050 1.00-1.50 0.45-0.753130 0.25-0.35 0.50-0.80 0.040 0.050 1.00-1.50 0.45-0.753135 0.30-0.40 0.50-0.80 0.040 0.050 1.00-1.50 0.45-0.753140 0.35-0.45 0.60-0.90 0.040 0.050 1.00-1.50 0.45-0.75X3140 0.35-0.45 0.60-0.90 0.040 0.050 I.00-1.50 0.60-0.903145 0.40-0.50 0.60-0.90 0.040 0.050 1.00-1.50 0.45-0.753150 0.45-0.55 0.60-0.90 0.040 0.050 1.00-1.50 0.45-0.753215 0.10-0.20 0.30-0.60 0.040 0.050 1.50-2.00 0.90-1.253220 0.15-0.25 0.30-0.60 0.040 0.050 1.50-2.00 0.90-1.253230 0.25-0.35 0.30-0.60 0.040 0.050 1.50-2.00 0.90-1.253240 0.35-0.45 0.30-0.60 0.040 0.050 1.50-2.00 0.90-1.253245 0.40-0.50 0.30-0.60 0.040 0.050 1.50-2.00 0.90-1.253250 0.45-0.55 0.30-0.60 0.040 0.050 1.50-2.00 0.90-1.253312 max. 0.17 0.30-0.60 0.040 0.050 3.25-3.75 1.25-1.753325 0.20-0.30 0.30-0.60 0.040 0.050 3.25-3.75 1.25-1.753335 0.30-0.40 0.30-0.60 0.040 0.050 3.25-3.75 1.25-1.753340 0.35-0.45 0.30-0.60 0.040 0.050 3.25-3.75 1.25-1.753415 0.10-0.20 0.30-0.60 0.040 0.050 2.75-3.25 0.60-0.953435 0.30-0.40 0.30-0.60 0.040 0.050 2.75-3.25 0.60-0.953450 0.45-0.55 0.30-0.60 0.040 0.050 2.75-3.25 0.60-0.95
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Table 6. S.A.E. Steel Numbering System—{Continued)
Chemical Compositions

Molybdenum Steelsf

S.A.E, Carbon Manganese Phosphorus, Sulfur, Chromium Nickel Molybde-No. range range max. max. range range num range
4130 0.25-0.35 0.50-0.80 0.040 0.050 0.50-0.80 O.15-O.25X4130 0.25-0.35 0.40-0.60 0.040 0.050 0.80-1.10 0.15-0,254135 0.30-0.40 0.60-0.90 0.040 0.050 0.80-1.10 0.15-0.254140 0.35-0.45 0.60-0.90 0.040 0.050 0.80-1.10 0.15-0.254150 0.45-0.55 0.60-0.90 0.040 0.050 0.80-1.10 0.15-0.254320 0.15-0.25 0.40-0.70 0.040 0.050 0.30-0.60 1.65-2.00 0.20-0.304340 0.35-0.45 0.50-0.80 0.040 0.050 0.50-0.80 l.5O-2.OO 0.30-0 40X4340 0.35-0.45 0.50-0.80 0.040 0.050 0.60-0.90 1.50-2.00 0.20-0.304615 0.10-0.20 0.40-0.70 0.040 0.050 1.65-2.00 0.20-0.304620 O.I5-O.25 0.40-0.70 0.040 0.050 1.65-2.00 0.20-0.304640 0.35-0.45 0.50-0.80 0.040 0.050 1.65-2.00 0,20-0.304815 0.10-0.20 0.40-0.60 0.040 0.050 3.25-3.75 0.20-0.304820 0.15-0.25 0.40-0.60 0.040 0.050 3.25-3.75 0.20-0.30

Chromium Steelsf

SAJS.No. Carbon range Manganese range Phosphorus, max. Sulfur, max. Chromium range
5120 0.15-0.25 0.30-0.60 0.040 0.050 0.60-0.905140 0.35-0.45 0.60-0.90 0.040 0.050 0.80-1.105150 0.45-0.55 0.60-0.90 0.040 0.050 0.80-1.1052100 0.95-1.10 0.20-0.50 0.030 0.035 1.20-1.50

Chromium Vanadium Steelsf

f Silicon range of all S.A.E. basic open-hearth alloy steels shall be 0.15-0.30. For electric and acid open-hearth alloy steels, the silicon content shall be 0.15 minimum.

S.A.E. No. Carbon range Manganese range Phosphorus, max. Sulfur, max. Chromium range
Vanadium

Min. De­sired
6115 0.10-0.20 0.30-0.60 0.040 0.050 0.80-1.10 0.15 0.186120 0.15-0.25 0.30-0.60 0.040 0.050 0.80-1.10 0.15 0.186125 0.20-0.30 0.60-0.90 0.040 0.050 0.80-1.10 0.15 0.186130 0.25-0.35 0.60-0.90 0.040 0.050 0.80-1.10 0.15 0.186135 0.30-0.40 0.60-0.90 0.040 0.050 0.80-1.10 0.15 0.186140 0.35-0.45 0.60-0.90 0.040 0.050 0.80-1.10 0.15 0.186145 0.40-0.50 0.60-0.90 0.040 0.050 0.80-1.10 0.15 0.186150 0.45-0.55 0.60-0.90 0.040 0.050 0.80-1.10 0.15 0.186195 O.9O-l.O5 0.20-0.45 0.030 0.035 0.80-1.10 0.15 0.18



RECOMMENDED MATERIALS OF CONSTRUCTION 2147
Table 6. S.A.E. Steel Numbering System—{Continued)

Chemical Compositions
Tungsten SteelsfS.A.E. No. Carbon range Manganese, max. Phosphorus, max. Sulfur, max. Chromium range Tungstenrange71360 0.50-0.70 0.30 0.035 0.040 3.00-4.00 12.00-15.0071660 0.50-0.70 0.30 0.035 0.040 3.00-4.00 15.00-18.007260 0.50-0.70 0.30 0.035 0.040 0.50-1.00 1.50- 2.00

Silicon Manganese SteelsS.A.E. No. Carbon range Manganese range Phosphonis, max. Sulfur, max. Silicon range9255 0.50-0.60 0.60-0.90 0.040 0.050 1.80-2.209260 0.55-0.65 0.60-0.90 0.040 0.050 1.80-2.20
Corrosion and Heat-resisting Alloys

t Silicon range of all SA.E. basic open-hearth alloy steels shall be 0.15-0.30. For electric and acid open-hearth alloy steels, the silicon content shall be 0.15 minimum,

S.A.E. No. Carbon, max. Manganese, max. Silicon, max. Phosphorus, max. Sulfur, max. Chromium range Nickel range30905 0.08 0.20-0.70 0.75 0.030 0.030 17.00-20.00 8.00-10.0030915 0.09-0.20 0.20-0.70 0.75 0.030 0.030 17.00-20.00 8.00-10.0051210 0.12 0.60 0.50 0.030 0.030 11.50-13.00X51410 0.12 0.60 0.50 0.030 0.15-0.50 13.00-15.00151335 0.25-0.40 0.60 0.50 0.030 0.030 12.00-14.0051510 0.12 0.60 0.50 0.030 0.030 14.00-16.0051710 0.12 0.60 0.50 0.030 0.030 16.00-18.00

Table 7. Properties of High-Chromium Steels at High Temperatures

Composition per cent
Ni Mo Si Cb C

Scaling temp., oF.
Strength at elevated temps., lb. per sq. in. Creep strength, lb. per sq. in10,000 hr. with 1 % elong.
1300°F. 1500oF. 1700oF. 1000oF. 1300oF. 1500oF.
15,000 8,000 8,000 10,000 1,40015.000 8,000 5,000 8,500 1,40020,000 10,000 6,000 80042,000 28,000 18,000 17,000 4,000 85056,000 32,000 18,000 18,000 4,500 85060,000 40.000 18,000 25,000 ιo,ooo 3,00060,000 32,000 24,00054,000 32,000 16,000 17,000 4,800 85045.000 28,000 14,000 17,000 5,200 1.000Copyright by Chem. & Met. Eng., November, 1938. *Or 0.60% Ti.

Γ
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Table SA. Glass-lined and Enameled Steel*
α. Coefficients of Heat Transfer for Typical Chemical Enamels.t

[In B.t.u./(sq. ft.) (hr.) per (oF. temperature difference)]
1. Dry dust enamel for very severe chemical service (Pfaudler No. 17)

Steam to water being heated.................................................................................. U= 60
Steam to boiling water.............................................................................................. U= 80

2. Dry dust enamel for very severe chemical service (Pfaudler No. 11)
Steam to water being heated.................................................................................. U= 50
Steam to boiling water..................................................................... ............... .. U = 70

3. Spray enamel for organic acids and less corrosive mineral acids (Pfaudler No. 71)
Steam to water being heated.................................................................................. U = 125
Steam to boiling water................................................................................ ............. U = 150

4. Spray dust enamel for mineral acids in general storage service, usually for equip­
ment of large capacities (Pfaudler No. 186).

Steam to water being heated.................................................................................. U= 90
Steam to boiling water.............................................................................................. U = 100

b. Other Physical and Mechanical Properties.
Such, physical properties of enamel as the coefficient of expansion, tensile strength, 

etc., are generally meaningless unless considered in connection with the steel on which 
the lining is applied. Ability to withstand rapid thermal change is tested in an auto­
matic machine by intermittently heating enamel plates to 450oF. and then dipping 
them into ice water. However, both temperature and corrosion conditions to be met 
in each service application should be definitely ascertained and this information supplied 
to the manufacturer.

* From Chem. <fc Met. Eng., December, 1932.
t Agitation and size of enameled piece as related to agitation are determining factors 

in establishing accurate coefficients of heat transfer for equipment of this kind. Good 
agitation may increase values by as much as 20 to 25 per cent.
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Table 10. Chemical Brick, Stoneware, and Cements
Physical Properties of Chemical StonewareThe accompanying table, which has been prepared by the General Ceramics Co., gives the physicalproperties of an average grade of chemical stoneware. It should be emphasized here that “chemicalstoneware” is not the name of a definite material, such as an alloy, but a generic term applied to a widevariety of ceramic compositions and hence that, in any particular composition designed to give optimumproperties in one respect, it will ordinarily be impossible to secure optimum properties in all other respects.

Specific gravity........................................................................Hardness, scleroscope.......................................................Ultimate tensile strength, lb. per sq. in.... Ultimate compressive strength, lb. per sq. in............................................................<...............................Modulus of rupture, lb. per sq. in.......................
Makers of Acid-proof Brick and Chemical Stoneware

Manufacturer
Acme Brick Co., Fort Worth, Tex.........................................................Alabama Clay Products Co., Birmingham, Ala........................Alberene Stone Corp, of Va., New York.........................................Atlas Mineral Products Co., Mertztown, Pa..............................Belden Brick Co., Canton, Ohio..............................................................Buckeye Pottery Co., Macomb, III......................................................Charlotte Chemical Labs., Charlotte, N.C....................................Claycraft Co., Columbus.................................................................................Custodis Construction Co., New York.............................................Electro-Chemical Supply & Engineering Co., Paoli, Pa... Filtros, Inc., East Rochester, N.Y.........................................................General Ceramics Co., New York..........................................................General Refractories Co., Philadelphia.............................................Harbison-Walker Refractories Co., Pittsburgh........................B. Miffiin Hood Co., Daisy, Tenn.........................................................Ironton Fire Brick Co., Ironton, Ohio................. Keagler Brick Co., Steubenville, Ohio...............................................Kewaunee Mfg. Co., Kewaunee, Wis.................................................Maurice A. Knight, Akron, Ohio............................................................Laclede-Christy Clay Prod. Co., St. Louis, Mo.......................McLain Fire Brick Co., Pittsburgh......................................................McLeod & Henry Co., Troy, N.Y.........................................................Metropolitan Paving Brick Co., Canton, Ohio.........................National Carbon Co., Inc., Cleveland...............................................Nukem Products Corp., Buffalo, N. Y.........................................Parker-Russell Mining & Mfg. Co., St. Louis............................Patterson Foundry & Machine Co., EastLiverpool, Ohio. Quigley Co., New York....................................................................................Robinson Clay Product Co. of N.Y., New York....................Southern Clay Mfg. Co., Chattanooga, Tenn............................Thornton Fire Brick Co., Clarksburg, W.Va..............................Uhl Pottery Co., Huntington, Ind........................................................United States Stoneware Co., Akron, Ohio..................................

2.21002,00080,0005,000
Modulus of elasticity, lb. per sq. in..................Specific heat............................................................................Thermal conductivity, B.t.u. per hr., sq. ft., (oF.∕in.)........................... .....................................................Linear thermal expansion, per oF.......................Water absorption, per cent.......................................

8 × 1060.20.833 2 × 10-6 0-4

Materials
Acid-proof brickAcid-proof brickAcid-proof stoneAcid-proof brick constructionAcid-proof brickAcid-proof ceramicsAcid-proof brick, ringsAcid-proof brickAcid-proof brick construction, towers, tanks Acid-proof brick and masonry construction Acid-proof mineral as plates, cylinders, etc. Chemical stoneware of all types Acid-proof tower packing, brick Acid-proof brickAcid-proof tower packings and flooring tilesAcid-proof brickAcid-proof brickKarcite carbon-fi∏ed acid-proof ceramic Chemical stoneware of all typesAcid-proof brickAcid-proof brickAcid-proof brickAcid-proof brickCarbon brickAcid-proof brickAcid-proof brickAcid-proof lining blocks and grinding ballsAcid-proof brickAcid-proof and vitrified sewer tileAcid-proof brickAcid-proof brick Acid-proof ceramicsChemical stoneware of all types
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Table 10. Chemical Brick, Stoneware, and Cements—{Continued)

Makers of Cements and Putties for Acid-proof Brick and Stoneware

Manufacturer Trade names Compositions, applications, types

Anti-Hydro Waterproofing Co., 
Newark, N.J.

Atlas Lumnite Cement Co., New 
York..............................................

Atlas Mineral Products Co., Mertz­
town, Pa.

Anti-Hydro

Lumnite cement

T egul-Vi tr obond ,-M ineralead, 
Tileset, Korez, G. K., others

Charlotte Chemical Labs., Char­
lotte, N.C.

Chemical Construction Corp., New 
York..............................................

Custodis Const. Co., New York....

Electro-Chemical Supply & Engi- 
neering Co., Paoli, Pa.

Filtros, Inc., East Rochester, N.Y.. 
General Ceramics Co., New York..

B. F. Goodrich Rubber Co., Akron,
Ohio..............................................

The Haveg Corp., Newark, Del....

Johns-Manville Corp., New York... 
Μ. W. Kellogg Co., New York.......
Maurice A. Knight, Akron, Ohio... 
Nukem Products Co., New York...

Paraffine Cos., San Francisco.........
Patterson Foundry & Machine Co.,

East Liverpool, Ohio....................
Pecora Paint Co., Philadelphia.......

Pennsylvania Salt Mfg. Co., Phila­
delphia.

Philadelphia Quartz Co., Phila­
delphia.

Quigley Co., New York...................

The Sullivan Co., Memphis, Tenn..

Sauereisen Cements Co., Sharps­
burg, Pa.

United States Stoneware Co., Akron, 
Ohio.

Charlab, Acidpruf, Carolina

Acipruf
Penchlor, Asplit, Kabe mortar 

Duro Standard, Special, Triple· 

Filtros
Acidproof Nos. 1, 6, 7, 8

Plastikon
Havegit 41, 43

J-M

Knight
Basolit, Nu Mastic, Plasul-
Basolit

Porox Cement
Acitite, Acichlor, Cushion
Putty

Penchlor, Asplit

“S” Brand Sodium Silicate

Acidproof Nos. 1 and 2

Acidol, Sulsilo

Insa-Lute, Acidproof

U.S. Standard, Pre-Mixt, Calk- 
tite and others

Copyright by Chem. & Met. Eng., September, 1940.

Water-, acid-, alkali-, oil-resisting 
concrete mix

Water-, acid-, alkali-, oil-resisting 
concrete mix

Thiokol-sulfur-base chemical-set­
ting silicate and resin-base and 
other cements for all acid-proof 
construction

Standard and chemical-setting sili­
cate cements; acid-proof putty

Acid-proof cement
See under Pemisylvania Salt Mfg. 

Co.
Silicate cements for all acid condi­
tions; also water and steam

Acid-proof cement
Silicate cements and linseed oil- 
and asphalt-base putties

Rubber-base putty
Self-hardening phenolic resin ce­
ments for acids

Caulking compound
Acid-proof cement
Silicate cements for strong acids 
Sulfur-base cements for acids

Acid-proof cement

Silicate cement for strong acids
Slow- and quick-drying cements 
and elastic putties for acids

Chemical-setting silicate cement; 
self-hardening resin cement

1:3.86 ratio sodium silicate for 
acid-proof cements

Silicate cements for acid gases and 
mineral acids

Pouring cements and premixed 
silicate cements for strong acids

Standard and quick-setting silicate 
cements, etc.

Silicate cements of all types, resin 
cements, putties, etc.
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Table 11. Refractory Materials—(Continued)
Representative Makers of Refractories and High Temperature Mortars

Manufacturer Principal types

Acme Brick Coo Ft. Worth, Tex..............................

Alberene Stone Corp, of Va., New York........... . . .
American Crucible Co., Shelton, Conn....................
Armstrong Cork Co. Lancaster, Pa.........................

Atlas Lumuite Cement Co., New York.

Babcock <fc Wilcox Co., New York....

Bartley Crucible & Refr. Co., Trenton, N.J...........
Betson Plastic Fire Bnck Co., Buffalo...................
Botfield Refractories Co., Philadelphia...................

Philip Carey Co., Lockland, Ohio............................
Carborundum Co.. Perth Amboy, N.J....................

Champion Spark Plug Co., Detroit........................

Corhart Refractories Co., Louisville, Ky.................

Conmdite Refractories, Inc., Massillon, Ohio.........

Denver Fire Clay Co., Denver...............................

W. S. Dickey Clay Mfg. Co., Kansas City, Mo......
Joseph Dixon Crucible Co., Jersey City, N.J........
Ehret Magnesia Mfg. Co., Valley Forge, Pa...........
Electro Refrs. & Alloys Corp., Buffalo.....................

Emsco Refractories Co., Vernon, Calif....................

The Exolon Co., Blasdell, N.Y................................
General Abrasive Co., Niagara Falls, N.Y.............
General Ceramics Co., New York............................
General Refractories Co., Philadelphia.....................

Gladding, McBean & Co., Los Angeles.............. .

A. P. Green Fire Brick Co., Mexico, Mo.................

Harbison-WaJker Refrs. Co., Pittsburgh..................

Haws Refractories Co., Johnstown, Pa....................
Illinois Clay Products Co., Joliet, III........................

Ironton Fire Brick Co., Ironton, Ohio.....................
Johns-Manville, New York.......................................

Laclede-Christy Clay Prod. Co., St. Louis..............

E. J. Lavino & Co., Philadelphia..............................

Massillon Refractories Co., Massillon, Ohio............

McLain Fire Brick Co., Pittsburgh........................... 

Firebrick and clay, high-temperature cements, plas­
tic refractories

Refractory linings
Graphite crucibles, silica and mullite refractories 
Refractory insulating brick, high-temperature mor­
tars, 1800 deg. insulating block and cement

Cement for refractory, heat-resisting, and insulating 
concrete

Glass plant refractories, high-temperature mortars, 
plastic refractories, insulating and kaolin refrac­
tories

Graphite crucibles, firebrick, magnesite refractories 
High-temperature mortars, plastic refractories 
Chrome, firebrick, plastic refractories, high-temper­
ature mortars

High-temperature mortars, insulations
Silicon carbide, aluminum oxide, mullite and fused 
cast refractories and high-temperature mortars

Sillimanite plastic refractories, electric furnace 
refractories

High-temperature mortars, electro-cast mullite 
refractories

Firebrick, high-temperature mortars, plastic refrac­
tories, alumina, silica and mullite refractories

Firebrick, diaspore and sillimanite refractories, high- 
temperature mortars, plastic refractories, fireclays 

Fireclay refractories
Graphite crucibles
High-temperature mortar .
Mullite, fused alumina, silicon carbide and mag­
nesia refractories

Firebrick, glass plant refractories, high-temperature 
mortars

Silicon carbide, alumina refractories
Alumina and silicon carbide
Special refractories
Fired and unfired chrome and magnesite, firebrick, 
high-temperature mortars, plastic and silica refrac­
tories

Firebrick, insulating brick and plastics, high-tem­
perature mortars, plastic refractories, fireclays

Firebrick, insulating firebrick, high-temperature 
mortars, plastic and castable refractories, fireclays 

Refractories of most types including regular and 
super fireclay, high-alumina, silica, chrome, mag­
nesite, Fosterite brick; clays; insulating firebrick 
and mortars; high-temperature mortars

Firebrick of all kinds, silica brick, fireclays 
Firebrick, high-temperature mortars, insulating 
cements coatings and brick

Fireclay refractories, refractory cements, fireclays 
Bonding mortars, castables, ramming mixtures, 

plastic and insulating refractories
Firebrick, high-temperature mortars, plastic refrac­
tories, glass plant refractories, fireclays

Chrome and magnesite refractories, high-temper­
ature mortars, silica refractories, fireclays

Firebrick, high-temperature mortars, plastic refrac­
tories, special compositions

Various
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Table 11. Refractory Materials—(Continued) 

Representative Makers of Refractories and High-temperature Mortars

Manufacturer Principal types

McLeod & Henry Co., Troy, N.Y..........................

MuIlite Refractories Co., Shelton, Conn..................

National Carbon Co., Inc., QeveIand......................
Niles Fire Brick Co., Niles, Ohio.............................
North American Refrs. Co., Cleveland.....................

Norton Co., Worcester, Mass...................................

Pacific CIay Products Co., Los Angeles..................
Pyro Clay Products Co., Oak Hill, Ohio..................
Quigley Co., Inc., NewYork..................................

Ramtite Co., Chicago...............................................
Refractory & Insulation Corp., New York..............
Robinson Clay Product Co. of N.Y., New York.

Ross Tacony Crucible Co., Philadelphia..................

St. Louis Fire Brick & Insulation Co., Huntington
Park, Calif.............................................................

Seaboard Refrs. Co., Perth Amboy, N.J................

Chas. TayIor Sons Co., Cincinnati..........................

The United States Stoneware Co., Akron, Ohio.......
M.D. Valentine & Bro. Co., Woodbridge, N.J........
Vitrefrax Corp., Los Angeles....................................

Firebrick, high-temperature mortars, plastic-refrac­
tories, fireclays

High-temperature mortars, plastic refractories, mul­
lite refractories

Carbon refractories
Firebrick, insulating refractories
Fireclay, super, insulating and silica brick, high- 
temperature mortars, plastic refractories, fireclays 

High-temperature mortars, silicon carbide, fused 
alumina and magnesia, raw materials, cements, 
refractory shapes

Plastic refractories
Glass plant refractories
Firebrick, insulating refractories, super firebrick, 
high-temperature mortars, plastic refractories 

High-temperature mortars
High-temperature mortars
High-temperature mortars, firebrick and claj∙, 
insulating refractories

Graphite crucibles and stopper heads, magnesite 
refractories

Various
Firebrick, high-temperature mortars, plastic and 
insulating refractories, silicon carbide and mullite 
refractories.

Firebrick, glass plant and insulating refractories, 
sillimanite

Plastic and castable refractories
Firebrick
Glass plant refractories firebrick, high-temperature 
mortars, plastic refractories, fireclays

Copyright by Chem. & Mel. Eng., September, 1940.
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Table 12. Structural Carbon and Graphite
Physical Characteristics of Carbon and Graphite Products

Material and Form

Carbon cylinders:8 in. dia..................10-14 in. dia. inc17-24 in. dia. inc30-40 in. dia. incCarbon blocks:4 × 4 in. to 6 × 6 in. inc..6 × 6 in. to 20 × 20 in. inc15 X 30, 24 X 30 & 24 in. sq.Carbontubes:½-4 in. i. d. inc....5—10 in. i. d. inc....Carbon brick:Dependent on applicationGraphite cylinders:To 5⅛ in. dia. inc 6-12 in. dia. inc 14 in. dia................16 & 18 in. dia., 20 in. dia...............Graphite squares and slabs:To 5 in. thick inc......6 in. thick to 144 sq. in.Over 144 sq. in. section.Graphite tubes:¼-4 in. i. d. inc..................5-10 in. i. d. inc.....................Graphite brick, standard sizes...Karbate No. 1 (impervious car­bon):-Tubes ½-2 in. i. d. inc... Over 2 in. i. d............... ...Karbate No. 2 (impervious graphite):Tubes ½-2 in. i. d. inc...Over 2 in. i. d............................Carbocell (porous carbon):* Grade C (finest) Grade 60................Grade 50................Grade 40................Grade 30..................Grade 20...................Grade 10.....................................Graphicell (porous graphite):* Grade C (finest).........................Grade 60. Grade 50. Grade 40. Grade 30. Grade 20. Grade 10.

Appare
nt densi

ty
Weight

, lb./cu. ft
. Strength, lb. per sq. in

Elastic mod
ulus, lb./ 

sq. in. (multip
ly by 

lθʒ) Specifi
c resista

nce, 
ohms./

in.3 K (therm
al expans

ion) 
(see Note)Ten­sile Com­pressive Trans­verse

1.54 96.0 660 2,920 1,320 5.5 0.0013 131 525 95.0 47C 2,120 950 5.4 0.0013 12I 54 96.(J 40C 2,200 790 5.4 0.0014 131.54 96.0 400 1,910 810 4.3 0.0026 121 57 97.8 840 4,100 1,670 9.4 0.0018 141.55 96.7 500 2,140 990 7.1 0.0016 151.54 96.0 400 1,910 810 4.3 0.0026 121.51 94.2 885 10,200 2,700 21.0 0.0014 151.49 93.0 980 8,140 2,550 17.0 0.0016 211.56 96.7-97.8 970-1,530 5,340-Ι8,320 1,950-3,070 8.9-10.3 0.0015-0.0016 13-14
1.56 97.3 760 3,050 1,750 8.8 0.00036 5-12I 55 96 7 610 3,420 1,810 8.0 0.00037 6-121.53 95.3 580 3,180 1,490 6.7 0.00039 8-12I 53 95.3 500 3,180 1,490 6.7 0.00040 8-121.53 95.3 440 3,180 1,490 6.7 0.00040 8-121 56 97 3 700 3,050 1,750 8.8 0.00036 5-121.55 96.7 700 3,420 1,810 8.0 0.00037 6-121.53 95.3 570 3,180 1,490 6.7 0.00039 8-121.68 104.7 780 4,550 2,820 14.0 0.0003 121.67 104.0 870 5,100 2,980 13.0 0.0003 121.56 97.3 700 3,050 1,750 8.8 0.00036 5-12
1.77 110.0 1,700 10,500 4,170 29.0 0.00164 271.76 110.0 2,000 10,500 4,640 26.0 0.0016 33
1.86 116 0 2,600 8,900 4,650 23.0 0.00034 231.91 119.0 2,350 10,500 4,980 21.0 ).00033 241 34 84 0 500 1,530 2,700 >1.2 0.0020 61.U5 69.0 190 600 850 >1.2 ).0070 271.05 69 0 180 500 830 >1.2 ).0070 271.04 69.0 120 320 900 >1.2 ).0057 271.04 69.0 100 250 770 >1.2 ).0070 271.03 68.0 90 240 700 >1.2 ).0070 271.03 68.0 80 160 300 >1.2 0.0080 271.35 84.0 600 1,080 1,680 0.00045 61.05 69.0 110 250 500 ).0012 211.05 69 0 110 250 500 ).0012 211.04 69.0 100 190 500 ).0013 211.04 69.0 80 200 520 ).0017 211 03 68 0 60 140 310 ).0020 211.03 68.0 50 140 270 0.0020 22Note: Coefficient of thermal expansion per degree: To temperature toF = [K ⅛0.0039t (oF)] 10 7;to temperature toC = [1.8 K-f-0.007t (oC)] 10-7. Carbon graphite products are resistant to mostadds and alkalies.* See following table for additional data.



RECOMMENDED MATERIALS OF CONSTRUCTION 2159
Table 12. Structural Carbon and Graphite—{Continued) 

Physical Properties of Porous Carbon and Porous Graphite

Material and Form Porosity, 
per cent

Average pore diameter Filter action,
Average 

water* per­
meability at 
5 lb./sq. in.

pressure, 
gal./sq. ft./ 

min.

Average airf 
permeability 
at 2 in. H2O 
pressure, cu. 
ft./sq. ft./ 

min.Inches Microns

minimum 
diameter of 
particle re­
tained, in.

Carbocell
Grade C......................
Grade 60.....................

36
48

0.0002
0.0013

5
33 0.00047

0.30
14.0

Grade 50..................... 48 0.0019 48 0.00079 30.0
Grade 40..................... 48 0.0027 69 0 00098 45 0 4.0

8.5Grade 30..................... 48 0.0039 99 0.00173 80.0
Grade 20..................... 48 0.0055 140 0.00300 120.0 17.0
Grade 10..................... 48 0.0075 190 0.00590 175.0 33.0

Graphicell
Grade C......................
Grade 60.....................

36
48

0.0002
0.0013

5
33 0.00047

0.30
14.0

Grade 50..................... 48 0.0019 48 0.00079 30.0
Grade 40..................... 48 0.0027 69 0.00098 45.0 4.0
Grade 30..................... 48 0.0039 99 0.00173 80.0 8.5
Grade 20..................... 48 0.0055 140 0.00300 120.0 17.0
Grade 10..................... 48 0.0075 190 0.00590 175.0 33.0

Note: Carbocell can be treated so as to be wettable for use in caustic filtration. Both are resistant to 
ɪnost acids and alkalies.

* Water at 70oF., 1 in. thick plate.
t Air at 70oF. and 760 mm. Hg. pressure, 15 per cent relative humidity, 1 in. thick plate.

Note: Manufacturers of graphite crucibles are listed under “Refractories.”

Makers of Structural Carbon and Graphite Products

Manufacturer Products

Acheson Graphite Corp., New York........................ Graphite electrodes and various shapes 
Graphite electrodes and various shapes 
Industrial carbon and graphite products such 
as: brushes, brick, pipe and fittings, heat 
exchangers, tubes, tower sections, lighting 
carbons, welding electrodes, etc.

Carbon and graphite brick, plates, blocks, 
tubes, cylinders, bushings, shapes

Various carbon and graphite products

International Graphite & Electrode Corp., St. Mary’s, Pa. 
National Carbon Co., Inc., Carbon Sales Div., Cleveland

Speer Carbon Co., St. Mary’s, Pa............

Stackpole Carbon Co., St. Mary’s, Pa............

Copyright by Chem. & Met. Eng., September, 1940.
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Table 13. Plastic Molding Materials
Representative Makers of Molding Powders and Other Plastic Materials

Material Manufacturer Type
Aladdinite...........................Alvar (and others)... Ameroid...............................Aqualite...............................Atlastiseal..........................Bakelite................................
Beckacite (others)... Beetle.....................................Benalite, -Ioid.................Butacite................................Catalin...................................Celeron..................................Celluloid..............................Crystalite............................Cumar....................................Dilecto...................................Duraloy................................Durez......................................Durite....................................Duroid...................................Ethocel, -foil....................Formica................................Harvel....................................Haveg.....................................Hercules...............................Heresite................................Indur.......................................Insurok..................................Lamicoid (and others) Lauxite..................................Lucite.....................................Lumarith.............................Makalot................................Marblette............................Masuron...............................Micarta.................................Monsanto............................

Neville...................................Nixonite, -oid..................Ohmoid.................................Panelyte...............................Phenolite.............................Plaskon.................................Plastacele............................Plexiglas, -gum..............Pyralin.. v..........................Bauzene (and others)

Aladdinite Co., Newark, N.J.Shawinigan Products Corp., New York American Plastics Corp., New YorkNational Vulcanized Fibre Co., Wilmington, Del. Atlas Mineral Prods. Co. of Pa., Mertztown, Pa.Bakelite Corp., New York;* unit of Union Carbide & Carbon Corp.Reichhold Chemicals, Inc., DetroitBeetle Prods. Div., American Cyanamid Co., New York* Masonite Corp., Laurel, Miss.E. I. du Pont de Nemours & Co., Wilmington, Del.* Catalin Corp., New YorkContinental Diamond Fibre Co., Newark, Del. Celluloid Corp., New YorkRohm & Haas Co., PhiladelphiaBarrett Co., New YorkContinental Diamond Fibre Co., Newark, Del.Detroit Paper Prods. Corp., DetroitGeneral Plastics, Inc., No. Tonawanda, N.Y.* Durite Plastics, Inc., PhiladelphiaAtlas Mineral Prods. Co. of Pa., Mertztown, Pa. Dow Chemical Co., Midland, Mich.Formica Insulation Co., CincinnatiIrvington Varnish & Insulator Co., Irvington, N.J. Haveg Corp., Newark, Del.Hercules Powder Co., Wilmington, Del.*Heresite & Chemical Co., Manitowoc, Wis.* Reilly Tar & Chemical Co., IndianapolisRichardson Co., ChicagoMica Insulator Co., New YorkI. F. Laucks, Inc., Lockport, N.Y.E. I. du Pont de Nemours & Co., Wilmington, Del. Celluloid Corp., New YorkMakalot Corp., Boston* Marblette Corp., Long Island City, N.Y.John W. Masury & Son, Brooklyn, N.Y.Micarta Div., Westinghouse Elec. & Mfg. Co., Trafford, Pa.Plastics Div., Monsanto Chem. Co., Springfield, Mass.*

CaseinVinyl resinCasein Laminated phenolic Tank liningMolding and cast phe­nolics, urea-form., styrene, cell. ac.Lacquer resins Urea-f Ormaldehyde Lignin plasticsVinyl resinMolding and cast phe­nolicsMolding phenolic Cellulose nitrate Acrylic resin Coumarone-Indene Laminated phenolic Laminated phenolic Molding phenolic Phenolic, phenol-furfural Bulk and sheet plastics Ethyl cellulose Laminated phenolic Cashew nut derivative Phenolic-base chemical equipmentEthyl cellulose, cellulose nitrate, acetateMolding phenolic Molding phenolic Phenolic and urea­formaldehydeLaminated phenolic Plywood resin bond Methacrylate resin Cellulose acetate Molding phenolic Cast phenolic Cellulose acetate Laminated phenolic and urea-f OrmaldehydeCast phenolic, cellulose acetate and nitrate,Neville Co., Neville Is. P. 0., PittsburghNixon Nitration Works, Nixon, N.J...................................................Wilmington Fibre Specialty Co., Wilmington, Del.Panelyte Corp., New YorkNational Vulc. Fibre Co., Wilmington, Del.Plaskon Co., Toledo, OhioE. I. du Pont de Nemours & Co., Plastics Dept., Arling­ton, N.J.Rohm. & Haas Co., PhiladelphiaE. I. du Pont de Nemours & Co., Wilmington, Del.U. S. Industrial Alcohol Co., New York

vinyl, arochlor resins Hydrocarbon and cou- marone-indene resins Cellulose acetate, nitrate Laminated phenolic Laminated phenolic Laminated phenolic Urea-formaldehydeCellulose acetate Acrylic resinsCellulose nitrate Varnish resin
* Also makes varnish and lacquer resins.
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Table 13. Plastic Molding Materials—(Continued) 

Representative Makers of Molding Powders and Other Plastic Materials

Material Manufacturer Type

Hesinox..................... Resinox Corp., New York Molding phenolic
Hesoglaz................... Advance Solvents & Chem. Co., New York Styrene resin
Spauldite.................. Spaulding Fibre Co., Tonawanda, N.Y. Laminated phenolic
Styron...................... Dow Chemical Co., Midland, Mich. Styrene resin
Synthane.................. Synthane Corp., Oaks, Pa. Laminated phenolic
⅛'......................... Resinous Products & Chem. Co., Philadelphia* Phenolic plywood bond
Iemte....................... Tennessee Eastman Corp., Kingsport, Tenn. Cellulose acetate
Textolite................... General Electric Co., Plastics Dept., Pittsfield, Mass.* Molding, laminated 

phenolics
Ucinite...................... United-Carr Fastener Corp., Cambridge, Mass. Laminated phenolic
Unyte....................... Plaskon Co., Toledo, Ohio Urea-formaldehyde
Vietron..................... Naugatuck Chemical Co., New York Styrene resin
Vinylite.................... Carbide & Carbon Chem. Corp., New'York* Vinyl resin
Vistanex................... Advance Solvents & Chem. Co., New York Hydrocarbon resin
——

* Also makes varnish and lacquer resins.



2162 MATERIALS OF CONSTRUCTION

Ta
bl

e 1
4.

 Phys
ic

al
 Pr

op
er

tie
s o

f R
ub

be
r a

nd
 R

ub
be

rli
ke

 M
at

er
ia

ls

1 to

'` ≡ -s ”·= s
Σ∙ 3 s≡gSS≡J g -⅛S-S∙S ɪ T IlgQ S.s=≡ ∙≡. ⅛θ3

S 
Pn

∞ O Q ońśu-tC
¿ s

5*r*JJ S 8 O μ→∙∞ cs 2 r'''¾⅛t3 'S wSoa
∞-o . Q

S cβ

H
ar

d τ gg≡o⅛gj o -§ a J

R
e­

sis
to

­
fle

x 
m

ol
de

d 
&

 ex
t. 8 Sg :SgS.<8 g g g :

- K∙n- ∙ 3≡∞ e> ⅛: ⅛ :
Pl

io
lit

e
N

o.
 40 S É? S 

τj- vp -SO

a : „ a, :⅛∙aα∙ ⅛; ∙ O o ■
•Ż : z z :

Pe
rb

un
an

0.
96

50
0-

5,
00

0

30
-9

0
30

0 g J 2 ∙≥⅛∙≡ 
£ -S .S ⅛⅛ a g 
∞ I εs S go s>

N
eo

pr
en

e 
(a

ll 
fo

rm
s)

1.
27

-1
.3

0

1,
00

0-
 

4,
00

0
15

-9
5

30
0 ⅛-2feα>

"5⅛ § 2
∞⅛r≤ t- "g *->O M

»

O
O 

⅛

So
ft - Λ≡Sq≡≡J -≡ s s ∙s≡J, otp'Λ'5'o.°∙t^ o o o S S2 -⅛-⅛ζ O ⅛ ⅛ (3≡

H
ar

d - gg≡-,ggi "g g g ∙τ≈
A ≡.S⅛^≡-So « ś Ś e• pH01S ɔ u=> ∞ ζ-5 *2* ,zi< O

C
he

m
ig

um
 ! 

tir
e c

pd
. I

o o 4-— S u^'⅛- S 'i°-Φ St
iff

en
s

Ex
ce

lle
nt

 

D
et

er
io

ra
te

s

N
on

e

Ex
ce

lle
nt

1

E<

ha
rd

1.
1-

1.
3

4,
00

0-
10

,0
00

80
-1

00
26

0-
30

0

G
oo

d 

N
on

e 

Ex
ce

lle
nt

A
m

er
i­

po
l, t

ir
e 

ty
pe

, 
so

ft

0.
96

-
1.

20
1,

00
0-

4,
00

0
50

-8
0 

24
0-

28
0 ≡ ⅛∣⅛a

⅛ g g∙≡.ι⅛≡ 
∙≡ = ≈-oS⅞S

A
m

er
i­

po
l, 

oi
l- 

re
sis

t­
in

g,
 

so
ft

0.
99

-
1.

6
1,

00
0-

4,
50

0
15

-9
0 

26
0-

30
0 g §

⅛3 W g ¿Sjg Ö
’-P .∞ ∞

Pr
op

er
ty

Sp
ec

ifi
c ε

ra
vi

tv
...

...
...

...
...

...
...

...
...

...
.

Te
ns

ile
 st

re
ng

th
, lb

. p
er

 sq
. in

...
...

.

H
ar

dn
es

s, S
ho

re
 du

ro
m

et
er

...
...

...
...

M
ax

im
um

 te
m

pe
ra

tu
re

 fo
r u

se
, oF

. 
D

ie
le

ct
ri

c s
tr

en
gt

h,
 vo

lts
 pe

r m
m

.. i
Ef

fe
ct

 of
 h

ea
t..

...
...

...
...

...
...

...
...

...
...

..

A
br

as
io

n 
re

sis
ta

nc
e..

...
...

...
...

...
...

...
..

Ef
fe

ct
 of

 su
nl

ig
ht

...
...

...
...

...
...

...
...

...
.

Ef
fe

ct
 of

 a
gi

ng
...

...
...

...
...

...
...

...
...

...
..

M
ac

hi
ni

ng
 q

ua
lit

ie
s..

...
...

...
...

...
...

...
.



RECOMMENDED MATERIALS OF CONSTRUCTION 2163
Table 14. Physical Properties of Rubber and Rubberlike

Materials—(Continued)
Representative Makers of Industrial Rubber Products and Rubberlike Materials

Manufacturer Products

American Hard Rubber Co., New York......................

Atlas Mineral Products Co. of Pa., Mertztown, Pa.

Boston Woven Hose & Rubber Co., Boston................

Crane Packing Co., Chicago.........................................
Custodis Construction Co., New York........................

Bay ton Rubber Mfg. Co., Dayton, Ohio.....................

E∙ I. du Pont de Nemours & Co., Rubber Chemicals
Div., Wilmington, Del..................... ∙.∙.....................

firestone Tire & Rubber Co., Akron, Ohio.................
Carlock Packing Co., Palmyra, N.Y...........................
Cates Rubber Co., Denver..............................................................
L- H. Gilmer Co., Tacony, Philadelphia......................
B- F. Goodrich Co., Akron Ohio..................................

Coodyear Tire & Rubber Co., Akron, Ohio................

Hewett Rubber Corp., Buffalo.............................
Hydrocarbon Chemical & Rubber Co., Akron, Ohio.. 
Jenkins Bros. Rubber Div., Bridgeport, Conn............

The Osborn Mfg. Co., Johns Conveyor Div., Cleveland 

Maurice A. Knight, Akron, Ohio.................................

Linear Packing & Rubber Co., Philadelphia...............
Buzerne Rubber Co., Trenton, N.J..............................

Manhattan Rubber Mfg. Div., Passaic, N.J...............

Miller Rubber Co., Akron, Ohio.............................
Paramount Rubber Service, Inc., Detroit, Mich.........

Hesistoflex Corp., New York..............
Self-Vulcanizing Rubber Co., Chicago.

Standard Oil Development Co., Elizabeth, N.J..........
Jos. Stokes Rubber Co., Trenton, N.J.........................
Thermoid Rubber Co., Trenton, N.J...........................
Thiokol Corp., Yardville, N.J......................................

U.S. Rubber Co., New York........................................

U.S. Stoneware Co., Akron, Ohio.................................

Vulcanized Rubber Co., New York.............................

Hard and soft rubber, neoprene, and Thiokol 
linings, pipe, fittings, shapes, pails, pumps, rub­
ber, paint, etc.

Rewbon seamless rubber linings and Zerok syn­
thetic resin linings

Conveyor and transmission belts, hose, mechan­
ical rubber goods

Rubber and synthetic rubber packings
Custoplast soft rubber and neoprene rubber tank 
linings

Oil-proof rubber belts, transmission belting, and 
synthetic rubber products

Neoprene polymerized chloroprene rubber 
Perbunan synthetic rubber
Rubber packings, belting, and molded goods 
Transmission and conveyor belting
Transmission belting
Acid- and abrasion-resistant linings, hose, con­

veyor and transmission belting, packings, hard- 
rubber pipe and molded goods, rubber paints, 
Koroseal plastic, Anode process, Ameripol tires 
and goods

Hose, conveyor and transmission belting, pack­
ings, linings, mechanical rubber goods, Pliolite 
modified rubber plastic, Chemigum

Hose, transmission and conveyor belting, packings 
Synthetic rubbers (Ameripol)
Mechanical rubber goods, packings, molded and 
extruded shapes

Johns rubber and synthetic rubber “moving pipe­
line” conveyors

Rubber and neoprene-lined drums, Pyroflex resin­
base tank lining

Rubber and synthetic rubber packings
Hard-rubber pipe, fittings, valves, shapes, tanks, 
rayon apparatus and other equipment

Transmission and conveyor belting, blocks, hose, 
piping, rolls, brake lining,, bearings

Hose, molded products, linings, and coverings 
Seamless rubber linings, rubber paint, molds, 
coatings, and insulations

Rubberlike oil-resisting resin, various shapes
Liquid and plastic rubber self-vulcanizing coat­
ings and lining materials

Perbunan synthetic rubber
Molded hard-rubber products of all kinds
Hose, belting, packing, mechanical rubber goods 
Thiokol olefine polysulphide synthetic rubber— 

crude sheet, molding powder, and liquid dis­
persions

Rubber-lined pipe, hard, semihard and soft 
linings, abrasion-resistant linings, hard-rubber 
pipe, acid hose, packings, mechanical rubber 
goods and belting

Resilon and Tygon polymer tank linings, rubber 
latex linings

Hard and semihard rubber molded products

Copyright by Chem. & Met. Eng., September, 1940.
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Table 15. Vulcanized Fiber*

* The two tables describing the condition of eight varieties of woods used for tanks and other chemical- 
resistant uses are based on a report of James K. Stewart, consulting chemist, to the Mountain Copper Co. 
Martínez, Calif. Tests were conducted on samples 1 × 4 × ½ in. in size, seasoned and chosen so as to 
be as nearly as possible in the same physical condition as the woods would be when used for equipment 
construction. Results of the tests are described by terms explained in the key on p. 2165.

Marketed forms: S = sheet, R = rod, T = tubes
Thickness, Hooo ɪɪɪ.........................................................
Forming properties..........................................................
Machining qualities.........................................................
Colors...................................................................................

Effect of heat..
Effect of water

Effect of mineral, animal and vegetable oils.....................
Specific gravity.............................................................................
Specific volume, cu. in. per lb................................................
Tensile strength, lb. per sq. in...............................................
Breakdown voltage, 60 cycle (H∙β-in. sample) volts per 

mil.................................................................................................
* From Chem. & Met. Eng., December, 1932.

S.R.T.
4 up 
Good 
Good

Red, brown, white, gray, 
black, olive

Stable to charring
Swells and softens. Warps on 

drying. Not recommended
Very slight absorption

1.2-1.5
23-18.5

8,000-16,000

175-500

Table 16. Wood for Chemical Equipment
Physical Properties of Woods

At proportional limit, in static bending, and compression parallel to grain, respectively.

Condition of Woods after 31 Days Immersion in Cold Solutions*
Examined after 7 days drying

Cypress
Douglas 

fir 
(coast)

L. L. Y. 
pine

Red­
wood

Sugar 
maple

White 
oak

Lb. per cu. ft. (12% moisture).....................
Tensile str.,*  lb. per sq. in. (12% moisture). .
Compressive str.,*  lb. per sq. in. (12% mois-

32 34 41 28 44 47
7,200 8,100 9,300 6,900 9,500 7,900

ture).............................................. 4,740 6,450 6,150 4,560 5,390 4,350Thermal cond., B.t.u. per sq. ft., hr., (oF.∕in) 0.83 0.77 0.96 0.76 1.16 1.22Hardness.............................. Med. Med. Hard Mod. 
hard

Med. Hard

Hydrochloric acid, 5%.. 
Hydrochloricacid, 10%. 
Hydrochloric acid, 50%.
Sulfuric acid, 1 %..........
Sulfuric acid, 5%..........
Sulfuricacid, 10%........
Sulfuric acid, 25%........
Caustic soda, 5%..........
Caustic soda, 10%........
Alum, 13%....................
Sodium carbonate, 10%.
Calcium chloride, 25%..
Common salt, 25%.......
Water............................
Sodium sulfide...............

Fir Oak Oregon pine Yellow pina

. NAC NAC NAC SS

. NAC NAC NAC SS
SS1SB1SWF SS,WF S1WF S1WF
NAC NAC NAC SS
SS SS SS SS
S1FSD S1FSD S1FSD S1FSD
SSp1FSD SSp1FSD SSp,FSD SSp1FSD
S,NAC MSh,SWp SS SS1FSD
S,FSD MSh1WF1Horny SS SS1SB1FSD
NAC NAC NAC NAC
SB GC NAC GC SB1GC
NAC NAC NAC NAC
NAC NAC NAC SS1GC
NAC NAC NAC NAC
SS1SB MSh1WF SB SB
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Table 16. Wood for Chemical Equipment—{Continued}
Condition of Woods after 31 Days Immersion in Cold Solutions*

Examined after 7 days drying

Hydrochloric acid, 5%................
Hydrochloric acid, 10%..............
Hydrochloric acid, 50%..............
Sulfuric acid, 1 .................
Sulfuric acid, 5%.........................
Sulfuricacid, 10%.......................
Sulfuric acid, 25%.......................
Caustic soda, 5%.........................
Caustic soda, 10%.......................
Alum, 13%...................................
Sodium carbonate, 10%..............
Calcium chloride, 25%................
Common salt, 25%......................
Water...........................................
Sodium sulfide..............................

Spruce Redwood

SS SS
SS SS
S,WF S,WF
SS NAC
SS,SB SS1SB
S,FSD S,FSD
SSp1FSD SSp,FSD
SSp1FSD SSp1FSD
SS1SB1FSD SS1SB1FSD
NAC NAC
SB1GC SB1GC
NAC NAC
SS.GC SB.GC
NAC NAC
SB SB

Maple Cypress

NAC NAC
NAC NAC
S,WF S1WF
NAC SS1SB
NAC SS1SB
S1FSD S1FSD
SSp,FSD
MSh

SSp,FSD
SSp1FSD

MSh S1SB1FSD
NAC NAC
GC SB,GC
NAC NAC
NAC NAC
NAC NAC
MSh,FSD FSD

Condition of Woods after 8 Hr. Boiling in Solutions*
Examined after 7 days drying

Fir Oak Oregon pine Yellow pine
Hydrochloric acid, 10%.............. SB,S FSD FSD FSD
Hydrochloric acid, 50%....... . FD,Ch,B,S,NG FD1Ch1B1S1NG FD1Ch1B1S1NG FD1Ch1B1S1NG
Sulfuric acid, 4 %......................... SB ,GC SB1GC SB1GC SB.GC'
Sulfuric acid, 5%......................... SS, GC SB1GC SB1GC SB1GC
Sulfuric acid, 10%....................... SS,GC BFD1Wpd1NG Sp1FD1NG B1Sp1FD1NG
Caustic soda, 5%......................... SS MSh S GC
Alum, 13%................................... SB1GC NAC NAC SB1GC
Sodium carbonate, 10%.............. SB1GC GC GC GC
Calcium chloride, 25%................ SB1GC SB1SS1GC NAC SB1GC
Common salt, 25%...................... NAC NAC NAC SB1GC
Water........................................... NAC NAC NAC SB1GC

Spruce Redwood Maple Cypress
Hydrochloric acid, 10%.............. FSD FSD FSD FSD
Hydrochloric acid, 50%.............. FD1Ch1B1S1NG FD1Ch1B1S1NG FD1Ch1B1S1NG FD1Ch1B1S1NG
Sulfuric acid, 4%......................... SB,GC SB1GC SB1GC SB1GC
Sulfuric acid, 5%......................... SB,FSD SB1GC SB1GC SB1FSD
Sulfuricacid, 10%..................... B, Sp1 FD, NG SB1FSD SB1FSD B1FD
Caustic soda, 5 %......................... S,GC S1GC Sh SSp
Alum, 13%.................................. SB,GC SB1GC NAC SB1GC
Sodium carbonate, 10%.............. GC GC GC SB1GC
Calcium chloride, 25%................ SB1GC NAC NAC sb;gc
Common salt, 25%...................... NAC SB1GC NAC NAC
Water........................................... NAC NAC NAC NAC

* The two tables describing the condition of eight varieties of woods used for tanks and other chemical­
resistant uses are based on a report of James K. Stewart, consulting chemist, to the Mountain Copper Co., 
Martinez, Calif. Tests were conducted on samples 1 × 4 X ½ in. in size, seasoned and chosen so as to 
be as nearly as possible in the same physical condition as the woods would be when used for equipment 
construction. Results of the tests are described by terms explained in the following key:
Abbreviation Key:
B —Brittle
Ch —Charred
FD —Fiberdisintegrated
FSD—Fiber slightly disintegrated 
GC —Good condition
MSh—Much shrunk

NAC—No apparent change 
NG —No good
S —Softer
SB —Slightly brittle
Sh —Shrunk
Sp —Spongy

SS —Slightly softer
SSp —Slightly spongy
SWF—Slightly weakened fiber
SWp—Slightly warped
WF —Weakened fiber
Wpd—Warped
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Fleming Tank Co., Pittsburgh Fluor Corp., Ltd. Los Angeles Foster-Wheeler '',YorkGeneral TankN.J. Amos H. Hall delphiaHammond & Little River Red­wood Co., Samoa, Calif.Harry Cooling & Equipment Co., Doylestown, Pa.Hauser-Stander Tank Co., Cin­cinnatiHenderson Bros. Co., Water­bury, Conn.R. R. Howell & Co., Minneapolis James Hunter Machine Co., North Adams, Mass.Johnson & Carlson, Chicago Kalamazoo Tank & Silo Co., Kalamazoo, Mich.Lille-Hoffman Cooling Towers, Inc., St. LouisLincoln Tank Co., Shreveport, La.Marley Co., Kansas Gty, Kan. ɪne., Michigan Pipe Co., Bay City.Mich. (Pipe)National Tank Co., Tulsa, Okla.National Tank & Pipe Co., Portland, Ore.New England Tank & Tower Co., Everett, Mass.

Pacific Cooperage Co., Portland, Ore.Pacific Tank & Pipe Co., Oak­land, Calif.Pacific Wood Tank Corp., San FranciscoParkersburg Rig & Reel Co., Parkersburg, W. Va.Fred C. Pfeil, Inc., Buffalo, N.Y. J. F. Pritchard & Co., Kansas City, Mo.Redwood Mfrs. Co., San FranciscoWm. B. Scaife & Sons Co., Oak­mont, Pa.Schubert-Christy Corp., St. LouisA. T. Stearns Lumber Co., Bos­tonTreadwell Construction Co., Midland, Pa.Union Lumber Co., San Fraa-U.S. Wind Engine & Pump Co. Batavia, Ill.Wendnagel Co., ChicagoC. H. Wheeler Mfg. Co., North Phila., Pa.G. Woolford Wood Tank Co., Darby, Pa.A. Wyckoff & Son Co., Elmira, N.Y.

Corp., NewCorp., Kearny,& Sons, Phila-

Representative Makers of Wood Tanks and Pipe for Chemical ApplicationsAcme Tank Co., New YorkAlert Pipe & Supply Co., BayCity, Mich.Atlantic Tank Corp., NorthBergen, N.J.Axtell Co., Fort Worth, Tex.Baltimore Cooperage Tank &Tower Co., BaltimoreBlack, Sivalls & Bryson, Inc.,Oklahoma City, Okla.C. F. Braun & Co., Alhambra,Calif.W. E. Caldwell Co., Louisville,Ky.Caspar Lumber Co., San Fran­ciscoChallenge Co., Batavia, Ill.A. J. Corcoran, Inc., Jersey City,N.J.Cypress Tank Co., Shreveport,La.Dempster Mill Mfg. Co., Bea­trice, Neb.Drane Tank Co., Fort Worth,Tex.Drummond Mfg. Co., Louisville,Ky.Dunck Tank Works,MilwaukeeG. Elias & Bro., BuffaloEnrie Tank Co., ChicagoFederal Pipe & TankSeattle, Wash.Fibre Conduit Co., Orangeburg,N.Y.
Co.,

/
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High-Pressxjre technique
References: Norton, “Creep of Steels at High Temperatures,” McGraw-Hill, New 

York, 1929. Ernst, Reed, and Edwards, A Direct Synthetic Ammonia Plant, Ind. Eng. 
Chem., 17, 775 (1925). Ernst, Equipment for High Pressure Reactions, Ind. Eng. 
Chem., 18, 664 (1926). Dilley and Edwards, A High-pressure Gas-compression 
System, U. S. Dept. Agr., Circ. 61, 1929. Special High-pressure High-temperature 
Issue, Chem. Met. Eng., September, 1930. Bone, Newitt, and Townend, “Gaseous 
Combustion at High Pressures,” Longmans, London, 1929. Tables of Chemical Com­
positions, Physical and Mechanical Properties and Corrosion-resistant Properties of 
Corrosion-resistant and Heat-resistant Alloys, Reprint from Proc. Am. Soc. Testing 
Materials, vol. 30, Pt. I, 1930. Bridgman, “The Physics of High Pressure,” Mac­
millan, New York, 1931. Tongue, “The Design and Construction of High Pressure 
Chemical Plant,” Chapman and Hall, London, 1934. Newitt, “ The Design of High 
Pressure Plant and the Properties of Fluids at High Pressures,” Oxford University 
Press, New York, 1940. “ A.P.I.-A.S.M.E. Code for the Design, Construction, Inspec­
tion, and Repair of Unfired Pressure Vessels for Petroleum Liquids and Gases,” 3rd ed. 
A.P.I.-A.S.M.E., New York, 1938. “Rules for Construction of Unfired Pressure 
Vessels,” Am. Soc. Mech. Eng., New York.

The application of high pressures to chemical processes has come to the 
fore as an important tool in the hands of the chemical engineer only since 
about 1913. The advantages of high pressures lie in the fact that many 
systems which undergo no change at atmospheric pressure will react to give 
commercially attractive yields if the pressure is increased to a few hundred 
atmospheres. Reactions that involve a diminution in volume are favored, 
reactions in the liquid phase may be speeded up as a result of higher tempera­
tures possible at elevated pressures, and the size—and sometimes the weight— 
of equipment is materially reduced.

Since there is great experimental activity in this field, equipment of labora­
tory scale has been included in the following article in the belief that it will be 
helpful to those about to start an experimental study. Full-scale plants are 
relatively few, the equipment in them is specially designed, and information 
about them, except of the most general sort, is difficult to find in the litera­
ture. These conditions have imposed certain limitations upon the summary 
that follows.

Selection of Materials. With the exception of the long-established use 
of hydraulic presses for baling, drying, expressing oils, forging, forming, and 
molding there are few high-pressure processes that do not involve extremes of 
temperature, either very low as in the liquefaction of gases, or fairly high as in 
most catalytic processes. The synthesis of ammonia by the Claude process, 
for example, requires pressures of 800 to 1000 atm. and temperatures of 450o 
to 600oC., and organic catalytic processes proceed at rather lower tempera­
tures, perhaps 250o to 450oC. Accordingly, the selection of materials for 
high-pressure work is further complicated by the need to provide for extremes 
of temperature as well as for special conditions such as oxidation, reduction, 
corrosion, the diffusion of gases—especially hydrogen—through metals, and 
the tendency of hydrogen to remove carbon from steel to a dangerous degree, 
even at moderate temperatures.

Steels are almost the only materials with sufficiently high tensile strength 
obtainable at sufficiently low cost to be used in quantity, though occasionally 
a single piece of equipment may be made of other materials such as nickel or 
nichrome when conditions of temperature or oxidation are severe, or nichrome 
or aluminum bronze if the material must be non-magnetic. Steel has the 
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disadvantage, however, that its iron content is destructive to organic material 
at high temperatures, especially to compounds from which water can be split 
off and to gas mixtures containing carbon monoxide which may be converted 
to the inert and relatively useless methane. Moreover, carbon monoxide 
may weaken the walls by the formation of iron carbonyl, which in turn may 
Poison the catalyst or redeposit iron in it, thus causing undesirable side 
reactions. These conditions require steel equipment to be lined with other 
metals not in themselves resistant to high pressures. Copper, aluminum, 
lead, silver, and gold are available for this purpose, and various other metals 
could undoubtedly be used if the necessity arose. It is safest not to rely on 
any increase in the strength of a pressure vessel that might result from the 
Presence of a liner. In inserting a liner, care must be taken to keep the vessel 
dry, in order to prevent rupture due to expansion or vaporization of liquids 
in the space next to the wall upon subsequent heating. Imperfections in 
the bond between the lining and the walls necessitate great care in reducing 
the pressure in lined equipment to prevent gas pockets between the supporting 
wall and the lining from bursting inward.

In choosing the material for constructing a piece of equipment for high 
pressures, a list of the materials fulfilling the requirements of special condi­
tions, including workability, should be drawn up. Then a choice from among 
these materials can be made upon the basis of cost and weight. As most 
high-pressure equipment is cylindrical, the conclusions drawn from a dis­
cussion of the wall thickness of tubing can also be applied to larger apparatus.

The methods ordinarily used for choosing a suitable ratio of the inside 
to the outside diameter are based on the assumption that a cylinder subjected 
to an internal pressure so high that it ceases to behave as an elastic body may 
be considered to have begun to fail. The assumption is not entirely valid, 
for, when the internal layers are stressed to the yield point, they flow and 
the stresses are redistributed in the outer layers without failure, other than a 
departure from elastic behavior. The inner layers are work-hardened by 
this process, and, after a suitable low-temperature heat treatment, the 
cylinder may actually be stronger than it was before. This is the process 
of autofrettage. The assumption is, however, very useful in practice. Five 
well-recognized methods of arriving at the pressure at which the stress at 
the inner surface of the cylinder reaches the yield point are available. Foi- 
design one may use these same methods, using as a. working or allowable stress 
the yield point divided by a suitable factor of safety, rarely less than two.

S = allowable fiber stress, lb. per sq. in.
P = internal pressure, lb. per sq. in.
R = inner radius/outer radius

then, assuming a uniform stress distribution across the thickness of the cylin­
der and neglecting the end pull,

P 1 -R
S ~ R (Thin cylinder)

The maximum principal stress in a cylinder subjected to internal pressure is 
the tangential stress at the inner wall, which is related to the pressure by 
Lamé’s formula, 

p i -b*
<S ~ 1 + R2 (Maximum principal stress)
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The maximum shear stress is related to the pressure by
P I-R2
S 2

(Maximum shear stress)

If we take the coefficient of lateral contraction, or Poisson’s ratio, as 0.25 
for steel, then the maximum-strain theory gives

p ɪ _ jβ2
C = 1 , » 7tp. (Maximum strain)

and the maximum-strain-energy theory gives the relation
P 2(1 — R2)— = — :— (Maximum strain energy)
*s √10 + 6R1

These relations are plotted in Fig. 1.
The thin-cylinder formula is satisfactory for use when R is greater than 0.9. 

The conflict as to which of the remaining four relations gives the most reliable 
method of computing the pressure at which the cylinder ceases to behave 
elastically (and hence by using an appropriate safety factor, the safe pressure) 
is as yet unresolved. Newitt notes that the maximum-principal-stress 
theory describes the behavior of brittle materials such as cast iron and 
adduces data showing that mild steel follows the maximum-strain-energy 
relation, but that such high-tensile steels as chrome-nickel and chrome-nickel- 
molybdenum follow the maximum-shear-stress relation. Norris [Combined 
Stresses in Thick-Walled Cylinders, Trans. Am. Soc. Mech. Eng., Applied 
Mechanics, 51-6, 61-65 (1929)] found that, for a “high quality gun steel” 
for which Poisson’s ratio was 0.3, the maximum strain was the deciding 
factor.

At ordinary temperatures a balance must be struck between carbon steels, 
which with their lower permissible fiber stress require very heavy tubing, 
and alloy steels, which are far more expensive per pound but permit the use 
of much lighter walls and are more resistant to corrosion. Since they are 
less dependent upon their carbon content for their tensile strength, alloy 
steels are less affected by the removal of carbon by hydrogen at elevated 
temperatures. Other things being equal, the higher the pressure the greater 
the superiority of alloy steels.

Alloy steels of very high ultimate strength or limit of proportionality have 
usually gained these properties as the result of heat treatment in the course 
of which their ductility has been much reduced. This is shown by a decrease 
in the values of the elongation and reduction in area. Such steels must be 
used with caution because, unlike more ductile materials, they cannot yield 
and permanently relieve concentrated stresses. When subjected to pulsating 
stresses, they are especially likely to fail, breaking violently and scattering 
fragments. With all steels used in high-pressure work, but especially with 
these strong but brittle alloys, it is necessary to round off corners which might 
otherwise be the site of excessive stresses.

At higher temperatures reliance can no longer be placed exclusively upon 
simple stress calculations because of the importance of creep, i.e., the tendency 
of the material to stretch continuously under long-continued stress. As 
more .delicate instruments for measuring strain are developed, the stress 
which causes an observable continuous change in dimensions becomes lower 
and lower. Since it is thus improbable that at any given temperature there 
is a lower limiting creep stress, it is variously recommended that the maximum 
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fiber stress be taken as that causing 10^^8 strain (change in length per unit 
length) per hour, or as two-thirds that causing 10-7 strain per hour (10~a 
strain per hour = 0.0088 per cent deformation per year). Data for the 
former are lacking, but there is a great body of data, including the latter, in

r_ Inside Dioimeter 
Outside Diameter

Fig. 1.—Comparison of formulas for wall thickness of cylindrical vessels, based on 
a value of 0.25 for Poisson’s ratio.

“ Compilation of Available High-temperature Creep Characteristics of Metals 
and Alloys,” by the Creep Data Section of the Joint Research Committee 
on Effect of Temperature on the Properties of Metals, A.S.T.M.-A.S.M.E., 
Philadelphia and New York, 1938.

When creep data are not available, data on the tensile properties of the 
materials must be used, but with caution. If the material has been heat-
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treated, it should be used only at temperatures substantially below that at 
■which it was treated, and even then the occurrence of slow changes may cause 
trouble. Tensile tests should be made on specimens thoroughly aged at 
the test temperature.

When heat is transferred through the walls of a pressure vessel, the stress
distribution is changed. If heat is 
Sowing in from the outside, the 
outer fibers are warmer than the 
inner; the outer fibers are kept from 
expanding freely by the inner ones, 
with the result that the outer fibers 
are under compression and the 
inner fibers under tension. When 
the flow of heat is in the other direc­
tion, as in coolers, the direction of 
the temperature stresses is reversed. 
These stresses are added to those 
caused by internal pressure, so that 
it may be said that the presence of 
a flow of heat toward the inside of 
the tube makes it necessary to use 
thicker walls than would be neces­
sary if there were no heat flowing; 
and, on the other hand, if heat flows 
in the other direction, the maximum 
stress is reduced and thinner walls 
may be used.

The inside tangential stress due 
to the presence of a temperature 
gradient resulting from external 
heating may be calculated from the following formula (see Fig. 2) :

2

Fig. 2.—Plot for calculating internal and 
external tangential temperature and pressure 
stresses.

/tK^i 2 -R2 Li r>R Γ
rr∙

■2I-R22 ɪ- Ł 4
12~

1 R~~ I + R2I-R2
"**

s"-5⅛⅛>λ'<∞(1
where Sτi — inside temperature stress.

l/m ≈ Poisson’s ratio, m = about 4 for steel: 3.3 for KA2 at cracking­
still temperatures.

= coefficient of expansion.
= Young’s modulus of elasticity.

+JLA
- R2 In R J

a
E

Δ7' = temperature drop through the walls.
R — ratio of inside to outside diameter.

To this must be added algebraically the inside tangential stress due to pressure 

„ P(l + β≈)⅛i =

At the outer surface the tangential temperature stress is given by

,-<"(⅛÷i⅛)m
St° 2(m - 1)

and the tangential stress due to pressure is 
2PR2

Sp° ~ I-R2
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For a more complete discussion of temperature stresses see Luster [Design 
of Thick-walled Tubes Subjected to Pressure and Heat Input, Trans. Am. 
Soc. Meeh. Eng., Fuel Steam Power, 53-12, 161-172 (1931)].

Thermocouple wells or catalyst containers across which there is a large 
pressure drop resulting from high velocities or the presence of partial plugs 
present the reverse of the conditions described above, inasmuch as the pres­
sure is applied to the outside of the cylinder. In long cylinders with R < 0.9 
the collapsing pressure may be calculated from the following formula:

*Sγ.p. _ 2

P collapse ɪ

in which >Sγ.p. = stress at the yield point.
-Pcoiiapse = collapsing pressure.

In thin-walled cylinders the collapsing pressure falls off very rapidly, espe­
cially when R is between 0.95 and 1.0. See Jasper and Sullivan [The Col­
lapsing Strength of Steel Tubes, Trans. Am. Soc. Meeh. Eng., Applied 
Mechanics, 53-175, 219-245 (1931)] for further details. Tubes subject to 
these conditions should be as nearly round as possible, for variations in wall 
thickness and in out-of-roundness both affect the collapsing pressure.

Design of Apparatus
Joints. The problem of joining two surfaces pressure-tight may be solved 

by the use of threads, by metallic bonds applied in the molten state, or by 
mechanical compression with line contact or 
with gaskets. Very satisfactory cold joints can 
be made by threading tubing, wetting it 
thoroughly with solder, and screwing it into a 
coupling which is already wet with solder, 
producing the so-called “tinned” joint. When ɪrɪɑ ɜ_ Types of weld,
higher temperatures are involved, however, the 
use of such familiar methods as brazing or hard soldering is restricted by the 
fact that the soldering metal, unless its choice is the result of careful tests, 
may form alloys of undesirable brittleness with the steel, producing weak 
joints. By far the most satisfactory joint of this type is the autogenous weld, 
made with either the electric arc or the 
oxyacetylene torch. When a capable 
welder makes a joint of this type, using 
welding rods to give a weld of the same 
composition as the metal he is joining, 
and properly heat-treating it afterward, 
there is no reason why the weld should 
not be at least as strong as the walls it 
joins. In Fig. 3 are shown four welds. 
At a is shown what often happens unless 
the faces to be joined are turned or filed 
to form a V-notch. Such a weld is weak 
of penetration, and the likelihood that cracks will be present, forming little 
regions of high stress intensity which are always potential sources of trouble. 
The joint at b is better, with much improved penetration, but in trying to 
avoid narrowing the channel as in d the welder has left a notch which may 
cause trouble from excessive stresses. The weld at c is free from these 
objections.

Fig. 4.—Cone joint.

because of lack of metal, lack
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Fig. 5.—Line 
contact of cone 
joint.

Fig. 6.—Cone turned 
on tube end.

in Fig. 7 tight.

A threaded joint made with one-half the taper of standard pipe threads 
is capable of giving good results when made by a skillful mechanic. Its use 
is for the most part limited to pressures of 2000 or 3000 lb. per sq. in.

Small pipe lines, perhaps up to ⅜ in., can be joined very 
satisfactorily by means of the cone joint shown in Fig. 4. The 
angle of the cone is 58 or 59 deg. and of the seat 60 deg., thus 
providing for line contact as shown in Fig. 5. This joint 
should be made with a greater than b, and b sufficiently long 
to permit four or more threads to engage even when the seat 
is new. Such a joint is good for pressures up to at least 1500 
atm. In contrast to this joint, which must be welded to tub­
ing, is that in Fig. 6, in which the cone is turned on the end of the tubing. 
This has the disadvantage of somewhat weakening the tubing at the end, by 
decreasing the wall thickness. When the seats of these 
joints become scored with use, they may be refaced with 
a small hand reamer. Other workers obtain line con­
tact by using an ovoid instead of a cone, though this 
shape is more difficult to machine and its superiority 
is doubtful.

Line contact between a conical and a spherical sur­
face, the first faced on the end of the tubing, the second
ground on a hardened “lens ring,” makes the joint shown 
Left-hand threads on the flanges prevent them from moving toward each other 
as the outer members are turned up. 
Similar in principle is the wave-ring 
joint in Fig. 8. This joint must be care­
fully machined with clearances so close 
that the parts must be pushed together, 
but it is self-sealing and with care can 
be assembled many times.

A wide range of sizes is covered by the 
joint shown in Fig. 9. To make it, the 
tubing is first threaded, then three hand 
reamers are used in succession to face 
the ends, cut the gasket groove, and cut 
back the threads at a so that the cupped 
gasket can slip over the end. This form of gasket makes it possible to 
assemble the joint in a horizontal position.

Gaskets may be made of lead, copper, silver, aluminum, soft iron, vul­
canized fiber, or other relatively soft materials. Care 
should be taken to select smooth sheets. Copper gaskets 
⅜2 to M6 ɪɪɪ* tlɪiɑk are satisfactory for many purposes 
when annealed by heating to redness. Quenching them 
in methanol or other organic materials will prevent the 
formation of oxides on the surface but is not usually 
necessary. The width of copper gaskets is regulated by 
the necessity of producing a pressure of 60,000 lb. per sq. 
in. in the gasket so that it will flow into the grooves or 
tool marks which make the joint tighter.

The following method of calculating gasket widths for 
unconfined copper gaskets is due to Ernst and his coworkers. [Ernst, 
Reed, and Edwards, A Direct Synthetic Ammonia Plant, Ind. Eng. Chem. 
17, 775 (1925).]

Left'" 
hand × 
threads

Ground spherical 
surface^

XΠJ
'’Hardened Steei

Lens ring

'` Conical surface

Fig. 8.—“Wave-ring” 
pressure joint.
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Fia. 9.—Pressure joint.

where P

Let A 
N

t

F

D

= internal pres­
sure, lb. per 
sq. in.

= gasket thick­
ness, in.

= coefficient of 
friction 
sliding, 
to 0.20.

= inside diame­
ter of gasket, in.

= gasket area, sq. in. (i.e., area of gasket annulus).
= number of bolts.

Then 60,000 A/N is the load per bolt, 
which must not exceed a safe value 
for the strength of the bolt or for the 
intensity of shearing stress at the root 
of the bolt threads.

Figure 10 shows a flanged and ring- 
gasketed joint suitable for larger sizes 
of tubing, for which there is an A.P.I. 
standard. Other flanged joints are 
made in which the bearing surface 
is a gasket between the surfaces of the tubing, much as in Fig. 9, so that no 
welding is required.
. Lines may be joined to apparatus in several ways, two of which are shown

Fig. 10.—Ring joint for large tubes.

High tensile 
Sfrengih studs

"- " ^Forgeoi steel flange
IH Π
⅝---Softiron toroidal 
⅛⅛¾ gasket

ofFig. 11.—Method 
attaching line to appa­
ratus.

in Figs. 11 and 12. Theupper 
end of the connection in Fig.
12 has the disadvantage of 
requiring space to provide for 
backing out a considerable dis­
tance; this is somewhat offset 
by the advantage that the gas­
ket is subjected only to normal 
pressure, with no twisting to 
tear at the surface as in the 
ɪower gasket in Fig. 11. Both 
figures show how an ample cut­
back at the gasket seat allows 
for the free radial flow of the 
gasket under compression.

In making up the joint in 
Fig. 12, the surface a should be 
liberally lubricated with a paste 
of powdered graphite and 
Gredag having approximately 
the consistency of putty. This same mixture should be applied to all threads 
ana bearing surfaces when tightening pressure vessels, especially those 
Bubjected to high temperatures, in order to minimize binding. Long exposure 
to high temperatures causes the graphite to burn away. To minimize

Fig. 12.—Method of 
attaching line to appa­
ratus.
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seizing and galling in threads, it is necessary to avoid extremely tight fits 
and to have the pitch of the male and female threads the same within very

13—Pres­
sure connection for 
introducing coils.

Americnn Instrumeat C⅛.

Fig. 14.— 
Simple high- 
pressure valve.

close limits. Coarse threads may more easily be made free 
from galling than fine ones, but their use entails a sacrifice 
of mechanical advantage and bolt strength. Threaded 
joints may be greatly improved by being ground in with 
fine grinding compound. A difference in hardness in the 
mating parts will frequently prevent seizing.

The connection shown in Fig. 13 serves for the intro­
duction of coils for internal heaters or coolers through the 
heads of vessels. For tightness this connection depends on 
a line contact made on the cone by the edge of the seat and 
on a squeezing of the thin edge of the cone against the tube.

For most purposes it will be found that the U. S. fine 
standard screw-thread series will give satisfactory results. 
Buttress threads are recommended for the interrupted- 
thread type of closure for reaction vessels.

Valves, Valves intended for use at high pressures differ 
from others principally in the thickness of the walls and in 
the high-pressure drop across the seat which makes gate 
valves impracticable and causes severe erosion in regulating valves by reason 
of the resulting high velocities. In Fig. 14 is shown the 
simplest high-pressure valve: a hardened conical point which 
forms its own seat in the steel of the body. When the seat 
becomes worn, a flat-bottomed drill is used to face it off, 
allowing the point to reseat itself. Such a valve is useful in 
the laboratory and for taking small samples or determining 
liquid levels in the plant.

A very useful small valve for plant and laboratory is shown 
in Figs. 15 and 16, the one machined from a section of steel 
bar, the other from a forging. For high temperatures this 
valve may most suitably be packed with asbestos impregnated 
with graphite. The packing is held between two spacers which ensure normal 
pressure on the upper sur­
face and prevent the pack­
ing from clogging the 
threads through which the 
stem advances. The valve 
point must be hardened and 
ground. If the distance a 
is relatively large, the valve 
may be reseated many 
times. By moving the con­
nection b' up to the level 
of b and adding another 
opening at the bottom, this 
valve may be changed into 
a T-valve, useful in con­
structing manifolds.

The double -cone point on 
the stem, shown in the 
forged valve illustrated in Fig. 17, permits it to be repacked under pressure. 
The upper seat is screwed in on a gasket, using a tool that fits into recesses in

Fig. 15.—Machined valve.
Fig. 16.—Valve from forg­

ing.

Fig. 17.—Forged valve for 
repacking under pressure.
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Fig. 18.—Two- 
piece valve stem 
and removable 
seat.

Fig. 19.—Valve for high temperatures.

VALVES 2177
the upper surface. By making the angle of the point smaller this may lɔe 
ɪɪaɑe into a regulating valve, but, if this is done, the body should be some- 

.∣i*' oiMer and the seat reamed out to give a larger surface of contact.
Ihe two-piece stem and replaceable seat of Fig. 18 have advantages 

over the arrangement in Fig. 17 and may be used in a body that is only slightly 
arger than that of Fig. 17 to accommodate the seat. Both 

e point a and the seat b should be made of material of great 
oughness, to resist the very severe erosive action of the 

Material flowing across the seat under a large pressure drop.
gasket at c makes it unnecessary to depend upon the 

breads for tightness. By allowing proper fillets, the tend­
ency of the button d to break off may be diminished. As 
he valve point moves only back and forth in the seat there 

ɪs no tendency for it to score, but this same movement makes 
1, impossible to close the valve when there is scale or catalyst 

bst to lodge in the seat. Though no valve is completely 
satisfactory under such adverse conditions, the operation 
May be improved by the use of very hard, strong materials, 
ɛueh as nitralloy or Stellite, for the seating surfaces. A bit 
o scale that lodges in the valve may then be crushed and 
Wown through, permitting the valve to close.
th v^ves so far considered the threads and packing are too close to
' e,**u^ stream to be satisfactory at really high temperatures. In Fig. 19 
ɪs shown a valve with a three-piece stem and a long extension to the upper 
Part of the valve body, by which the threads and the packing are removed 
rom the region of high temperatures, 

ɪɪ required, the extension may be water 
cooled or provided with fins for air cooling, 
t he principal difficulty is differential ex­
pansion between the stem and the bonnet, 
ɪ he insertion of a gasket at a permits the 
valve to be repacked in the open posi­
tion. The rounded end of the stem gives 
opportunity for the slight play required by 
’he point in finding the seat. With slight 
changes in the design of seat and point, 
his valve may be transformed from a 

81obe into a regulating valve. The com­
plete removability of the seat and stem 
Permits the valve body to be welded into 
Place without much danger of trouble 
ɪɪ'oɪn warping.

One of the principal sources of trouble 
With high-pressure valves is the tearing 
away of packing by slightly rusted stems— 
a trouble readily avoided by the use of 

am ess steel. . .uw Vnvumsiaiices require, we 
VenTfde °f *?0??1 metal °r other special alloys, l.ia,uy wviʌeis provɪue a 

tor gas leaking past the upper seat of repackable valves, thus preveiit- 
. 8 a possible accident when the bonnet is removed and the packing is no 
longer held in place.

®y,a shght .saorifice Pf symmetry the weight of many high-pressure valves 
y be materially reduced, the fabrication made somewhat easier, and some

When circumstances require, the stems, seats, and point may 
. 4-^ι _xi__ , „ . Many workers provide a



2178 HIGH-PR ESS URE TECHNIQ UE

b would be

Mathieson 
Alkali Works

Fig. 20.—, 
Mathieson 
Alkali pres­
sure valve.

Emst, Reed

Fig. 21.— 
High-pressure 
relief valve.

confusion avoided. Looking at Fig. 17 it is at once apparent that if the left­
hand opening were on a level with the seat, useless metal at 
eliminated, the wall at a could readily be made thicker, the 
slanting inlet would be discarded, and no one could be in doubt 
as to which is the inlet side of the valve. The same is true of 
Fig. 19.

Although in these valves the principal weapon against 
erosion is the hardness and toughness of the steel used, a recent 
design suggested by the Mathieson Alkali Works, Inc.,, avoids 
the trouble by using fresh surfaces as the wear progresses. 
This stem and seat are shown in section in Fig. 20. The stem 
is lapped into the seat with a clearance of but 0.0001 in., and 
as wear occurs the stem is advanced farther and farther into 
the seat. A conical portion at the upper end provides for com­
plete closure.

Safety requires that the valve stem be provided with a 
shoulder in a position such that if the threads by which it is 
advanced should break, the stem would not be ejected with 
great force from the valve. Valves should be anchored securely 
in position so that in opening or closing them the leads will 
not be subjected to unusual stresses.

There is some difficulty in making high-pressure relief valves 
reseat themselves after relief. Such valves are a source of 
danger, for the tendency is to screw down on the spring until 
the valve does reseat, whereupon the valve ceases to be use­
ful as a safety device. In Fig. 21 is shown a cross section of a 
high-pressure relief valve that can be made to relieve pressure 
thousands of times, reseating itself each time. It differs from 
ordinary relief valves in that the ball contact at the top of the 
disk makes it self-aligning, and that the edge of the seat is 
machined, ground, and lapped with the greatest of care to 
ensure that the seat is sharp edged and free from the smallest 
imperfections in the sealing surface. A convenient width of 
the seat is 0.01 in. Then if ΔP is the allowable difference 
between operating and relief pressures, and D is the diameter 
of the seat, and if the seat pressure must be 20 per cent higher 
than the operating pressure in order to prevent leakage, as 
was found by Ernst and Reed [A High-pressure Relief Valve, 
Mech. Eng., 48, 595 (1926)] at 5000 lb. per sq. in.,

0.048P
(AP)

It was found in actual practice by Ernst and Reed 
that, if leakage of a few cubic feet per day can be 
tolerated, a valve with a disk calculated in this way 
can be set to relieve with only one-half as great a 
pressure difference. The seat is made in a gasket of 
copper or other soft material.

Figure 22 shows a check valve for use at high pressures.
In Fig. 23 is shown a cross section through a magnetic control valve 

by means of which small streams of material may be controlled. The 
operation of the valve is controlled by means of a relay actuated by a contact 

Valve 
guide

Valve 
stem 
guide

Fig. 22.—High-pressure 
check valve. {Courtesy of 
American Instrument Co.)

Jfopper 
' gasket
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on a Bourdon gage. The force pushing up against the needle 
valve is approximately balanced by the valve spring, so that 
a relatively slight pull on the armature serves to open the 
valve. Suitable modifications of the ordinary motor-operated 
valve will give excellent service in high-pressure lines requiring 
automatic or distant control of flow.

Sight Glasses and Windows. Cylindrical sight glasses 
of the usual sort, though readily constructed and capable of 
being used at high pressures, are actually little used because it 
is difficult to secure perfect alignment and because unequal 
thermal expansion causes the glass to break. Where only an 
indication of level is desired, other methods are available, 
some of which are discussed below. Where circumstances 
require the use of cylindrical glasses the table below, from 
Onnes and Braak [quoted by Bone, (Bone, Newitt, and 
Townend, “Gaseous Combustion at High Pressures,” Long­
mans, London, 1929)], may be used as a guide.

In Fig. 24 is shown a transverse section through a sight glass 
manufactured by the Diamond Power Specialty Company for 
high-pressure work. The really high stress intensities which 
make the apparatus tight are not transmitted to the glass at 
all but are found in the edges of the three sheets between the

Fig. 23— Magnetic con­trol valve.
Bursting Tests on Glass Tubes

Outside diameter, mm. Inside diameter, mm, Ratio Bursting pressure, atm.

5.86.79.210.43.86.4
0.460.243.004.002.424.78

12.6027.903.062.601.57
12001100380240283221

glass and the body. Being subject to 
the considerably lower pressures of the 
asbestos gasket on one side and the gas­
ket plus the operating pressure on the 
other, the glass is sufficiently free to 
move so that it adjusts itself to changes 
in pressure and temperature. The man­
ufacturers state that it can be used at as 
high as 2200 lb. per sq. in.

Bone (loc. cit.^) describes a quartz win­
dow which is illustrated in Fig. 25. 
The truncated quartz or glass cone is 
ground into the steel shell and held in 
place with an asbestos-graphite washer 
and a steel collar. The window is said

Flat cf/ass

to be tight against explosions producing 1?IG· 24∙—High-pressure sight glass, 
pressures of 400 atm. (Couries^ oʃ Diamond Power Specialty

Conical windows, however, are grad- ɑðɔ
ually forced so far into the steel shell that when the pressure is reduced the 
elastic recovery of the shell subjects them to such high radial compressive
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Bone, Newi++ 
Townend

Fig. 25.— 
High-pressure 
quartz window. 
(By permission 
of Longmans, 
Green & Co.)for very short periods.

~Ebonite
cone

t⅛m*' 'ZincMychbride
H, perm⅛s⅛n of Cement
Congmons1Gretn 4 Ce,

Fig. 27 .—E Iectric 
lead for high pressure.

,'Insulating
^ washer

stresses that they break. Poulter [A Glass Window Mount­
ing for Withstanding Pressures of 30,000 Atmospheres, Phys. 
Rev., 35, 297 (1930)] has described a window which, in modi- 
fied form, Bridgman [“The Physics of High Pressure,” Mac­
millan, New York] has illustrated as shown in Fig. 26. The 
cylindrical window is merely fastened over the central hole 
with a little adhesive to keep it in place. The steel-to-glass 
surface is carefully finished, but it is not necessary to ensure 
optical flatness of either the glass cylinder or the steel plate on 
which it rests. Windows of this type, with various modifica­
tions, have been used at pressures of several thousand 
atmospheres.

Electric Leads. It is sometimes necessary to introduce 
electric apparatus into pressure vessels. In Fig. 27 is shown a 
lead described by Bone (Zoc. cit.) for use at low temperatures, 
or under conditions where heat lasts ^ 
The joint is made tight by warming 
the lower end of the lead to soften 
the ebonite, then tightening the nut 
at the top, repeating the process 
two or three times if necessary, and 
finishing with the application of 
zinc oxychloride cement.

In Fig. 28⅛ is shown a simple but 
very effective lead of a type manu­
factured by the General Electric 
Company and capable of being used 
at 450oC. and 300 atm. (Mackay, 
“Seal for Electric Devices” U. S. 
Patent 1,456,110). Two methods 
of manufacture are possible: one 
consists in reaming out the steel 
shell and pressing the glass in place 
at a temperature at which it is plas­
tic. Using this method it is possi­
ble to make more complicated leads, 
containing two or more electrodes 
in the same fitting. The second 
procedure consists in assembling 
lead, glass, and shell, the last coni­
cal on the outside, as shown in 
Fig. 28α, then heating and swaging 
until the shell is conical on the inside 
and cylindrical on the outside, and 
the glass fills the inner space. With 
use, cracks may appear, but these 
can in many cases be filled with 
water glass. The conical shape of 
the glass core effectively prevents 
it from being blown out.

Figure 29 shows still another type 
of lead which is suitable for both high pressures and high temperatures and 
has been found very satisfactory by the Fixed Nitrogen Research Laboratory. 

PouHer1CoDinsjDridgmee'

Fig. 26.—High- 
pressure cylindrical 
window.

Swaging Swnging
Fig.

trie lead for high 
pressure.

28.—Elec- Fig. 29.—Electric lead 
for high pressure.
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Fig. 30.—Methods of closing cylinders.

It is also worthy of mention that some workers have found automobile spark 
plugs of value as high-pressure leads.

Reaction Vessels. Reaction vessels are usually forged or welded cylin­
ders, of which many are covered by the A.S.M.E. Code for Unfired Pressure 
Vessels and the A.P.I.-A.S.M.E. Code for Unfired Pressure Vessels for 
Petroleum Liquids and Gases (see list of references, p. 2168). Even where these 
codes do not apply, or apply only through paragraphs calling for experimental 
Proof of the safety of the design, they are very useful guides. The sections 
of the A.P.I.-A.S.M.E. Code dealing with tests and inspection will be found 
especially helpful. After fabrication, 
Pressure vessels should be tested under 
hydraulic pressures 50 per cent higher 
khan the operating pressure for a suf­
ficiently long time to permit the detec­
tion of leaks. On welded vessels the 
pressure should then be reduced to 25 
Per cent more than the working pressure 
and the joints hammered with hammers 
whose heads have weights in pounds
equal to ten times the thickness of the metal in inches, but no more than 10 lb. 
The pressure should then be raised to 50 per cent more than the working 
Pressure, and leaks again should be sought for. If the equipment is to be used 
at an elevated temperature as well as at high pressures and cannot be tested 
under operating conditions, it should be tested at a correspondingly higher 
pressure at ordinary temperatures. A word of caution is necessary here: 
there is a general belief that when a vessel is tested under hydraulic pressure 
and fails, the metal splits and, as a result of the low compressibility of water, a 
small amount of water oozes out quietly. Though this is true in general, yet 
at high pressures the potential energy stored up as elastic 
deformation of the walls of the vessel and compression 
of the liquid is by no means small, and pieces weighing 
several hundred pounds have been hurled 10 to 50 ft. with 
great violence when a vessel was tested to destruction.

In Fig. 30 are shown several methods of closing cylin­
ders. The ring R of type a is provided with interrupted 
buttress threads which permit it to be dropped in place 
and rotated a fraction of a turn until the threads engage. 
The closing head is then tightened down on the gasket 
by turning the bolts in the ring. Smaller cylinders 
may be closed by the method shown at 5. At c is 
shown a method similar to a except that the threads are outside the 
cylinder. Though it excels in simplicity and in the ease with which it is 
machined, the closure shown at d has the disadvantage of somewhat weaken­
ing the cylinder walls. However, the method of manufacture often permits 
the head of a pressure vessel to be enlarged to provide space for a bolt circle, 
as in Fig. 31, so that weakness of the walls need not follow the use of method d. 
In Fig. 31 a type of closure is shown in which the threads that hold the head 
in place do not also take up the stresses required to compress the gasket.

It is worth mentioning that enlargement of the head of a vessel permits an 
increase in the space for inlet and outlet tubes, thermocouple wells, and so on, 
that is of great value in making the vessel easy to use. The top of the closing 
head should project above the bolt heads as shown at Fig. 30α, whenever the 
setting permits the bolts to be tightened with such an arrangement, as

Coppergctsket

Ammonia Casak SA. 
βri∕. Pał. 294,756

Fig. 31.—Closure.
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Sharp corners should

Wαrια Casale- Sacchi BriKftit 523.139
Fig. 32.—Section 

through reaction 
vessel.

tightening the connections is thereby made much easier. A comparison of 
Fig. 30α with Fig. 33 will illustrate this point.

Usually only one end of a reaction vessel is closed with a plug, the other 
end being integral with the walls. If the integral end is a hemisphere concave 
outward, its thickness may be that of the walls, but if it is flat, the thickness 
must be materially increased to obtain the stiffness required to resist buckling 
(cf. Fig. 33). For the same reason plugs or combinations of plug and nut as 
in Fig. 30α, b, and c are thicker than the vessel w'alls. 
be avoided so as to prevent stress concentration.

The design of the inside of reaction vessels is highly 
specialized, depending upon the nature of the reaction. 
Figures 32 and 33 illustrate two of the many possible 
arrangements. Following the gases entering at the 
bottom of Fig. 32, one finds them passing through an 
injector where they pick up recirculating unconverted 
gas, then through an internal heat exchanger made of 
concentric cylinders one of which is provided with cor­
rugations or other means for increasing the effective­
ness of heat transfer, next up around an internal 
heater, down through the catalyst, through the heat 
exchanger, and then along a cooler which condenses the 
product. The residual gases pass through ports into 
the injector, and the liquid product passes out at the 
bottom. If any inert gases are present, some means 
must of course be provided for removing them 
continuously.

The cooling system shown in Fig. 32 is made up of 
two shells. Shell 37 is provided with a helical cut 
turned in a lathe. The surfaces between shells 36 and 
37 are carefully finished, bat the inside of the pressure­
resisting vessel need not be so carefully prepared. Now 
when the vessel is made up and pressure is applied, the 
pressure on the inside of shell 37 expands it and shell 36 against the walls of 
the main vessel, making a tight joint between shell 36 and shell 37, and thus 
providing a channel for the cooling medium.

The reaction vessel shown in Fig. 33 receives the material at the bottom, 
whence it passes up between the outside walls and the catalyst chamber, 
thus helping in maintaining the walls of the vessel at a low temperature. 
At the top of the chamber, the gas passes down around the outside of three 
sets of heat-exchanger coils in parallel, then around the internal heater. At 
the bottom of the heater it enters the first catalyst zone, where a high linear 
velocity somewhat distributes the heat output due to the reaction. The 
second zone, of larger area, receives the partially reacted gas, giving it more 
time to approach equilibrium; this process is carried still further in the still 
larger third zone. Such an arrangement serves to level out the temperature 
gradients in the reaction vessel. In vessels of simpler design the same end 
is attained by diluting the catalyst that meets the incoming gas. From the 
catalyst bed of Fig. 33 the gases pass through the coils of the three heat 
exchangers out to a condenser. Electric leads for the heater are provided 
both inside and outside the vessel. Thermocouple wells are provided in the 
first and third catalyst zones.

Though an injector is shown in Fig. 32 as a means of recirculating the gases, 
it should be noted that the use of a booster or recirculating pump will usually
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Fig. 33.—Section through 
reaction vessel.

give flexibility and satisfactory service. The manufacturers of high-pressure 
compressors can also provide pumps of this sort.

The decision whether to use a short vessel of large diameter or a long, 
harrow one must rest on a careful consideration of a number of conflicting 
factors. If a long, narrow vessel is used, the actual thickness of the walls 
Vzill be less and the area of the walls greater 
than in a short, wide vessel. These conditions 
favor the transfer of heat, but the greater area 
of the walls may increase the yield of undesirable 
by-products which are the result of the catalytic 
action of the walls. The high linear velocity in a 
long, narrow vessel favors heat transfer to a still 
greater extent than the thinner walls, but it has 
the disadvantage of causing a large pressure 
drop. Not only does such a pressure drop rep­
resent a loss of power, but if the direction of flow 
is downward through the catalyst bed, the pres­
sure drop added to the force of gravity may 
crush the catalyst. If the flow is upward through 
the catalyst, on the other hand, the catalyst 
may be picked up bodily and churned to dust.

Pumps and Compressors. Little has been 
Published about the highly specialized art of 
designing compressors for very high pressures. 
Standard gas compressors for 4000 to 6000 lb. 
Per sq. in. are readily available and are very 
satisfactory, but compressors for 6000 to 60,000 
lb. per sq. in. are still to be considered special 
equipment.

Certain generalizations may be made, however. 
Tor pressures of 1000 to 1200 lb. per sq. in., three 
stages are usual; four stages may be used up to 
5000 lb. per sq. in.; five to seven stages, up to 
15,000 lb. per sq. in. It should be remembered 
that the power required for compression rises 
only logarithmically with the pressure (c/. Fig. 
34), so that usually this is a relatively small part 
θf the cost of an increase in pressure. Though 
many stages make the compression more nearly 
isothermal and hence reduce the power required, 
the advantages of increasing the number of stages 
as shown in Fig. 34 are offset by the increasing 
complexity of the apparatus and the rising cost 
as the separate cooling systems between the 
stages are added.

Experience shows that the parts of gas com­
pressors that give most trouble are valves, piston 
packings, and stuffing boxes. Accordingly, good 
design requires that these parts should be as accessible as possible. It is advan­
tageous to have valves made of stainless steel to resist corrosion, and to make 
them as large in area as construction permits—even putting two or more in 
Parallel if necessary, as the high gas densities make erosion important. Figure 
35 shows a section through a plate valve that is very light and can be used in a
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Pressure, Lb. per Sq.tn.
Norwalk CompressorCo,

34.—Power requirements of 
three- and four-stage compressors.

rte
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recirculating pump or in the lower stages of a compressor, where the pressure 
drop across the valve is not too high for so thin a disk to withstand. Higher 
pressure drops in the later stages require 
more sturdy construction.

Single-acting pistons are fairly readily 
packed by using a long stuffing box with 
a suitable packing. Figure 36 shows two 
kinds of packing. That at a has given 
excellent service at the Fixed Nitrogen 
Research Laboratory. It consists of alter­
nate rings of bearing metal and steel, 
having respectively an X-shaped and a 
lozenge-shaped cross section. The steel 
rings keep the bearing metal slightly Fig. 
expanded to fit the shaft. The S.E.A. 
rings shown at b have the feature that the
pressure drop from ring to ring keeps the thin edge of 
the ring snugly against the piston. The space c 
may be partially filled with a lubricant. These rings 
are made of rubber and graphite composition with 
cotton or asbestos reinforcement. By using two sets 
of rings opposing each other, which are so constructed 
that the flap rubs against the cylinder wall, it is pos­
sible to make use of them for double-acting pistons. 
More usual, however, is the use of piston rings simi­
lar in principle to those on automobile pistons.

Figure 37 shows a special piston-ring type of pack­
ing, devised by the Garlock Packing Company 
high-pressure service, though these rings, like 
the packing described above, fit in a recess in 
the cylinder wall and do not travel with the pis­
ton. Each ring is made up of three tongued- 
and-grooved pieces, held together against the 
piston by an encircling spring. When made 
of cast iron or high-lead bronze and used with 
a nitralloy piston, this type of packing is 
reported to be very satisfactory.

Whenever possible, the piston should extend 
through both ends of the cylinder, for then by 
supporting the piston at both ends the cylinder 
walls may be relieved of its weight. With 
progressive wear the cylinders will then retain
their circular cross section, and their life and tightness against leaks will be 
improved. It is advantageous to arrange the cylinders of the high-pressure 
stages in such a way that they may be replaced by spare cylinders in a short 
time. This may be done by placing the last two stages on either side of the 
wrist pin, or on either side of a reciprocating traverse which is supported by 
a shoe and connected around one of the cylinders to the wrist pin by means of 
two long heavy bars.

Compressors are lubricated by means of small hydraulic pumps which 
feed oil into the cylinders and stuffing boxes. The use of too much oil is to 
be avoided, since it causes erosion of the pistons and packing. In compressing 
oxygen, oil cannot be used because of the excessive danger of explosions; water

Emst, Reed, Edwards

Fig. 35.—Plate valve.

(oι) FixedNitrogen RcsecfrchLaboratory
(b) S. E.A. rings Ronald Trist & Co. LW-

Fig. 36.—High-pressure pack­
ing.
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using either oil or

Srooee

4¾ngυe'
Fια. 37.—High- 

pressure piston­
ring packing, ■-

ls the usual lubricant for this purpose. In services in which liquids may 
cOndense in the compressor, the condensate itself is sometimes used as the 
lubricant.

With a feed of gas at 4500 lb. per sq. in. or higher it is possible to perform 
the final compression to 15,000 lb. per sq. in. hydraulically, 
Water. This method is of great usefulness in small-scale 
testing, but it is by no means confined to such use, as 
cOmpressors with fifth- and sixth-stage pistons operated 
by hydraulic intensifiers have been built to handle as 
hɪueh as 160,000 cu. ft. of free gas per hour at 1000 atm. 
⅛ hydraulic work, the compressibility of the fluid cannot 
oe neglected at high pressures. At 1000 atm., the vol­
ume of water is reduced approximately 3 per cent, so 
that to obtain the greatest delivery from a high-pressure 
Pump it is necessary to keep the clearances as small as 
Possible.

For the injection of large amounts of 
liquids, hydraulic pumps of proved design 
have long been available. The small 
Pumps used as oilers on compressors will 
be found very useful for injecting small 
amounts of material. A frequent ar­
rangement of valves and piston in hydrau­
lic pumps of all sizes is shown in Fig. 38.

A type of packing for pistons that do 
uɑt move too rapidly was developed by 
Sridgman for use at pressures far higher 
thin those met in present-day commercial 
Work. This packing (Fig. 39) may be 
Used at lower pressures, not only for pis­
tons, but, with slight modification, for 
Joints in large apparatus. It consists of a 
Piston a with a separate end b. In an 
a-nnular space between the two is a much 

38.—-Valves piston of
hydraulic pump.

softer packing c, which may conveniently be made of rub­
ber provided the temperature and stress permit. For very 
high pressures and very slight motion, copper, aluminum, 
0r even soft iron may be used in place of rubber. The 
Upward force on the end of b is balanced by an equal down­
ward force on the upper face. As this force, however, is 
exerted only over the ring-shaped lower surface of the 
Packing, the force per unit area or the pressure on the upper 
face of 6 must be greater than that on the lower face. Now 
Ihe material of c is chosen so that it is plastic enough to 
transmit this pressure hydraulically to the sides of the 
cylinder at d. The hydraulic pressure at d is therefore 
always greater than that in the body of the cylinder, which accordingly 
eannot leak. At the same time, the clearances between the cylinder and 
the parts a and b are so small that the packing c cannot actually flow 
°ut of position. Figure 40 shows this principle applied to a joint. The 
small shoulder at e permits the joint to be made tight with no pressure 
ɪn the cylinder; but when pressure is applied, reliance is placed only on the 
higher pressure in c.

oer provided the temperature and stress permit.
a

FtG. 39,—Bridg­
man type of pack­
ing.
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Fig. 41.—Arrangement of hydraulic pump* 
valves, and storage cylinders.

In Fig. 41 is shown an arrangement of hydraulic pump, valves, and storage 
cylinders that has been found especially useful for testing purposes. One 
of the two cylinders, A, is filled with water which is then pushed out by gas 
at 300 atm. When the cylinder is full of gas, the waste valve is closed and 
water is pumped in until the pressure reaches 1000 atm. 
B has been supplying the needs of the system. When B 
is full of water it is cut off and refilled with 300 atm. gas, 
while A, still partly full, maintains the flow. It is possi­
ble to tell when the cylinder is full of water by the use of 
electric contacts or level indicators (see below).

Storage. * When it is necessary to provide for storage 
of gas under pressure or to provide a surge chamber to 
smooth flows or facilitate control, steel cylinders are gen­
erally used, connected in banks to a manifold. For pres­
sures up to 2000 lb. per sq. in. the familiar cylinders used 
for shipping compressed gases are 
readily available, though their small 
size militates against them. Spe­
cial cylinders must be made when 
larger volumes or higher pressures 
are required. Above 5000 lb. per 
sq. in., forged cylinders with the 
ends closed in one of the ways dis­
cussed under Reaction Vessels are 
usual. It is necessary to provide 
for draining such cylinders, either 
by a special connection at the bot­
tom or by inverting the cylinders, 
filling and emptying from below.

* See Sec. 20, p. 2276.
t Revised with the aid of E. D. Haigler.

If a spherical instead of a cylin­
drical storage vessel is used, a sav­
ing in weight estimated at 25 per 
cent results [Furrer, Jasper, and
Needham, “Special Containers for Transporting Gas under High Pressure, 
Mech. Eng., 51, 941 (1929)]. A single sphere, roughly 72 in. inside diameter 
and weighing 8300 lb. contains 15,400 cu. ft. free gas at a pressure of 2000 Ib- 
per sq. in. To equal this, 77 ordinary 200 cu. ft. gas cylinders would have 
to be used.

During this time,

Fig. 40.—Pressure 
joint.

Measurement and Controlf

Pressure. The most usual method of measuring pressure is by means of 
the Bourdon tube pressure gage, which consists of a flattened bronze or steel 
tube bent into an arc. As pressure is applied the tube tends to straighten, 
and this movement is transmitted to a dial through a suitable magnification 
train. Bourdon tubes for high pressures are made of steel. Since so much 
depends upon them, only tubes made according to the most exacting standards 
and carefully aged by the manufacturer should be used. It is customary to 
use the gages at one-half the maximum pressure provided on the scale on 
fluctuating pressures and two-thirds of that pressure when the pressure is 
steady. If a Bourdon tube is overranged and subjected to a pressure higher 
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than that at which it was stressed in the aging process, permanent distortion 
1Uay occur, causing recalibration to become necessary.

Gages that are in continuous use, and especially those subjected to constant 
fapid fluctuations of pressure, should be checked at frequent intervals. A 
convenient way of doing this is to have an accurate master gage that can 
be attached for comparison somewhere in the line to the regular gage. At 
regular intervals the master gage should be checked against a dead-weight 
gage.

The dead-weight gage consists essentially of a precisely fitted piston and 
cylinder. Pressure is developed by direct (or indirect) dead-weight loading 
Tk ɪɪθ ^s^on while it is being rotated or oscillated to avoid static friction. 
1 he oil or other viscous liquid with which the cylinder is filled serves both to 
transmit the pressure to the instrument under test and to lubricate the piston. 
With the effective piston area and the piston loading both precisely known, 
great accuracy is possible.

A pressure-measuring element operating on the dead-weight principle, 
Using a combination of dead-weight and mercury-column loading, is available 
roɪn the Bailey Meter Company. In it the high accuracy of the dead-weight 

Principle is combined with automatic operation, remote transmission of 
reading, and extreme suppression of range.

Also of interest is the piston-type pressure element with helical spring, 
ɪrɪade by Esterline-Angus. This element, made in ranges to 20,000 lb. per 
bQ∙ m., may be considered intermediate between the Bourdon spring, in which 
actuating area and resisting load or spring are one and the same unit, and the 

ead-weight loaded pistoni It is particularly suited for rapidly and violently 
Uctuating high pressures such as are commonly encountered in hydraulic 

testing of pipe.
Pressure control may be effected pneumatically, electrically, or hydrau- 

ically. Most commonly used are the highly developed flexible pneumatic 
systems which lend themselves equally well to open-and-shut, proportional, 
θr Proportional-reset control action. Now less commonly used, except for 
βPθcial applications, are the electric systems. While types are now available 

hιch avoid compromise of pen or pointer accuracy to secure adequate con- 
act actuation, the extra cost imposed by explosion-proof construction, when 

required, and the very considerable limitation of control accuracy or range­
ability and response imposed by floating-type, motor-operated valves, or by 
open-and-shut action valves in a by-pass, restrict the use of electric control. 
iɪnilar control limitations as well as relatively high cost have restricted the 

application of hydraulic controls.
* or opening and closing relatively small streams a solenoid-operated valve 

may be used (see Fig. 23).
Temperature. The temperature in high-pressure apparatus is usually 

JUeasured by means of thermocouples in wells which are let in either through 
e heads of the larger vessels or through special fittings in the connecting 

1∏es. Since cylinders are not stable to external pressure, it often happens 
at thermocouple wells collapse under conditions which do no damage tc 

Ovher parts of the apparatus. Unless, as sometimes happens, the tubing 
rθaks, the collapse in itself does no harm. It may of course be prevented by 
aving the thermocouple fill the well clear to the bottom, or, when this is 

Juipossible, by filling the empty portion with a rod which may be attached 
υ0 the end of the couple. The heat capacity and condition of heavy walls 
Joquired to resist the higher pressures make it impossible to get the exact 
eUiperature at any one moment or at any one spot in the surroundings of 



2188 HIGH-PRESSURE TECHNIQUE

the well. Where such exact measurement is required, the thermocouple or 

resistance thermometer leads may be brought in through connections of the 
sort described in the paragraphs on Electric Leads, and the bare junction 
or coil placed directly in the catalyst bed. Errors are introduced by this 
method as a result of the effect of pressure on resistance and thermoelectric 
force, but these errors are relatively small. A very practical method involves 
the use of a thermocouple consisting of an insulated constantan wire running 
through a copper or iron tube to the closed end of which it is fastened in such 
a way as to form a proper thermoelectric junction. Several such commercial 
thermocouples or several dozen special ones can be welded into a fitting similar 
to that in Fig. 11 and the whole screwed into the head of the reaction vessel, 
taking no more space than a single well. Wires from the constantan and the 
tube lead to the pyrometer switch or pyrometer.

Thermocouples in wells are often satisfactory guides, because in practice 
it is usual not to decide in advance upon the temperature at which a certain 
point shall be kept, but to find by trial a temperature that gives satisfactory 
results. Moreover, this fact makes it possible, when reaction vessels are 
externally heated, to control the reaction temperature not directly by a 
thermocouple well in the reaction zone but indirectly by a couple imbedded 
in the wall of the vessel, thus giving an assurance that the wall at no timθ 
exceeds a safe temperature. A thermocouple in the reaction zone then 
merely serves as a guide to the necessary wall temperature.

Temperature control itself presents no features different from that at IoW 
pressures, except that the huge forces unleashed when a failure occurs in a fired 
vessel or in a vessel in a confined space may upon occasion make it advisable 
to have dual control, so that if one instrument fails another is at hand to take 
up the duty automatically. The same considerations make it advisable to 
check thermocouples frequently and to make sure that they are not subjected 
to temperatures and chemically reactive atmospheres for 
which they are not suited. Just as in the case of pressure wmwwλ 
control, temperature control installations in high-pressure ɪj≡<' ~*^ Fhw

synthesis plants are now largely pneumatic. Especially 
rapid has been the extension of pneumatic control to 
potentiometer-pyrometer measurements.

Flow. Two types of flow meters are useful at high -√~~ ■ ʌ-- -
pressures: one the familiar orifice meter, the other the 
Thomas electric meter. The latter depends upon meas- vL "Υλ Jg 

uring either the temperature rise from a fixed heat input 
or the energy input to maintain a fixed temperature rise. ιrv /

In the laboratory this may conveniently be accomplished I
by winding two equal resistances on the tubing on either I
side of the heating element, making these resistances the I
arms of a Wheatstone bridge and measuring only the j
difference between them. This method has the advan- / 
tages of inherent compensation for temperature and pres- pδs7m}⅜m1 cv,z, 
sure changes in gaseous mediums but the disadvantages of _ Bosch flow
high cost and complication and extremely sluggish re- ' meter. 
sponse in plant-scale, high-pressure equipment.

In an orifice meter the problem is that of measuring a small pressure drop 
at a high absolute pressure. In the Bosch flow meter (Fig. 42) the two ends 
of a semicircular mercury-in-steel pivoted manometer are connected to the 
orifice in the main line of flow, using very fine tubing wound into coils which 
interfere as little as possible with the free motion of the tube. As the flow 
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is^rβasesLthe n}ercury rιees on the low-pressure side of the semicircle, which 
nn∙^nf8 j °ut ^ɪɪθ fulcrum to keep the center of gravity directly under the 
p ɪnt οι support. The motion of the semicircle is measured by a pointer 
and a scale.

Domestic industrial flow meters suitable for the high static and differential 
Pressures usually encountered are generally of the stationary U-tube and float 
nf+k √n t · f°x^oγo ∞θter, made in ratings of 5000 lb. per sq. in., the motion 

k∙ 1 ɪ8 carriθd directly to the pointer through a precision seal bearing, 
ich is lapped to negligible friction and leakage, when tested dry and then com- 

e y sealed by a film of lubricant. Similar pressure-tight bearing construc- 
ions are used in the Westcott (American Meter Company) meter and the 

ŋrown mechanical meter, both made in ratings to 2500 lb. per sq. in. In the 
ɪ. ɑθ ɪɪɪθfθɪ/ rated at 2500 lb. per sq. in., a pair of magnets mounted con- 

n rically within and without a pressure-sustaining non-magnetic tube serve 
place of the lapped bearing of Foxboro. In the Brown electric flow meter, 

a ein ratings to 5000 lb. per sq. in., the float raises and lowers a magnetic 
,,oιe in a pressure-sustaining non-magnetic shell, outside whic,h is a split 
ɪɪ uctance coil. A similar arrangement of coil and core in an indicator is at 

th Te ɑɪɪɪ^ w*ιen fɪɪθ positions of the two cores in the coils correspond. In 
ɪ θ Kepublic meter, the rise of the mercury is measured by means of resist- 
∕lces which are successively short-circuited as the mercury rises. The 
r e.1θury ɪ8 coverθd by oil and must be kept very clean. By arranging the 
c sιsta^ces 90 that the short-circuiting points rise in a parabola above the mer­

ry, the current is made to increase stepwise as the square root of the mer- 
ŋɪ80 an^ 80 directly as the flow. A voltage-compensated ammeter 

ieally an ohmmeter—serves as the indicator, and a voltage-compensated, 
ɪe-hour (or watt-hour) meter as an integrator.

he advantages and limitations of the various types influencing their 
e ection for specific applications are difficult to generalize upon. The 
eChanical meters are not inherently remote-indicating types like the electric 
θters, but they can be equipped with pneumatic or electric transmission 

ɪ ., θn re^u^rθd∙ The mechanical meters are usually limited by the unsuita- 
1 ity of available bearing lubricants for specific process conditions. The 

ʃ θn-magnetic tube meters are limited by the rapid decline of the transmitted 
g°rce or torque with the increasing tube thickness required for higher pres- 
inɪfk ɪɪɪθ coιd'ac^ me⅛ers are limited by their stepwise action, especially 

the lower part of the scale, and possibly by problems of keeping contacts 
ean without oil or of avoiding foaming of seal oil on major pressure 

c∏anges.
th V1θ ɑθɪɪ^θɪ °f d°w involves, of course, the same instrument mechanism 
ɪ at 1is .usθd for pneumatic or electric control of other variables, but the 

ansIation of control action to flow changes is a real problem at high pres- 
res. Valve designs are entirely special and very costly, and the variation 
compressor or circulating-pump through-puts by bleeding back to the 

Action is wasteful of power and costly in valve maintenance. Similar results 
i h economy are achieved at constant-drive speed by variable-clearance 

θɪnpressors. Since increased clearance means that the piston travels back 
arther before the pressure becomes low enough to open the intake valves, 

is means that a smaller portion of the stroke is actually used to bring in 
ιesh gas, or that less fresh gas is brought in. Accordingly, the output of 
'ɪɪe compressor is decreased. The control of flow is also readily accomplished 
y the use of variable-speed motors, which have been brought to a high 
θgree of perfection for alternating as well as for direct current.
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Level. The measurement of the position of the interface between gas 
and liquid at high pressures may be accomplished by balancing the head of 
liquid against a column of mercury. Liquid level gages identical with the 
types of mercury-manometer flow meters described above are used to indicate 
the level of the meniscus. As the operation of these level gages in no wise 
differs from those used at low pressures, there is no need for describing them 
at length. A second very useful method consists in mounting on scales either 
the main receptacle or a smaller vessel connected with the main body by 
flexible tubing. A third method involves mounting one or more suitable 
conductivity cells in the vessel. These operate signal lights or electrical indi­
cating instruments when wet with process liquid.

The level may be controlled by pneumatically or electrically operated valves 
actuated by a gage. This kind of control makes it possible to separate a gas 
and a liquid under pressure, drawing off one and recirculating the other. 
There is often a definite advantage in this: it saves recompression costs, the 
removal of a reaction product often permits the reaction to be carried further 
in another vessel so that the concentration of the desired product is built 
up, and there is less handling loss due to recirculation of unconverted material 
later in the process. Moreover, if 90 per cent of the gas can be removed at a 
total pressure in comparison with which the vapor pressure of the liquid iə 
negligible, the vapor carried off with the remaining 10 per cent when the 
pressure is released will be a relatively small amount.

Pressure Drop. Pressure drops in a high-pressure synthesis system may 
be very significant, and simply placing two record pens on the same chart 
may not be sufficiently accurate or direct-reading. For moderate pressure 
drops the usual flow meter serves as a direct-reading pressure-drop instrument, 
but at higher drops range tubes 2 in. high per pound differential become 
unwieldy. In such cases readings transmitted from scattered static-pressure 
instruments can be shown on a single direct-reading pressure-drop recorder.

Safety
When reasonable precautions are taken, high-pressure plants can be made 

as safe as any. There are a few hazards peculiar to work at high pressures 
that it seems worth while to enumerate.

1. At least one fatality and several accidents are known to have resulted 
from split Bourdon tubes. The fatality is believed to have been the result 
of a rush of compressed inflammable gas into a Bourdon tube containing air. 
The minor explosion which occurred split the tube and a particle flying from 
the gage case was responsible for the death of a man. To permit the escape 
of gases, the cases of Bourdon gages should be provided with large vent 
openings covered with paper or foil for dust protection. Whenever possible 
the gage glass should be removed and the face left open or, for dust protection» 
the glass replaced with thick transparent sheeting or with safety glass so 
that the danger from flying particles will be avoided. Bourdon gages should 
be placed above eye level. In some laboratories it is required that Bourdon 
gages be placed behind a barrier and read only by their reflection in mirrors 
so that the observer is at all times out of the direct line of danger. The usual 
procedures should be followed, such as the use of oil seals to prevent corrosion, 
throttling down to prevent fatigue, and the use of built-in checks to prevent 
the pressure from rising or falling too suddenly.

2. With inflammable gases at high pressures, the Armstrong effect is a 
possible source of trouble: when a gas containing finely divided liquid or solid 
particles passes at high velocity over an insulated metallic object, that objθɑt 
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becomes electrically charged. The charge may become sufficiently great to 
ŋause a spark which ɪn turn ignites the gas.

3. When metallic containers rupture, frictional effects may cause very 
high local temperatures and the ignition of inflammable gases.

4. It is rarely possible to cool a direct-fired vessel and its setting in a hurry. 
Such apparatus should be followed by a by-pass leading to the atmosphere so 
that if a failure of a plug occurs farther along in the process the by-pass can 
be opened and material kept running through the direct-fired apparatus while 
ɪt cools.

5. Where it is not possible to use a self-seating safety valve, it is sometimes 
Possible to have two safety valves: one set slightly above the operating pres­
sure with a shut-off valve between it and the body to be protected, and the 
other set somewhat higher and without the shut-ofi valve. When the lower 
safety valve releases, it can be reseated with the shut-off valve closed, while 
cIose observation and the higher· safety valve provide the necessary security.

6. A variety of pressure relief that has met with favor because of its positive 
action and because it cannot readily be prevented from blowing off when the 
Pressure exceeds a certain value is the rupture disk, which consists of a plate 
le∣d in place over an opening by means of flanges. When the pressure rises

too high, the disk ruptures. The disadvantages of the method are that the 
e∏tire contents of the pressure system are discharged, and that corrosion may 

weaken the disk that unless frequently inspected and renewed it may 
Urst at too low a pressure; on the other hand, since the working pressure 

Produces stresses close to the yielding stress of the material of the disks, they 
tθnd to become strain hardened with continued use and may then fail to 
relieve the pressure at the desired point.

7. Carbon monoxide rapidly attacks pure nickel, forming nickel carbonyl, 
and even attacks iron, though much more slowly. When carbon monoxide 
's to be used, the proper sélection of alloys is important. It is also necessary 
to warn against the use of mercury in any apparatus in which it can come in 
contact, with copper, brass, or other metals with which it can amalgamate. 
Ihe general belief that mercury does not wet steel or form alloys with it is 

1UCOrrect: Bridgman found that mercury can wet surfaces made by breaking 
steel in mercury. This is of great importance where there is any possibility 
01 a crack in a mercury container opening slightly under pressure, allowing the 
Mercury to wet the steel and start to undermine the walls.

8. Some catalysts, notably very active nickel or iron powders, are highly 
Pyrophoric. Where there might be a danger of their leaking through valves 
0r stuffing boxes, drying out and glowing, it is desirable to provide a constant 
stream of water to wash them away so that any inflammable vapors or gases 
that accompany them may not catch fire.

9. The larger and hotter pieces of high-pressure equipment may be placed 
to advantage behind heavy barricades, for in case of failure, heavy walls and 
ɪght roofs give protection to the surroundings. At the same time it should be 

Urged that anything permitting the formation of gas pockets is to be avoided:
he buildings in which high-pressure apparatus is housed should permit the 
ree passage of air through all parts, especially up under the roof. Where 

Poisonous or inflammable gases are used, additional protection for the opera- 
°rs should be provided by the installation of forced ventilation. This 

system is, however, worse than useless if the draft is too strong or its tempera­
ture too high or too low.

10. Since leaks are a serious fire or health hazard, they should be repaired as 
Promptly as possible, especially as erosion quickly makes the leak worse and
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may cut into the metal so severely as to require replacement of a portion of the
apparatus. Leaks should not be tightened under pressure.

11. Welded apparatus for very low temperatures must be exceptionally 
well annealed. Several split welds in high-pressure equipment cooled with 
liquid air have shown how serious a cause of accident this might be.

12. Oxygen cannot be compressed with safety in the presence of oil [Hersey, 
A Study of the Oxygen-Oil Explosion Hazard, Jr. Am. Soc. Naval Eng., 36, 231 
(1924)], so that water must be used as a lubricant. It has been found that 
when oxygen is admitted rapidly at high pressures into a space containing a 
bit of oily material explosions may ensue. The explosion in the Bourdon 
tube mentioned above may have been of this nature. Every reason indicates 
that pressure should always be built up slowly.

13. A word of caution is needed because of a common factory usage accord­
ing to which oxygen is called air. Since compressed air may be used with oil 
at pressures much higher than are safe with oxygen, the substitution of oxygen 
when compressed air was desired has been the cause of accidents.

14. The periodic inspection of high-pressure equipment is a very real 
necessity and is a matter of routine in all high-pressure plants. Apparatus 
should be constructed to permit inspection of the inside surfaces and measure­
ment of the outer dimensions. Sections of piping should be removed and 
inspected for changes in dimensions and for the growth of longitudinal cracks 
formed in drawing.
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MOVEMENT AND STORAGE OF MATERIALS
BY G. L. MONTGOMERY

References: “Material Handling Cyclopedia,” Simmons-Boardman Co., New York, 
1921. Tournier, “Materials Handling Equipment,” McGraw-Hill, New York, 1930. 
Koshkin, “Modern Materials Handling,” Wiley, New York, 19.32, Merriman, “Trea­
tise on Hydraulics,” IOth ed., Wiley, New York, 1916. Lea, “Hydraulics,” 5th ed., 
Longmans, Green, New York, 1930. “Pump Handbook”’ Worthington Pump & 
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General. The chemical engineering industries, as soon as they emerged 
from small-scale batch processes, were forced to adopt whatever mechanical 
handling equipment was available. The high proportion pf liquids aɪnong 
the materials handled and the nature of many of the materials made this 
course necessary. These same factors caused a rapid development of 
handling methods in the chemical engineering field. More recently, progress 
in other industries has developed many new handling methods, and these 
have been applied in chemical engineering practice as soon as available. 
In this way, conveying and lifting equipment has been adapted from the 
metal-working industries and pumping equipment from the food field and 
from power-generating practice.

Movement and Storage of Materials. This unit process of chemical 
engineering comprises the handling and storing of all materials, solids, liquids, 
and gases, during the course of manufacturing. It takes the materials into, 
through, and out of the plant.

It has been estimated that from 20 per cent to as high as 90 per cent of all 
manufacturing costs in the chemical engineering industries is made up of the 
cost of moving and storing materials, depending upon the particular industry 
scrutinized. Economy in the conduct of this unit process is therefore of 
great importance.

In general, it may be stated that economy can be obtained by the sub­
stitution of machine operation for hand labor. Where a. machine is already 
ɪɪsed, the substitution of a more economical machine will lessen costs. This 
is in large part due to the rapid increase in labor costs in recent years. How­
ever, in making such substitutions, care must be taken to select the equip­
ment most suitable to the operation to be performed.

Economy in manufacture is in part based on holding at a minimum inven­
tories of materials in storage and in process. This means that materials 
should make the most rapid progress possible through the plant. Fully 
mechanized handling of materials and storage operations are the best means 
of attaining this end.

In order to realize the maximum advantage from the use of mechanical 
equipment for moving materials, it is necessary to adjust all the work, the 
operation of every step in the process, to the most advantageous operating 
rate of this equipment. When this is done, the count of material units pass- 
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ing any point is a measure of performance and makes possible accurate manu­
facturing control.

MOVEMENT OF SOLID MATERIALS AND CONTAINERS
Solid materials moved in the chemical engineering industries include 

raw materials, materials in process, and finished products.
Raw solid materials include quarry products such as limestone, phos­

phate, dolomite, shale, clay, gypsum, bauxite, and sand; mined products 
such as salt, sulfur, coal, pyrites, and metallic ores, and minerals such as 
feldspar, pigments, asphalts, waxes, and pitches; vegetable products such as 
wood, cotton, cotton seed, flax seed, palm kernels, soya beans, copra, raw 
sugar, and sugar beets; cellulose-bearing materials such as bagasse, straws 
and pulp; crude rubber; and animal products such as hides, fats, and 
bone.

Solid materials entering a process often become fluid, while materials 
entering a process as fluids often become solid. Solid materials in process 
are powτdered, granular, or bulky in form, and their nature will depend upon 
the processing which they have undergone. This must be determined by a 
study of the particular industry to which the materíals-handling equipment 
is to be applied.

Solid finished products of the chemical engineering industries include 
such materials as coke, charcoal, sugar, salt, soap, pottery, porcelain, brick, 
explosives, fertilizer, glass, gelatin, caustic, leather, lime, cement, grease, 
pigments, paper, pulp, paraffin, rubber products, dyes, and drugs.

Containers are used for holding solid, liquid, and gaseous materials, whether 
these are raw materials, materials in process, or finished products. Common 
types of containers, all of which must be handled as though they were solids, 
include bales, bags, boxes, kegs, barrels, drums, bottles, carboys, tanks, pack­
ages, saggers, and special skid platforms.

Four general classes of equipment are available for handling solid 
materials and materials in containers. These are:

1. Conveyors.
2. Overhead equipment, as hoists or cranes.
3. Trucks, tractors, and trailers.
4. Industrial railways.

1. Conveyors
Conveyors are usually permanent structures and are frequently integral 

parts of the manufacturing equipment. Portable conveyors of various types 
are also available for certain classes of work.

Types of conveyors, classified in accordance with the direction of movement 
for which these are primarily suited, are:

Horizontal Movement.
Belt conveyors.
Chain or cable conveyors.
Chain trolley conveyors.
Platform, slat, apron, and pan conveyors.
Gravity roller conveyors.
Wheel conveyors.
Live, or driven, roller conveyors.
Bucket carriers.
Scraper, flight, pusher-bar, and drag conveyors.
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Redler conveyors.
Screw conveyors.
Johns conveyors.
Drag-line scraper conveyors.
Pneumatic conveyors.
Solids pumps.
Vibrating conveyors.

Vertical Movement.
Bucket elevators.
Skip hoists.
Chain elevators.
Barrel, package, bag, and tray elevators.
Bucket carriers.
Belt elevators.
Spiral chutes.
Roller spirals.
Chutes or spouts.
Redler conveyors.
Pneumatic conveyors.
Johns conveyors.
Solids pumps.

Combined Vertical and Horizontal Movement.
Inclined belt conveyors.
Inclined chain conveyors.
Inclined chain trolley conveyors.
Inclined scraper flight, drag, and pusher-bar conveyors.
Inclined platform apron slat and pan conveyors.
Inclined live roller conveyors.
Inclined gravity roller conveyors.
Inclined-wheel conveyors.
Inclined screw conveyors.
Redler conveyors.
Bucket carriers.
Chutes.
Pneumatic conveyors.
Johns conveyors.
Solids pumps.
Vibrating conveyors.

These types of equipment are defined as follows:
Belt conveyors (Fig. 1) consist of endless belts carried on a driving pulley 

at one end of their run and an idler pulley at the other end, and supported at

Loac/jng hopper 
JaLJers y/

W---- G H
73-- σ ----- σ--------O ∖r*z

PuJley'
Fiq. 1.—Simple type of horizontal belt conveyor loaded at one end by hopper and 

discharging into spout; belt may be troughed or flat.

appropriate intervals at both the top and bottom parts of the run by rollers. 
Material is carried on the upper surface of the belt in either or both parts of 
the run but usually on the upper part. Driving equipment, take-ups to 
keep the belt at the proper tension, and loading and unloading devices such 
as belt trippers and feeders* are the important accessory devices.

* See p. 2286.
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Fig. 2.—Chain links, roller, and guide as used in simple form of chain conveyor of trolley type for overhead service.

Chain conveyors consist of endless runs of chain or cable carried on a 
driving sprocket, idler sprockets, and, by means of rollers, on guides and 
equipped with hooks, pushers, or other devices for engaging the material to 
be moved. Loading and unloading devices are not standard but, if used, 
are designed for the material 
to be handled. Take-ups and 
driving equipment are the 
chief accessories.

Chain trolley conveyors 
(Fig. 2) are a variant of the 
chain conveyor, adapted for 
overhead service by the use of 
trolleys which serve to support 
the conveyor and allow it to 
move along a suspended track 
of I-beam, channel, or inverted 
T-beam type. Loads are suspended from the chain, generally at points 
directly beneath the trolley attachments, by means of hooks or carriers. 
In general practice with these conveyors, the trolley serves to transmit the
load to the track, while the 
chain serves as a means of 
moving the conveyor.

Platform, slat, apron, 
and pan conveyors (Fig. 3) 
consist of one or two parallel, 
endless runs of chain or cable, 
or of a belt, upon the outer 
surface of which are affixed 
platforms, aprons, slats, pans, 
or other receptacles. These 
conveyors are provided with 
driving and idler sprockets or 
pulleys at the ends of the run 
and suitable guides or sup­
ports for the top and bottom 
parts of the run. Driving 
equipment and take-ups are 
the chief accessories. Loading 
and unloading devices, when 
used, are designed to suit the 
needs of each application.

Direciion.of travel

Fig. 3.—Sketch of part of . simple type of apron conveyor. Two chains are used in larger sizes, placed at sides of aprons. Pans, slats, or platforms may replace the aprons to suit the purpose of the conveyor.
Gravity roller conveyors (Fig. 4) . consist of a succession of rollers mounted 

on ball- or roller-bearing spindles and held between the parallel sides of a
structural steel frame. Live roller conveyors or chain conveyors, such as 
the pusher-bar type, are frequently used in connection with the gravity roller 
conveyor to accomplish vertical lifts of the material.

Wheel conveyors are a special form of roller conveyor in which the rollers 
are replaced by wheels equipped with antifriction bearings. The usual form 
of this conveyor is made up of two side members ini which the spindles of 
the wheels are so fixed that the rims of the wheels project above, providing a 
live surface over which objects may be pushed or may move by gravity. 
Structural steel supports are provided at appropriate intervals. Some 
wheel conveyors are provided with a third line of wheels in the center, to
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Elevation ^Switch p/orfia
I⅛. 4.—Gravity roller conveyor, showing switch section, indicating flexibility of such 

equipment.

give added support to the objects being conveyed. Wheel conveyors are 
generally used for handling bundles, flat-bottom containers, or other similar 
materials.

Live, or driven, roller 
conveyors are similar to grav­
ity roller conveyors, with a 
means of positively rotating 
the rolls, such as bevel gearing, 
added. Accessories consist of 
the driving equipment. .

Bucket carriers (Fig. 5), 
whether of the V bucket, grav­
ity discharge, or of the pivoted 
bucket type, consist of one or 
two endless chains employed 
as in chain conveyors but 
carrying a series of attached 
buckets which serve as recep­
tacles for the material being 
handled. Buckets discharge by 
gravity or, in the case of the pivoted 
type, by means of a tripping 
arrangement. Accessories are the 
same as used with chain conveyors. 
Loading is usually by hopper and 
spout.

Scraper, flight, drag, and 
pusher-bar conveyors (Fig. 6) 
consist of one or more chains, in 
general, similar to those making 
up chain conveyors but passing 
through a trough or set of guides, 
ɛo that the motion of the chain, 
either alone or assisted by attach­
ments such as flights, moves the 
material that is placed in the trough 
or between the guides.

5.—Sketch of simple pivoted bucket-carrier 
layout.

Fig. 6.—Scraper flight conveyor, which 
illustrates method of using guided chains with 
attachments for conveying.

Accessories are generally the same as for chain
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screw conveyor ia open trough.

conveyors. Loading and unload­
ing devices are designed to suit 
the application.

Redler conveyors are a special 
form of flight conveyor devised 
for handling finely divided or 
powdered material which can be 
caused to flow in an enclosed duct. 
The conveyor consists of a cir­
cular, rectangular, or square metal 
duct through which a chain 
equipped with U-shaped flights is 
moved. The duct is kept filled 
with the material being conveyed, 
and the movement of the flights 
causes this column of material to 
Inovealongtheduct. Movement Fig. 7.—Sketch of part of 
can be in any direction. Acces­
sories are feeders,*  un­
loaders, and driving 
mechanism.

* See p. 2286.

Screw conveyors 
(Fig. 7) consist of shafts 
having a continuous 
helical fin or projection 
and rotating in a trough 
or casing in such a way 
that the fin pushes the 
material handled from 
one end to the other. 
Accessories consist of 
driving equipment, 
bearings, and unloading 
and loading devices de­
signed to suit the par­
ticular installation.

Johns conveyors 
consist of endless rub­
ber tubes or pipes, made 
in two interlocking 
halves. Inside one 
half, at regular inter­
vals, are fixed circular 
rubber partitions of a 
diameter equal to the 
inside diameter of the 
tube. This tube is car­
ried on pulleys and 
idlers and can convey 
materials of a finely 
divided or lumpy na- 

8.—Schematic diagrams of two most common types of pneumatic conveying systems, (α) Suction type for unloading or taking a supply from several points to one discharge point; (ö) pressure type used principally in taking supply from one point to several discharge points.
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ture, or even liquids, in any direction. In operation a loading device causes 
the two halves of the tube to separate and fills the lower half with material, 
after which a closing device brings the tube halves together and interlocks 
them, giving the tube a slight twist so that the halves remain locked. Fol- 
Unloading, another device causes the tube halves to separate so that the 
material spills out into a discharge hopper.

Pneumatic conveyors (Fig. 8) consist of equipment for either sucking 
or blowing through a pipe line any material that can be handled in such a 
manner. Parts of this equipment generally comprise the intake or feeder, 
the pipe line and fittings, the separator, the air-locked discharge, and the 
blower or exhauster with its motor.

Bucket elevators (Fig. 9) consist of an endless belt, or one or more 
endless chains,, passing over pulleys or sprockets at top and bottom and with a 
succession of buckets attach­
ed for holding the material 
that is conveyed. There is 
usually a specially designed 
loading hopper, called a 
“boot,” a casing, and a 

ł
Discharae

Skip bucket

Fig. 10.
Typical bucket elevator with spaced buckets and centrifugal discharge, 

ŋther types have continuous buckets or positive discharge.
Fig. 10. Skip hoist, used for elevating materials to storage bins.

discharge hopper or chute. Usual accessories are take-ups and driving 
mechanism.

Skip hoists (Fig. 10) are automatic elevators in which a single large bucket 
or skip” is raised by the winding of a cable on a drum, it being guided in a 
structural steel frame and automatically dumped at the top of the run. The 
hoist is designed for quick return. Usual accessories are the hoist drive, a 
feeder for loading, and some type of chute or hopper for discharge.
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Chain elevators, barrel, package, and tray elevators, are all variations 
of the same mechanism, which consists of one or more endless chains running 
over sprockets at top and bottom, with or without a casing, as desired, and 
equipped with some type of engaging device for supporting barrels, pack­
ages, trays, or other material. Usual 
accessories are driving mechanism and 
take-ups. Loading and unloading de­
vices are generally special.

Belt elevators consist of an endless 
belt, running over pulleys at top and 
bottom and having cleats or some other 
means of moving material affixed to the 
outer surface. These elevators may 
have a casing if desired. Important 
accessories are take-ups and driving 
equipment. Special means for loading 
and unloading may be provided.

Spiral chutes (Fig. 11) are formed 
of a helically shaped sheet Of metal 
attached to ,,ai center post or core and 
enclosed in a (casing or not ⅛s. desired. 
The material slides downwar⅛.⅜>on the 
upper surface of this plate, which is 
smooth to permit easy passage; .ippecial 
loading or unloading devices arei some­
times used with chutes.

Roller spirals are similar in purpose 
to spiral chutes and differ only ⅛jhaying 
a spiral formed of gravity roller conveyor 
specially designed for the purpose. 
Their slope is less, so that they permit 
of moving, loads vertically downward at 
a slower rate than on a spiral chute.

Chutes or spouts are metal· strips i . 
formed in various ways so that material . 
may slide within or on them from a.< 
higher to a lower level.

Drag-line scraper conveyors (Fig. 
12) are operated by a hoist and consist 
of a scraper or bucket attached be­
tween the ends of a cable that ca⅛ be
wound or unwound from the respective sides of a double drum, 
of appropriately placed guide sheaves, the scraper is caused to drag over 
and pick up the material to be’ moved. This conveyor can be used for 
storing material or reclaiming it from storage, depending upon the point of 
loading and unloading. It is generally used in conjunction with other

Vertieaf sliding 
fire door - __

Loading point

W/////////////////,

Vertical sliding

,ZZZZZZZZZZZZ⅛

Vertical sliding 
fire dσor^

Loading 
ρoint-

Discharge chute 
and tablet — ∙

_________

Fig. 11.—Open-type single-blade spiral 
chute. Double-blade aiιd enclosed types 
are available.

By means

conveyors.
Solids pumps (Fig. 13) may be considered as combinations of screw con­

veyors and pneumatic conveyors but are actually neither. Material of a 
finely divided nature, or made up of reasonably small pieces, is fed by a screw 
through an air chamber where numerous jets of air are introduced from a ring 
around the pump casing. This aerates the material, expands it, and causes 
it to “flow,” thus increasing the ability of the screw to force it through a
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pipe line to the point of delivery. Usual accessories are a drive for the screw, 
special valves for the line, and a compressor for air supply.

Vibrating conveyors consist of open or closed troughs, or tubes, in which 
material is conveyed horizontally, or up or down inclines. Movement of

-Λ∙ Initial pile

Tail block-

'S winging spout

■■Bypass,

'Culoff valve

Maleriaf 
' flov⅛

I⅛. 12,—Layout of storage yard with drag-line scraper installed.
SectionA-A

Ground Storage Area 
(Plan)

Screw
⅛⅛

the .material is caused by vibrations of high frequency applied to the bottom 
of the conveyor by electrical or other means. Feed can occur at any point 
along the conveyor, through feeding hoppers. Discharge can also be made 
through bottom gates at any point in the length of the conveyor. Accessories

Dusl seak
ZL-√

-----------------------------------------------j / I
 t / I

Fig. 13.—Pump for pulverized solids, taking material from one source and delivering 
to several points by pipe.

are feed and discharge controls and mechanism for applying vibration to the 
conveyor bottom. These conveyors are suitable for handling coarsely or 
finely divided materials in bulk, under closely controlled conditions.

2. Overhead Equipment, as Hoists and Cranes
Overhead equipment is of two classes, that which only lifts materials, and 

that which transports as well as lifts.
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Lifting Equipment.
Hand chain hoists.
Motor chain hoists.
Drum hoists and platform elevators.
Stationary cranes.

Lifting and Transferring Equipment.
Hand-operated monorail or trolley systems.
Motor-operated monorail or trolley systems.
Hand-operated traveling cranes.
Motor-operated traveling cranes.
Locomotive cranes.

These types of equipment are defined as follows:
Chain hoists (Figs. 14 and 15) are lifting devices consisting of a chain 

which is wound on or unwound from a drum or sheave. The rotation of the 

Fig. 14.—Hand-operated chain hoist.

Fig. 15.—Motor-operated chain hoist.

drum is caused by a hand chain that passes over a sprocket; or by an electric 
motor, acting through a gear train upon the drum. The whole hoist is sup­
ported from above, either from a ceiling beam or from a structure built for 
the purpose. The hoisting chain is provided with a hook or other means of 
engaging the load.

Drum hoists and platform elevators operate on the same general 
principle as chain hoists, except that a wire rope or cable is usually substituted 
for the chain. The drum is frequently located at the lower - floor level or 
ground level, with the hoisting cable passing through a sheave or guide pulley



łlcrncf 
chain

Fig. 16.—Hand-operated monorail trolley, or 
“tramrail,” with hand-operated chain hoist at­
tached. Other types of attachments, such as 
carriers, are used with monorails.
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at the upper level. Steam engines, internal-combustion engines, or electric 
motors are used for driving these hoists or elevators, generally through a 
gear train, although hand power is sometimes used. A cage, platform, hook, 
or other means of lifting ma­
terial is attached to the end of 
the cable. Usual accessories 
include a casing or guides for 
the load and controlling equip­
ment for the drive. A brake 
is provided on the drum to en­
able the load to be stopped in 
the desired position. Counter­
weights are often used.

Stationary cranes are 
used for lifting materials and 
moving them to points within 
reach of a boom constructed 
to rotate about a fixed column. 
They may be operated by hand 
or mechanical power. Loads 
are usually lifted by a hook or 
other device attached to a 
chain or cable that is wound 
on a drum similar to that used with a hoist. This equipment is mostly 
used for unloading cars and trucks and for handling heavy objects over a 
restricted area.

Fig. 17.—Electrically operated monorail trolley with motor-driven chain hoist, arranged 
for operation from floor.

Monorail or trolley systems (Figs. 16, 17, and IS) are means of conveying 
materials along an overhead trackway consisting of a single rail or track of 
various suitable designs. The simplest form of such equipment consists of a 
light track suspended from a ceiling or suitable supporting structure, upon
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which operate various designs of wheeled carriers propelled by hand. One 
of the most used forms has for a carrier a hand or motor-operated chain hoist, 
propelled by hand. The more complicated forms of monorail systems have 
carriers consisting of motor-operated hoists that are propelled along the track 
by a motor drive. Such monorail systems are operated from the floor in

Fig. 18.—Electrically operated monorail trolley with motor-driven hoist and seat for 
operator.

the smaller sizes, while the larger types are provided with a cab in which the 
operator rides.

When a cable is substituted for the track upon which the carrier or hoist is 
supported, the device is called a cableway or telpher. These are largely 
used for the outdoor transport of heavy materials, as at mines or quarries.

Traveling cranes (Fig. 19) are of two types. The ordinary traveling 
crane is a structural steel device consisting of two beams, rigidly connected

Fig. 19.—Electrically operated traveling crane with cab for operator.

at the ends and carrying between the two beams a hoist. This hoist is 
arranged to move along the structure on tracks. The whole device is mounted 
at the ends on rails in such a manner that it can be moved at right angles to 
the direction of travel of the hoist. Such cranes are operated either by hand 
or by motor drive, or are part hand and part motor driven. Gantry or 
bridge cranes are modifications of traveling cranes in which the whole crane 
is elevated above the tracks upon which it travels by means of structural
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supports. These latter cranes are adapted to service in outdoor storage 
yards where.no overhead supporting structure is conveniently available.

Locomotive cranes (Fig. 20) are rail cars with a crane of the stationary 
revolving-boom type mounted upon them. The driving mechanism of the

acrane is arranged to propel the whole device along the track 
train connection to the wheels of the car.

or electric drive isFig. 20.—Gasoline-engine-driven
also

3. Trucks, Tractors, and Trailers
Trucks and tractors are of two general types, hand opérai 

operated.
Hand Operated.

Lift trucks.
Platform trucks.
Container or box trucks.
Skid platforms used with lift trucks.

Power Operated (Electric Storage Battery or Gasoline).
Platform trucks.
Low-lift trucks.
High-Iift trucks.
Crane trucks.
Special-purpose trucks.
Skid platforms for lift trucks.
Tractors.
Trailers for tractors.

Fig. 21.—Hand- 
operated lift truck 
in which lift is 
accomplished by 
movement of truck 
handle or tongue.These types of equipment may be defined as follows:

Hand-operated lift trucks (Fig. 21) are low platforms mounted on wheels 
and propelled by the operator, who pulls on the handle provided for that

where.no
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Fig. 22.—Standard type of skid 
platform.

Fig.

purpose. These trucks are provided with a hand-operated lifting mechanism, 
by means of which the platform can be elevated a few inches. The purpose 
of this is that the truck can be pushed beneath a load standing on low legs 
and these legs then raised from the floor by 
raising the truck platform under the load. 
Thereupon the load rests on the truck platform 
and is moved by moving the truck. The for­
ward wheels of the truck are mounted on a pivot 
to facilitate steering.

Hand-operated platform trucks consist 
of platforms mounted upon wheels of suitable 
height and designed to carry a load directly 
upon this platform. The load is placed and 
removed by some outside means, as by hand 
or with a hoist.

Hand-operated container or box trucks 
are similar to the hand-operated platform 
trucks, with the addition of sides of suitable 
height which convert the platform into a box.

Skid platforms (Figs. 22, 23, 24, 25, and 
26), for use with hand-operated lift trucks, 
consist of platforms mounted upon supports. 
These supports are of suitable height so that a 
lift-truck may be inserted between the platform 
and the floor, and, when the lift is operated, 
the platform is raised so that it may be carried 
along on the truck. Loads are placed upon the 
platform, which may be provided with sides 
as needed. If these platforms are supplied with 
wheels in place of skid supports, they may be 
moved by hand and are more suitable to 
installations where flexibility of storage is 
needed. It is usual to store loads upon skid 
platforms in plants where the trucking system 
is employed, thus avoiding rehandling. In 
some cases, loads are shipped on skids by rail 
or boat, from one plant to another, to facilitate 
loading and unloading and reduce handling.

Power-operated trucks (Figs. 27, 28, and 
29), similar in purpose to hand-operated trucks, 
are operated by electric motors, supplied from 
storage batteries, or by gasoline motors. These 
trucks are available in a platform truck, a 
low-lift truck for handling skid platforms, a 
high-lift truck for raising loads to storage or 
working level, crane trucks equipped with a 
crane for raising loads and somewhat similar in
purpose to a locomotive crane, and many types FlG- 25'7 ^la,t.",ty,pp,. body 
of special-purpose trucks, designed to suit mounted on skxd platform∙ 
the needs of specific jobs, such as charging furnaces, Iiftinglarge newsprint 
rolls, or casting metal.

Skid platforms for power-lift trucks are similar to those described for 
hand-lift trucks, except as to dimensions which are sometimes different.

23.—Skid platform with 
corner stakes.

Fig. 24.—Sectional box or bin 
body on skid platform.
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Tractors (Fig. 30) are storage-battery electric or 

trucks, designed for the purpose of pulling one or 
(Fig. 31). These trailers are similar to hand-operated 
platform trucks but are arranged to be connected in 
trains, and axles are attached to the body in a manner 
permitting the trailers to follow in the track of the 
tractor. These trailers may have platform bodies or 
be equipped with whatever type of box body is 
desired.

4. Industrial Railways
Industrial railways are narrow-gage railways with 

suitable car equipment, propelled by hand, electric 
motor, gasoline engine, or steam engine. Short lines 
of narrow-gage track with specially designed cars are 
frequently used for charging or discharging process 
equipment.

gasoline motor-driven 
more loaded trailers

Fig. 26.—Rack-type 
body mounted on skid 
platform.

Fig. 27.—Electric storage-battery industrial truck 
of platform type.

Before purchase of equip-

Selection of Equipment
Selection of materials-handling equipment depends upon two things, cost 

and the work to be done.
Cost of handling is divided 

into fixed charges and oper­
ating cost. Not much infor­
mation is available on this 
subject. Cost and cost esti­
mates will be discussed at some 
length at the conclusion of the 
more specific discussion of 
type selection.

Preliminary estimates for 
materials-handling equipment 
should be based on a selection
made in accordance with the work to be done, 
ment is made, this choice should be reviewed by a competent consult-

Fig. 28.—Electric storage-battery Iow-Iift industrial truck for handling skid platforms, 

ing engineer or by the engineer of the company that is to supply the equipment 
and final estimates and selection made in the light of his recommendations.
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The first step in selection of materials-handling equipment, therefore, 
is to study the work to be done. From this study the following things 
are determined:

FiG. 29.—Electric storage-battery high-lift indus­
trial truck· for handling skid platforms, unloading 
and loading, and storing containers.

1. The movement to be made, 
whether horizontal, vertical, or a 
combination of the two; and the 
distance covered.

2. The quantity to be moved
per hour, per day, or for
convenient unit of time, in weight, 
number of pieces (if this factor 
applies), or volume (where that is 
of importance).

3. How the material is to be de­
livered to the handling equipment.

4. How the material is to be 
discharged by the handling equip­
ment.

5. Whether continuous or inter­
mittent flow is possible, including 
whether the use of storage is 
available as an aid tó obtaining 
either type of flow.

6. Whether or not the material is in a container and, if so, description of the container.
7. Nature of material, as pulverized, lump, etc.
8. Any special conditions of material, 

as moisture, corrosiveness, or flam­
mability.

any other

Fig. 30.—Electric storage-battery industrial 
tractor.

There are many special appli­
cations of materials-handling equip­
ment such as when it becomes 
practically a part of production 
equipment, as in the case of an 
annealing lehr with a conveyor 
hearth. These cannot be discuss­
ed, as to selection, in any general 
consideration of the subject. In 
any case, such equipment is usually 
selected by the manufacturer of the 
production equipment.

Most materials-handling install­
ations in the chemical engineering
industries fall into certain definite groups, and in these groups possible equip­
ment selections can be indicated that will serve as a guide to the chemical 
engineer. The tables given later on include sufficient examples to enable 
the engineer to apply the same 
principles over a much wider 
range of operations. It is to 
be noted that no account is 
taken in these tables of the " 
effect of special conditions
such as high moisture content, corrosiveness, etc. Where these are present 
it is advisable to have the material in containers when possible. Where 
this is not possible resort must be had in general to specially designed 
equipment. Analysis of the handling problem will readily show if this is

Fig. 31.—Typical trailer for use with tractors.
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necessary, and recourse should then be had to the engineering department of a 
manufacturing concern making equipment of the type needed.

Special Requirements of the Chemical Engineering Field
Generally speaking, the handling problems encountered in the chemical 

engineering industries are no different from those encountered elsewhere. 
Consequently, the general line of materials-handling equipment as manu­
factured for, and used by, industry, in general, can be applied in this field.

Five conditions, however, that are found in some handling operations in 
this field, influence the choice of handling equipment. These are:

1. Corrosion hazard from chemicals or excess moisture.
2. Heat damage hazard from hot materials.
3. Fire or explosion hazards.
4. Poison hazards.
5. Sanitary requirements.

1. Corrosion from chemicals or excess moisture is the most frequently 
encountered special condition. It is a hazard most often met where materials 
are handled loose. Such corrosion makes the use of conveyors something to 
be carefully considered, at least when they are constructed of iron or steel and 
are unprotected from attack. Under such conditions it is often better to use 
truck equipment for all handling, for in most cases it is simpler to protect the 
trucks from damage.

In many cases, however, the corrosion will not seriously shorten the life 
or affect the usefulness of the conveyor if a certain amount of special construc­
tion is undertaken to protect the points where the most serious damage would 
result. An example of what is meant is the use of gravity roller conveyors 
in a plant making bleaching powder. Thp only serious effect of the attack 
was experienced in the bearings of the rollers. By using a special type of 
bearing, filled with a lubricant under high pressure, the penetration of any 
corrosive into the bearings was avoided and satisfactory service obtained 
from the conveyor.

Another example of special construction to avoid the effects of corrosion 
is that in which freshly quenched material is handled on an apron conveyor 
equipped with cast-iron aprons which withstand the effects of the moisture 
better than steel plate.

In general, the choice of a means of handling material where a corrosion 
hazard exists means that the economic choice lies among three possible 
courses: (α) The cheapest type of equipment may be selected, regardless of 
how seriously it is attacked. This will then be replaced as often as necessary, 
incurring high replacement charges to offset low first cost. (&) The usual type 
of handling equipment for the particular class of handling may be constructed 
in such a way or of such materials as to avoid high replacement costs, while 
increasing first costs, (c) The equipment may be protected fully from attack 
by some such means as the use of containers that adequately seal in the 
material, or, if the attack is due to a gas or fume, by the use of protecting 
auxiliary structures and a ventilating system.

This discussion does not fully cover the manifold possibilities of corrosion 
attack to which materials-handling equipment is exposed in the chemical 
engineering industries. Each handling problem should be analyzed to ascer­
tain if any corrosion hazard is present, and, if one is discovered, its effect on 
the choice of equipment should be .considered along the lines that have been 
indicated.
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2. Heat damage hazard from hot materials is usually encountered in 
the handling of furnace or oven products such as coke, clinker, etc. The usual 
expedient for avoiding such damage is to armor the parts coining into contact 
with the heat by the use of cast-iron plates, liners, containers, or other parts. 
Where the heat is too high for safe use of cast iron, a special material should 
be obtained suitable to the condition.

For handling molten materials, such practice is to use buckets and spouts 
(chutes) lined with refractory for high temperatures, or of cast iron where 
the temperatures are moderate.

3. Fire and explosion hazards are encountered in the handling of mate­
rials in certain of the chemical engineering industries. In cases of fire hazard 
alone, it is usually sufficient to provide for the protection of the material 
handled from exposure to flame or sparks. As electric equipment or static 
is the usual source of such hazards, the procedure usually followed is to select 
equipment which can be operated by motors placed in a sealed space or in an 
adjacent room and to provide ground connections that will prevent the 
accumulation of static charges.

Another type of fire and explosion hazard encountered occurs where flam­
mable dusts are produced. To avoid trouble in such cases, four courses are 
open: (1) Spaces in which handling is carried out may be ventilated to reduce 
dust concentrations below the danger point; (2) these spaces may be thor­
oughly screened from any possible spark or flame; (3) the material may be 
handled in an atmosphere too low in oxygen to support combustion; (4) the 
material may be handled in containers that eliminate the scattering of dust.

Handling of explosives such as gunpowders, dynamite, etc., is a hazard 
restricted to a very few industries. These have made a study of the problem 
for years and have developed methods that avoid the exposure of the material 
to jars, jolts, and other shocks. Jn a problem as special as this type of han­
dling, nothing should be carried out except under the guidance of an expert of 
long experience in the industry.

4. Poison hazards encountered in materials-handiing work are hazards 
to the operator, not to the equipment. In selecting a handling method where 
a poison hazard exists, therefore, the course to follow is to select equipment 
that can be operated from a distance or automatically; or so to enclose the 
material in containers, pipe lines, or by other means that the hazard is avoided.

5. Sanitary requirements frequently have an effect on the selection 
of materials-handiing equipment. In handling food products, or materials 
such as fats, oils, animal or vegetable matter, there is a possibility of the 
accumulation of material in or around the equipment that will ferment or 
spoil, causing a condition that may damage material in process or form a 
health hazard.

An example of such conditions is found in the dairy industry. Should 
milk be slopped on the materials-handiing equipment and allowed to stand 
in crevices of the equipment, a condition is soon developed that is detrimental 
to the product and disagreeable to the workers. Therefore, all equipment is 
thoroughly washed at frequent intervals. This necessitates the use of mois­
ture-proof bearings. This particular feature has become so important with 
gravity roller conveyors that a standard line of moisture-proof designs is now 
available on the market.

Another example of the effect of sanitary requirements is found in food­
packing plants, where overhead equipment or trolley conveyors are pre­
ferred, in order that the floor may be clear and thoroughly accessible for 
cleaning.
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Table 1. Large Quantity Handled in Continuous Flow

Over 100 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk material 
of lumpy, brok­
en or crushed 
nature

Belt conveyors*
Apron or pan con­
veyors

Pneumatic convey­
ors

Bucket elevators*
V-bucket carriers 
Pneumatic convey­

ors

Chutes*
V-bucket carriers

Belt conveyors*
Chutes
Pneumatic conveyors 
Solids pumps
Pivoted bucket car-

Solids pumps riers
V-bucket carriers

Bulk material 
of finely divid­
ed or pulverized 
nature

Pneumatic convey­
ors*

Belt conveyors
Solids pumps

Pneumatic convey­
ors*

Bucket elevators
V-bucket carriers

Chutes*
Pneumatic convey­

ors

Pneumatic conveyors* 
Solids pumps 
Chutes

Containers 
such as bags or 
sacks

Gravity roller con­
veyors*

Platform conveyors 
Slat conveyors 
Belt conveyors

Chain elevators*
Belt elevators 
Tray elevators

Chutes*
Spiral chutes 
Roller spirals

Gravity roller convey­
ors*

Live roller conveyors 
Belt conveyors 
Platform conveyors 
Slat conveyors 
Chutes

Containers 
such as barrels 
or drums

Slat conveyors* 
Chain conveyors 
Platform conveyors 
Gravity roller con-

Barrel elevators* 
Chain elevators

Barrel elevators* 
Chain elevators 
Roller spirals 
Chutes

Slat conveyors* 
Chain conveyors 
Platform conveyors 
Chutes

veyors

Containers 
such as boxes or 
packages

Chain conveyors* 
Gravity roller con­
veyors*

Wheel conveyors 
Belt conveyors 
Platform conveyors 
Slat conveyors 
Push-bar conveyors

Package elevators*.
Chain elevators
Belt elevators

Spiral chutes*
Package elevators
Chutes
Roller spirals

Chain conveyors*
Gravity roller convey­

ors*
Belt conveyors 
Push-bar conveyors 
Chutes
Live roller conveyors

Pieces 
such as logs, 
tires, pulp laps, 
large lumps

Chain-trolley con­
veyors*

Chain or cable con­
veyors

Apron or pan con­
veyors

Gravity roller con­
veyors

Belt conveyors

Chain elevators* 
Belt elevators 
Tray elevators

Spiral chutes*
Chutes

Chain trolley convey­
ors*

Chain or cable con­
veyors

Apron or pan convey­
ors

Gravity roller con­
veyors

Chutes

* Usual choice.
Choice of Materials-handling Equipment

To classify the solutions of handling problems, Tables 1 to 12 are presented, 
showing three general divisions into which all handling problems fall: large 
quantity; medium quantity; small quantity. With these factors, such other 
factors as type of flow, direction of flow, and condition of material are con­
sidered. The tables present only such choice as might be made to satisfy 
ordinary conditions, wherein no special difficulties are encountered. Note 
that the length of the movement which is to be made has an effect on selection 
and that it is frequently best practice (if long distances are to be covered) 
to use truck equipment or industrial railways.
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Following Tables 1 to 12 are other tables giving data as to capacity, horse­
power, and first cost of frequently used types of materials-handling equip­
ment. The type most usually selected for a given handling job is indicated 
in Tables 1 to 12 by an asterisk (*).

Table 2. Large Quantity Handled in Intermittent Flow
Over 100 tons per hour

Material 
bandied

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk material 
of lumpy, brok­
en or crushed 
nature

Drag-line scrapers* 
Industrial railways* 
Tractors and trailers 
Traveling cranes 
Monorail trolleys
(motor driven)

Skip hoists*
Platform elevators

Chutes* Traveling cranes* 
(power)

Monorail trolleys 
(motor driven) 

Locomotive cranes

Bulk material 
of finely divid­
ed or pulveriz­
ed nature

Industrial railways*
Tractors and trail­

ers*
Monorail trolleys 
(motor driven)

Skip hoists*
Platform elevators

Chutes* Traveling cranes* 
(power)

Monorail trolleys 
(motor driven)

Containers 
such as bags or 
sacks

Tractors and trail­
ers*

Industrial railways 
Traveling cranes 
Monorail trolleys
(motor driven)

Drum hoists* 
Platform elevators 
Stationary cranes

Chutes*
Platform elevators 
Drum hoists 
Stationary cranes

Traveling cranes* 
(power)

Monorail trolleys 
(motor driven)

Containers 
such as barrels 
or drums

Tractors and trail­
ers*

Industrial railways

Platform elevators* 
Stationary cranes 
Drum hoists

Platform elevators*
Drum hoists 
Stationary cranes

Monorail trolleys* 
(motor driven)

Traveling cranes 
(power)

Containers 
such as boxes or 
packages

Tractors and trail­
ers*

Industrial railways 
Traveling cranes 
Monorail trolleys
(motor driven)

Platform elevators* 
Stationary cranes 
Drum hoists

Chutes*
Platform elevators 
Drum hoists 
Stationary cranes

Monorail trolleys* 
(motor driven)

Traveling cranes 
(power)

Pieces
such as logs, 
tires, pulp laps, 
large lumps

Monorail trolleys*
(motor driven) 

Tractors and trail­
ers*

Industrial railways 
Traveling cranes

Platform elevators* 
Stationary cranes 
Drum hoists

Chutes*
Platform elevators

Monorail trolley* 
(motor driven)

Traveling cranes 
(power).

Locomotive cranes

* Usual choice.

Equipment Data and Costs
Cost data given in the tables and text of this section were first assembled 

and checked in 1934. From that time until the present revision (1940) 
price changes have been small and not enough to require revision when used 
only for preliminary estimates. Naturally, before any construction work is 
contracted for or carried out, the engineer will procure a firm figure of cost 
from a conveyor manufacturer, to serve as basis for final cost estimates and 
actual appropriations.

Belt Conveyors (see pp. 2197 and 2202). Table 13 gives general in­
formation that will assist in the selection of belt conveyors for preliminary 
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estimating purposes. The table does not fully cover the subject, but suggests 
the ranges of belt sizes, speeds, capacities, and size of material handled.

Table 3; Large Quantity Handled; Intermittent Demand with 
Storage to Give Continuous Flow Effect

Over 100 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk material 
of lumpy, broken

Belt conveyors*
Pneumatic convey-

Bucket elevators* 
V-bucket carriers

Chutes*
V-bucket carriers

Belt conveyors*
Pneumatic conveyors

ture Solids pumps
Apron or pan con­
veyors

Scraper or drag con­
veyors

ors Chutes
V-bucket carriers
Pivoted bucket car­
riers

Bulk material 
of finely divided 
or pulverized na­
ture

Pneumatic convey­
ors*

Belt conveyors 
Flight conveyors 

^Solids pumps

Pneumatic convey­
ors*

Bucket elevators
V-bucket carriers

Chutes*
V-bucket carriers

Pneumatic conveyors*
Solids pumps
Chutes

Containers 
such as bags or 
sacks

Gravity roller 
conveyors*

Belt conveyors 
Platform conveyors 
Slat conveyors

Chain elevators*
Belt elevators 
Tray elevators

Chutes*
Spiral chutes 
Roller spirals

Gravity roller 
conveyors*

Live roller conveyors 
Belt conveyors 
Platform conveyors 
Slat conveyors 
Chutes

Containers 
such as barrels 
or drums

Slat conveyors* 
Chain conveyors 
Platform conveyors 
Gravity roller con­

veyors

Barrel elevators*
Chain elevators

Barrel elevators* 
Chain elevators 
Roller spirals 
Chutes

Slat conveyors* 
Chain conveyors 
Platform conveyors 
Chutes

Containers 
such as boxes or 
packages

Chain conveyors*
Gravity roller con­

veyors*
Belt conveyors 
Platform conveyors

Package elevators*
Chain elevators
Belt elevators

Spiral chutes*
Chutes
Roller spirals 
Package elevators

Chain conveyors*
Gravity roller con­

veyors*
Belt conveyors
Push-bar conveyors 
Chutes

Push-bar convey­
ors

Wheel conveyors

Pieces 
such as logs, 
tires, pulp laps, 
large lumps

Chain trolleys*
Chain or cable con­
veyors*

Apron or pan con­
veyors

Gravity roller con­
veyors

Chain elevators* 
Belt elevators 
Tray elevators

Spiral chutes*
Chutes

Chain trolleys*
Chain or cable con­
veyors*

Apron or pan con­
veyors

Gravity roller convey­
ors

Chutes

* Usual choice.

Capacities given assume uniform loading with feeder. Extra width should 
be provided for peak loads. Speeds should be governed by size of material, 
method of loading, incline of conveyor, if any, and other affecting factors.
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Horsepower required to drive the belt, taking into consideration the weight 
of the belt, is figured from the following formula (Link-Belt Company) :

Horsepower = T + — ) + — + P
1,000∖ 16/ 990

where K is a power constant from Table 14; L is length of conveyor (between 
pulley centers) in feet; T is tons per hour of material; S is speed of belt in feet 
per minute; B is weight of belt in pounds per foot, from Table 15; H is rise

Table 4. Large Quantity Handled; Continuous Demand with 
Storage to Give Intermittent Flow Effect

Over 100 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk materia! 
of lumpy, broken 
or crushed na­
ture

Drag-line scrapers· 
Industrial railways* 
Tractors and trail­
ers

Traveliiig cranes 
Monorail trolleys 
(motor driven)

Skip hoists*
Platform elevators

Chutes* Traveling cranes*
(power)

Monorail trolleys
(motor driven) 

Locomotive cranes

Bulk material 
of finely divid­
ed or pulverized 
nature

Tractors and trail­
ers*

Industrial railways* 
Monorail trolleys
(motor driven)

Skip hoists*
Platform elevators

Chutes* Traveling cranes* 
(power)

Monorail trolleys 
(motor driven)

Containers 
such as bags or 
sacks

T-actors and trail­
ers*

Industrial railways 
Traveling cranes 
Mouorail trolleys 
(motor driven)

Platform elevators* 
Stationary cranes 
Drum hoists

Chutes*
Platform elevators 
Drum hoists 
Stationary cranes

Traveling cranes* 
(power)

Monorail trolleys 
(motor driven)

Containers 
such as barrels 
or drums

Tractors and trail­
ers*

Industrial railways

Platform elevators* 
Stationary cranes 
Drum hoists

Platform elevators* 
Drum hoists 
Stationary cranes

Monorail trolleys* 
(motor driven)

Traveling cranes 
(power)

Containers 
such as boxes or 
packages

Tractors and trail­
ers*

Industrial railways 
Traveling cranes

Platform elevators* 
Stationary cranes 
Drum hoists

Chutes*
Platform elevators 
Drum hoists

MonoraiI trolleys* 
(motor driven)

Traveling cranes 
(power)

(power)
Monorall trolleys
(motor driven)

Pieces 
such as logs, 
tires, pulp laps, 
large lumps

Monorail trolleys* 
(motor driven)

Tractors and trail­
ers*

Industrial railways

Platform elevators* 
Stationary cranes 
Drum hoists

Chutes*
Platform elevators

Monorail trolleys* 
(motor driven)

Traveling cranes 
(power)

Locomotive cranes
Traveling cranes

* Usual choice.

of belt in feet (if belt is inclined); P is the horsepower for tripper (if used) 
from Table 14.
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To the preceding calculation add:
1. For horsepower consumed by the terminals (head and foot shafts only), 

20 per cent for conveyors under 50-ft. centers; 10 per cent for conveyors under 
100-ft. centers; 5 per cent for conveyors under 150-ft. centers.

2. For horsepower consumed by countershaft drives, 10 per cent of total 
for each speed reduction through cast tooth gears, or 5 per cent of total for 
each speed reduction through cut gears.

Table 5. Medium Quantity Handled in Continuous Flow
10 to 100 tons per hour

Usual choice.

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bidk materials 
of lumpy, broken 
or crushed na­
ture

Belt conveyors*
Apron or pan con­
veyors

Drag chain convey­
ors

Redler conveyors 
Johns conveyors 
Vibrating conveyors

Bucket elevators* Chutes* Belt conveyors*
Chutes
Flight conveyors
Apron or pan con­
veyors

V-bucket carriers
Pivoted bucket car­
riers

Redler conveyors 
Johns conveyors 
Vibrating conveyors

Bulk material 
of finely divided 
or pulverized na­
ture

Solids pumps*
Pneumatic convey­

ors*
Belt conveyors 
Scraper conveyors 
Flight conveyors

Pneumatic convey­
ors*

Bucket elevators

Chutes*
Pneumatic convey­

ors

Solids pumps*
Pneumatic conveyors*
Chutes
Screw conveyors 
Flight conveyors
Redler conveyors

Screw conveyors 
Redler conveyors
Johns conveyors 
Vibrating conveyors

Johns conveyors 
Vibrating conveyors

Containers 
such as bags or 
sacks

Belt conveyors* 
Gravity roller con-

Chain elevators* 
Belt elevators 
Tray elevators

Chutes*
Spiral chutes

Belt conveyors* 
Gravity roller convey-

veyors*
Chain trolleys

Roller spirals ors*
Live roller conveyors 
Chutes

Containers 
such as barrels 
or drums

Chain conveyors*
Gravity roller con­

veyors

Barrel elevators*
Chain elevators

Barrel elevators*
Chain elevators
Roller spirals

Chain conveyors*
Chutes

Chutes

Containers 
such as boxes or 
packages

Chain conveyors*
Gravity roller con­

veyors*
Chain trolleys
Belt conveyors 
Wheel conveyors

Package elevators* 
Chain elevators 
Belt elevators

Spiral chutes*
Package elevators
Chutes
Roller spirals

Gravity roller convey­
ors*

Chain conveyors*
Belt conveyors
Chain trolleys 
Push-bar conveyors 
Chutes

Pieces 
such as logs, 
tires, pulp laps, 
large lumps

Chain trolleys*
Chain or cable con­
veyors*

Belt conveyors
Gravity roller con­

veyors

Chain elevators* 
Belt elevators 
Tray elevators

Spiral chutes* 
Chutes

Chain trolleys*
Chain or cable con­
veyors*

Pan conveyors
Gravity roller convey­

ors
Chutes
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List prices and weights for standard, three-rolɪ, antifriction troughing idlers 
in unit stands, with return for conveyor belt, are given in Table 16. There 
are idlers available at higher and lower prices than given in the table, depend­
ing on design and purpose. Those given will serve as a guide in estimating, 
when used with Table 17, giving spacing of idlers.

Table 6. Medium Quantity Handled in Intermittent Flow
10 to 100 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk material
of lumpy, broken 
or crushed na­
ture

Monorail trolleys*
(motor driven) 

Tractors and trail­
ers

Power trucks with 
skids

Skip hoists*
Platform elevators
Drum hoists

Platform elevators*
Drum hoists

MonoraiI trolleys* 
(motor driven)

Traveling cranes 
(power)

Bulk material 
of finely divided 
or pulverized na­
ture

Power trucks with 
skids*

Tractors and trail­
ers

Monorail trolleys 
(motor driven)

Platform elevators*
Skip hoists
Drum hoists

Platform elevators*
Drum hoists

Monorail trolleys* 
(motor driven)

Traveling cranes 
(power)

Containers 
such as bags or 
sacks

Power trucks with 
skids*

Tractors and trail­
ers*

Platform trucks 
(power)

Drum hoists* 
Platform elevators 
Stationary cranes
Chain hoists

(power)

Drum hoists*
Chain hoists

(power)
Platform elevators
Stationary cranes

Monorail trolleys* 
(motor driven)

Traveling cranes 
(power)

Containers 
such as barrels 
or drums

Power trucks with 
skids*

Tractors and trail­
ers*

Platform trucks 
(power)

Platform elevators* 
Drum hoists 
Stationary cranes 
Chain hoists

(power)

Platform elevators*
Drum hoists 
Stationary cranes
Chain hoists

(power)

MonoraiI trolleys* 
(motor driven)

Traveling cranes 
(power)

Containers 
such as boxes or 
packages

Power trucks with 
skids*

Tractors and trail­
ers*

Platform trucks 
(power)

Platform elevators*
Drum hoists 
Stationary cranes
Chain hoists

(power)

Platform elevators* 
Drum hoists 
Stationary cranes 
Chain hoists

(power)

Monorail trolleys* 
(motor driven)

Traveling cranes 
(power)

Pieces
such as logs, 
tires, pulp laps, 
large lumps

Power trucks with 
skids*

Tractors and trail­
ers*

Platform trucks 
(power)

Monorail trolleys 
(motor driven)

Chain hoists*
(power)

Platform elevators 
Drum hoists 
Stationary cranes

Chain hoists*
(power)

Platform elevators 
Drum hoists 
Stationary cranes

Monorail trolleys* 
(motor driven)

Traveling cranes 
(power)

* Usual choice.

In estimating belt conveyor costs, allowance should also be made for head 
and foot pulleys, take-up, and drive. Where trippers, unloaders, and feeders 
are used, these also should be included.

Bucket Elevators. In Table 18 are given the speed, horsepower, and 
capacity of centrifugal-discharge bucket elevators with malleable-iron buckets
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Table 7. Medium Quantity Handled; Intermittent Demand with 

Storage to Give Continuous Flow Effect
10 to 100 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk material 
of lumpy, bro­
ken or crushed 
nature

Belt conveyors*
Apron or pan con­
veyors

Drag chain convey­
ors

Redler conveyors 
Johns conveyors 
Vibrating conveyors

Bucket elevators* Chutes* Belt Conveyors*
Chutes
Flight conveyors
Apron or pan con­
veyors

V-bucket carriers
Pivoted bucket car­

riers

Johns conveyors 
Vibrating conveyors

Bulk material of Pneumatic convey­
ors*

Solids pumps* 
Belt conveyors 
Scraper conveyors 
Flight conveyors 
Screw conveyors 
Redler conveyors 
Johns conveyors

Pneumatic convey- Chutes*
Pneumatic convey­
ors

Solids pumps*
Pneiiinatifi conveyors*

pulverized 
nature

Bucket elevators Chutes
Screw conveyors 
Flight conveyors 
Redler conveyors 
Johns conveyors 
Vibrating conveyors

Vibrating conveyors

Containers 
such as bags or 
sacks

Belt conveyors* 
Gravity roller con­
veyors*

Chain trolleys

Chain elevators* 
Belt elevators 
Tray elevators

Chutes*
Spiral chutes 
Roller spirals

Belt conveyors*
Gravity roller con­
veyors *

Live roller conveyors 
Chutes

Containers 
such as barrels 
or drums

Chain conveyors*
Gravity roller con­

veyors

Barrel elevators* 
Chain elevators

Barrel elevators* 
Chain elevators 
Roller spirals 
Chutes

Chain conveyors*
Chutes

Containers 
such as boxes or 
packages

Chain conveyors* 
Gravity roller con- 

veyors*
Belt conveyors 
Chain trolleys 
Wheel conveyors

Package elevators*
Belt elevators 
Chain elevators

Spiral chutes* 
Package elevators 
Roller spirals 
Chutes

Chain conveyors*
Gravity roller con­

veyors*
Beit conveyors 
Push-bar conveyors 
Cnutes
Chain trolleys

Pieces 
such as logs, 
tires, pulp laps, 
large lumps

Chain trolleys*
Chain or cable con­
veyors*

Belt conveyors 
Gravity roller con­

veyors

Chain elevators* 
Belt elevators 
Tray elevators

Spiral chutes* 
Chutes

Chain trolleys*
Chain or cable con­
veyors*

Pan conveyors
Gravity roller con­
veyors

Chutes

* Usual choice.
spaced on single-strand chain and enclosed in steel casings. These are a 
commonly used type of elevator.

Horsepower of bucket elevators may be figured from the equations

Horsepower = —-
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for spaced buckets and digging boots, and

Horsepower = 5o0

for continuous buckets with loading leg. Here H is the center-to-center dis­
tance in feet and T is in tons per hour.

Cast-iron elevator boots vary in list price from $60 to $180 for the range of 
sizes given in Table 18, while steel boots vary from $110 to $230. Buckets 
of standard weight range from $0.35 to $1.35 for these sizes.

Table 8. Medium Quantity Handled; Continuous Demand with 
Storage to Give Intermittent Flow Fffect

10 to 100 tons per hour

Material handled Horizontal movement Vertical upward movement Vertical downward movement Combined horizontal and vertical movement
Bulk material of lumpy, bro­ken, or crushed nature

Monorail trolleys* (power)Tractors and trail­ersPower trucks with skids
Skip hoists* Platform elevatorsDrum hoists Platform elevators*Drum hoists MonoraIl trolleys*(power)Traveling cranes(power)

Bulk materialof finely divided or pulverized nature
Power trucks with skids*Tractors and trail­ersMonorail trolleys (power)

Platform elevators*Skip hoistsDrum hoists Platform elevators*Drum hoists Monorail trolleys*(power)Traveling cranes(power)
Containers such as bags or sacks Power trucks with skids*Tractors and trail­ers*Platform trucks (power)

Drum hoists* Platform elevators Stationary cranes Chain hoists(power)
Drum hoists* Platform elevators Stationary cranesChain hoists(power)

Monorail trolleys*(power)Traveling cranes(power)
Containers such as barrels or drums Power trucks with skids*Tractors and trailers*Platform trucks (power)

Platform elevators* Drum hoists Stationary cranes Chain hoists(power)
Platform elevators* Drum hoists Stationary cranes Chain hoists(power)

Monorail trolleys*(power)Traveling cranes(power)
,Containers such as boxes or packages Power trucks with skids*Tractors and trailers*Platform trucks (power)

Platform elevators* Drum hoists Stationary cranes Chain hoists(power)
Platform elevators* Drum hoists Stationary cranes Chain hoists(power)

Monorail trolleys*(power)Traveling cranes (power)
Piecessuch as logs, tires, pulp laps, large lumps

Power trucks with skids*TractorB and trailers*Platform trucks (power)Monorail trolleys (power)

Chain hoists*(power)Platform elevators Drum hoists Stationary cranes
Chain hoists*(power)Platform elevators Drum hoists Stationary cranes

Monorail trolleys* (power)Traveling cranes (power)

Usual choice.
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An elevator with 6- by 4-in. buckets, 30 ft. from center to center, complete 

with boot and head, including drive gears and pulleys, will list at $350, with 
$4 added for each extra foot in length when no casing is included and buckets 
are mounted on rubber belting in place of chain. The same type of elevator, 
but with 16- by 8-in. buckets, will list at $1,100. These figures will indicate 
the range in first cost for such equipment.

Cost of driving equipment can be estimated from horsepower requirements.

Table 9. Small Quantity Handled in Continuous Flow
Up to 10 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk material 
of lumpy, broken 
or crushed 
nature

Belt conveyors*
Drag chain convey­
ors

Scraper conveyors

Bucket elevators* Chutes* Belt conveyors*
Chutes
Redler conveyors 
Johns conveyors

Redler conveyors 
Johns conveyors 
Vibrating conveyors

Vibrating conveyors

Bulk material
of finely divided 
or pulverized 
nature

Belt conveyors*
Pneumatic convey­

ors
Solids pumps
Redler conveyors

Bucket elevators*
Pneumatic convey­

ors

Chutes*
Pneumatic convey­

ors

Belt conveyors*
Chutes
Pneumatic conveyors 
Solids pumps
Redler conveyors

Johns conveyors 
Vibrating conveyors

Johns conveyors
Vibrating conveyors

Containers 
such as bags or 
sacks

Belt conveyors*
Gravity roller con­

veyors*

Chain elevators*
Belt elevators

Chutes* 
Spiral chutes

Belt conveyors*
Gravity roller convey­

ors*
Chutes

Containers 
such as barrels 
or drums

Chain conveyors*
Gravity roller con­
veyors

Chain elevators* Chutes* Chain conveyors*
Chutes
Gravity roller con­
veyors

Containers 
such as boxes or 
packages

Gravity roller con­
veyors*

Belt conveyors 
Chain trolleys 
Wheel conveyors

Chain elevators*
Belt elevators

Spiral chutes* 
Chutes

Gravity roller con­
veyors*

Belt conveyors
Chain conveyors
Chain trolleys
Chutes

Pieces
such as logs, 
tires, pulp laps, 
large lumps

Chain or cable con­
veyors*

Chain trolleys*
Gravity roller con­

veyors
Belt conveyors

Chain elevators*
Belt elevators

Spiral chutes* 
Chutes

Chain or cable con­
veyors*

Chain trolleys*
Belt conveyors
Chutes
Gravity roller çonvey- 

ors

* Usual choice.

Chain Conveyors. Whether of the type that runs under the load, such 
as log conveyors, or of the type that runs in guides with attachments to carry 
the load, chain conveyors consist of an appropriate type of chain, with sprock­
ets, attachments, guides, and supports. Table 19 gives data for a style of 
chain used for roller-chain conveyors where the load is supported on attach-
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ments. These attachments vary in price from $3 to $6 per ft., assembled in 
the chain on every link.

Data for chain used for directly supporting the load do not differ much 
from the above, except that such Chainusually has a higher working strength.

Table 10. Small Quantity Handled in Intermittent Flow
Up to 10 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk material 
of lumpy, broker 
or crushed

Hand trucks with 
skids*

Power trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Platform elevators 
(portable)

Drum hoists
Platform elevators* 
(portable)

Drum hoists

Monorail trolleys* 
(hand)

Traveling cranesnature (hand)

Bulk material 
of finely divided 
or pulverized 
nature

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Platform elevators* 
(portable)

Drum hoists
Platform elevators* 

(portable)
Drum hoists

Monorail trolleys* 
(hand)

Traveling cranes 
(hand)

Containers 
such as bags or 
sacks

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Chain hoists* 
(power or hand)

Drum hoists 
Platform elevators

(portable)

Chain hoists* 
(power or hand)

Drum hoists 
Platform elevators

(portable)

Monorail trolleys* 
(hand)

Traveling cranes 
(hand)

Containers 
such as barrels 
or drums

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Chain hoists* 
(power or hand)

Drum hoists 
Platform elevators

(portable)

Chain hoists* 
(power or hand)

Drum hoists 
Platform elevators

(portable)

MonoraiI trolleys* 
(hand)

Traveling cranes 
(hand)

Containers 
such as boxes or 
packages

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks
(hand or power) 

Monorail trolleys 
, (hand)

Platform elevators* 
(portable)

Drum hoists
Chain hoists
(power or hand)

Platform elevators* 
(portable)

Drum hoists
Chain hoists 

(power or hand)

Monorail trolleys* 
(hand)

Traveling cranes 
(hand)

Pieces 
such as logs, 
tires, pulp laps, 
large lumps

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks 
(hand or power) 

Vionorail trolleys 
(hand)

Chain hoists* 
(power or hand)

Drum hoists
Platform elevators 

(portable)

Chain hoists* 
(power or hand)

Drum hoists
Platform elevators 
(portable)

Monorail trolleys* 
(hand)

Traveling cranes 
(hand)

Usual choice.
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ɪ'ɪst prices of cast-iron sprocket wheels for these chains vary from about $7 
for a 6-in. pitch diameter to about $85 for a 58-in. pitch diameter. Drive 
at>d supports must also be included in any estimate.

Chain Trolley Conveyors. Chain trolley data are similar to those for 
t⅛ain conveyors. The lighter, less expensive chains used are balanced in cost 
hy the greater expense of attachments, including the trolley hangers and 
toilers. Table 20 gives size and loading data on these trolleys.

Table 11. Small Quantity Handled; Intermittent Demand with 
Storage to Give Continuous Flow Sfiect

Up to 10 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

material
0i 1umpy, broken 
Pr crushed na­
ture

Belt conveyors*
Drag chain convey­

ors
Scraper conveyors 
Redler conveyors 
Johns conveyors 
Vibrating conveyors

Bucket elevators* Chutes* Belt conveyors*
Chutes
Redler conveyors 
Johns conveyors 
Vibrating conveyors

il¾ material
0t finely divided 
0r pulverized 
nature

Belt conveyors*
Pneumatic convey­

ors
Solids pumps 
Redler conveyors 
Johns conveyors 
Vibrating conveyors

Bucket elevators* 
Pneumatic convey­

ors

Chutes*
Pneumatic convey­

ors

Belt conveyors* 
Chutes
Pneumatic conveyors 
Solids pumps
Redler conveyors 
Johns conveyors 
Vibratingconveyors

Containers 
δuch as bags or 
sacks

Belt conveyors* 
Gravity roller con­

veyors*

Chain elevators* 
Belt elevators

Chutes*
Spiral chutes

Belt conveyors*
Gravity roller convey­

ors*
Chutes

Containers
3uch as barrels 
°r drums

Chain conveyors*
Gravity roller con­

veyors

Chain conveyors* Chutes* Chain conveyors*
Chutes
Gravity roller con­
veyors

Containers 
such as boxes or 
Packages

Gravity roller con­
veyors*

Belt conveyors 
Chain trolleys 
Wheel conveyors

Chain elevators* 
Belt elevators

Spiral chutes* 
Chutes

Gravity roller con­
veyors*

Chain trolleys
Belt conveyors
Chain conveyors 
Chutes

Pieces
such as logs, 
fɪres, pulp laps, 
targe lumps

Chain or cable con­
veyors*

Chain trolleys*
Belt conveyors
Gravity roller con­
veyors

Chain elevators* 
Belt elevators

Spiral chutes* 
Chutes

Chain or cable con­
veyors*

Chain trolleys*
Belt conveyors 
Chutes
Gravity roller con­
veyors

* Usual choice.

Apron, Pan, Slat, and Platform Conveyors. List prices of these con­
veyors are determined as are those of any other chain conveyor, as these 
conveyors are single- or double-strand chain conveyors with the pans, aprons, 
slats, or platforms serving as attachments.
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The horsepower required to drive such a conveyor is given approximately 
by the following formula, which does not take into account losses due to 
friction and other factors that result in a higher horsepower requirement.
Table 12. Small Quantity Handled; Continuous Demand with 

Storage to Give Intermittent Flow Effect
Up to 10 tons per hour

Material 
handled

Horizontal 
movement

Vertical upward 
movement

Vertical downward 
movement

Combined horizontal 
and 

vertical movement

Bulk material 
of lumpy, brok­
en, or crushed 
nature

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Platform elevators* 
(portable)

Drum hoists

Platform elevators* 
(portable)

Drum hoists

Monorail trolleys* 
(hand)

Traveling cranes 
(hand)

Bulk material
of finely divided 
or pulverized 
nature

Power trucks with 
skids*

Hand trucks with 
skids*

Platform elevators* 
(portable)

Drum hoist

Platform elevators* 
(portable)

Drum hoists

Monorail trolleys* 
(hand)

Traveling craneB 
(hand)

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Containers 
such as bags or 
sacks

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Chain hoists* 
(power or hand)

Drum hoists
Platform elevators 

(portable)

Chain hoists* 
(power or hand)

Drum hoists
Platform elevators 

(portable)

Monorail trolleys*
(hand)

Traveling cranes 
(hand)

Containers 
such as barrels 
or drums

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Chain hoists* 
(power or hand)

Drum hoists
Platform elevators 

(portable)

Chain hoists* 
(power or hand)

Drum hoists
Platform elevators 

(portable)

Monorail trolleys*
(hand)

Traveling cranes
(hand)

Containers 
such as boxes or 
packages

Power trucks with 
skids*

Hand trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Platform elevators* 
(portable)

Drum hoists
Chain hoists 

(power or hand)

Platform elevators* 
(portable)

Drum hoists
Chain hoists 
(power or hand)

Monorail trolleys*
(hand)

Traveling cranes 
(hand)

Pieces
such as logs, 
tires, pulp laps, 
large lumps

Power trucks with 
skids*

Chain hoists* 
(power or hand)

Drum hoists
Platform elevators 

(portable)

Chain hoists* 
(power or hand)

MonoraiI trolleys* 
(hand 1

Hand trucks with 
skids*

Platform trucks 
(hand or power)

Monorail trolleys 
(hand)

Drum hoists
Platform elevators

(portable)

Traveling cranes 
(hand)

Usual choice.
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Note, in figuring loads, that the formula is for horsepower of the head shaft, 
so that weight of conveyor as well as of material should be taken. Also note 
that inclined conveyors of this type will require more horsepower for a given 
load than horizontal conveyors.

load in pounds × speed in feet per minuteHorsepower =------------------------------------------ - ------------
33,000

Capacities for various widths of apron or pan conveyors are given in Table 
21. This table is based on the assumption that the conveyor is uniformly 
loaded to 75 per cent of the maximum cross section (net width of carrying

Table 13. Belt Conveyors; Capacities, Speeds, and Sizes of Pieces
Link-Belt Company

Width 
of belt, 

in.

Belt ply Cross 
section 

of 
load, 
sq. ft.

Cu. ft. 
per 

hr. at 
100 ft.

per 
min.

Capacities in tons per hr. at
100 ft. per min., at weight per 

cu. ft. of material of

Maxi­
mum 
advis­
able 
belt 

speed, 
ft. per 
min.

Medium size 
of material, in.

80% 
under

20% 
notover

Min. Max. 50 lb. 75 lb. 100 lb. 150 ɪb.

12 3 4 0.084 504∣ 12.6 18.9 25.2 37.8 300 l⅛ 2
14 3 5 0.114 686 17.1 25.6 34.3 51.3 300 2 3
16 3 5 0.149 896 22.4 33.6 44.8 67.2 300 2½ 418 4 6 0.189 1,134 28.3 42.5 56.7 84.9 350 3 5
20 4 6 0.233 1,400 35.0 52.5 70.0 105.0 350 3½ 6
24 4 6 0.336 2,016 50.4 75.6 100.8 151.2 400 4½ 8
30 5 7 0.525 3,150 78.7 118.1 157.5 236.2 500 7 12
36 6 8 0.751 4,536 113.4 170.1 226.8 340.2 600 8 16
42 6 9 1.029 6,174 154.3 231.5 308.7 463.0 600 10 20
48 6 10 1.333 8,064 201.6 302.4 402.2 604.8 600 12 24
54 8 11 1.701 10,206 255.1 382.6 510.2 765.3 600 13 26
60 8 12 2.100 12,600 315.0 472.5 630.0 945.0 600 14 28

Table 14. Tripper Horsepower and Constants for Belt-conveyor 
Horsepower

Link-Belt Company

Width of belt, in.
Value of K H.p. for tripper P

Plain brgs. Anti-frict. brgs. Plain brgs. Anti-frict. brgs.

12 0.149 0.070 0.75 0.5014 0.144 0.070 1.00 0.75
16 0.140 0.070 1.00 0.75
18 0.135 0.069 1.50 1.25
20 0.132 0.066 1.50 1.25
24 0.125 0.062 1.75 1.25
30 0.117 0.057 2.50 1.75
36 0.109 0.054 3.00 2.5042 0.102 0.051 4.00 3.00
48 0.097 0.048 5.00 3.25
54 0.092 0.047 6.00 5.00
60 0.090 0.045 7.00 6.00

•-----------------------
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surface, in inches, multiplied by height of sides, in inches), and traveling at 
a speed of 10 ft. per min. For other widths of carrying surface, heights öf 
sides, and speeds, than those listed, the capacities should be figured in direct 
proportion to the varying dimensions; for instance, if the speed is 50 ft. per 
min., multiply the listed capacity by 5.

Table 15. Approximate Weights of 28-oz. Duck Rubber Conveyor 
Belt

Link-Belt Company
Pounds per foot

PIy Thickness of top Width of belt, in.
belt cover,in. 12 14 16 18 20 24 30 60

½2 1.27 1.48 1.69¼6 1.51 1.76 2.013 ⅛ 1.99 2.32 2.65M 6 2.46 2.88 3.28¼2 1.55 1.78 2.05 2.33 2.56 3.08Me 1.78 2.08 2.37 2.67 2.96 3.564 ⅛ 2.27 2.64 3.01 3.39 3.77 4.53¾6 2.75 3.19 3.64 4.09 4.54 5.46¼2 2.41 2.71 2.99 3.61 4.49¼6 2.71 3.05 3.41 4.07 5.09
5 ⅛ 3.36 3.78 4.20 5.04 6.30Me 4.00 4.50 5.00 6.00 7.50

Width of belt, in.
20 24 30 36 42 48 54 60

½2 3.44 4.13 5.06 6.19 7.22 8.42Me 3.84 4.61 5.76 6.92 8.06 9.4
6 ⅛ 4.64 5.57 6.96 8.35 9.75 11.4Μ« 5.44 6.54 8.16 9.80 11.42 13.35½2Me 6.46 7.75 9.04 10.32 11.60
7 ¼ 7.66 9.18 10.80 12.23 13.76Mβ 8.86 10.62 12.38 14.15 15.92½2 7.82 9.14 10.40 11.70 13.008.55 9.96 11.38 12.78 14.22
8 ¼ ∙ 9.97 11.63 13.30 14.95 16.62¾6 11.40 13.31 15.21 17.12 19.00½2 10.08 11.52 12.96 14.4010.92 12.48 14.03 15.639 ⅛ 12.60 14.40 16.20 18.00Me 14.28 16.32 18.36 20.40½2 12.65 14.15 15.80M 6 13.60 15.30 17.1610 ⅛ 15.56 17.50 19.40Me 17.50 19.65 22.00

Note. The weight of 32-oz. duck, rubber-covered conveyor belt is one-seventh heavier than above weights.
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Capacities for slat or platform conveyors are given in Table 22. In this 

table several package weights are given for each conveyor width. Stronger 
chain is used as these package weights increase.

In estimating the cost of apron, pan, slat, or platform conveyors, it should 
be borne in mind that, in addition to the cost of the chain and attachments, 
the cost of the sprockets, driving equipment, and supporting structure must 
be included.

Table 16. List Prices and Average Weights in Pounds for Belt 
Conveyor Idlers 
Link-Belt Company

Width of belt, 
in.

Unit troughing idler Unit troughing idler

Price per unit Weight per 
unit, lb.

With 5-in. diam. return idler With 6-in. diam. return idler

Price Weight, 
lb. Price Weight, 

lb.

14 $34.60 85 $45.80 118 $46.40 122
16 35.00 89 46.60 125 47.20 128
18 35.40 93 47.40 131 48.20 135
20 35.80 99 48.20 137 49.20 152
24 36.60 107 49.80 149 51.20 154

30 39.00 127 53.60 179 55.40 186
36 42.00 138 58.00 195 60.20 203
42 45.00 159 62.40 215 65.00 223
48 48.00 164 66.80 237 69.80 Ł 245

26754 51.00 169 71.20 259 74.60
60 54.00 174 75.60 261 79.40 289

Note. Above weights and prices are based on using standard 9-in. pedestal. When 15 in. is used, add 
8 lb. to weight and $2.00 to list price.

Weight of material in lb. per cu. ft.

Table 17. Spacing in Feet of Carrying Idlers for Belt Conveyors 
Link-Belt Company

35 and under 40-70 75-100 125-150

12& 14 5½ 5 5 4¼
16 5½ 5 5 4⅛
18 5 4½ 4½ 4
20 5 4½ 4½ 4
24 5 4½ 4 4

30 5 4½ 4 3½
36 4½ 4 3⅛ 3
42 4¼ 4 3½ 3
48 4 3½ 3⅛ 3⅛
54 4 3⅛ 3½ 3
60 4 3½ 3½ 3

Spacing of return idlers
12- to 30-in. belt.
36- to 48-in. belt.

10-ft. centers
9-ft. centers
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Chain and Tray Elevators. Barrel, package, bag, or tray elevators are 
double-strand chain conveyors with various types of attachment for holding 
such containers, in either ascent or descent. Data for estimate will be similar 
to those used for other types of chain conveyors, except that the special 
attachments for holding the load, coming in sets of two, one for each chain 
strand, will range in cost from $12 to $30, depending on their purpose.

More elaborate conveyors of this type, with automatic unloading, loading, 
and control attachments are available. If these are to be used, preliminary 
data should be obtained from the manufacturers.

Table IS. Speciflcations and Dimensions for Bucket Elevatore up 
to 80-ft. Centers

Palmer-Bee Company 
Centrifugal-discharge, malleable-iron buckets, single-strand chain, steel casing

Size of buckets, 
in.

Spacing of 
buckets, in.

Diameter 
of head 

sprocket, in.

Head shaft, 
revolutions 
per minute

Speed 
of buckets, 
ft. per min.

H.p. at 
countershaft

Capacity, 
tons per hr.

6×4 13 16 48 207 1.2 6.7
7 × 4½ 13 16 48 207 2.0 10.1
8×5 16 20 42 220 2.8 12.3

10 × 6 16 20 42 220 3.1 21.9
ɪɪ ×6 16 20 42 220 3.4 23.9
12 × 6 18 24 40 250 4.9 26.5
12 × 7 18 24 40 250 5.5 35.9
14 × 7 18 24 40 250 6.5 42.2
14 × 8 18 24 40 250 8.0 55.0

Table 19. Data for Steel Boiler Chain
Jeffrey Manufacturing Company

Pitch, In.
Approximate 

weight per ft., 
lb.

Working 
strength in Ib. at 
150 ft. per min.

Maximum speed, 
ft. per min.

Average 
ultimate 

strength, lb.
List price per ft.

1.59 3.10 2,100 800 14,000 $2.65
1.50 3.30 1,400 700 10,000 2.00
1.63 3.25 1,400 800 13,000 2.00
1.65 3.00 1,400 700 10,000 1.85
2.00 4.25 1,900 700 13,000 2.50
4.00 12.38 3,700 500 30,700 3.40
6.00 9.25 3,750 450 30,700 2.60
6.00 13.50 5,200 400 50,000 3.00
6.00 13.50 9,250 400 76,300
9.00 7.70 3,900 350 23,400 2.20
9.00 13.00 4,500 350 44,000 3.00
9.00 14.50 5,200 300 47,000 3.40
9.00 16.00 8,000 315 60,000 3.60
9.00 16.00 8,000 315 60,000 3.55

12.00 12.20 5,200 300 47,000 2.80
12.00 11.92 5,200 300 47,000 2.70
12.00 11.25 5,200 300 47,000 2.40
12.00 14.20 6,500 200 60,000 3.25
12.00 14.00 6,500 200 60,000 3.10
12.00 14.00 6,500 200 60,000 2.80
12.00 16.75 9,700 200 78,500 4.00
12.00 23.65 9,700 200 78,500 4.60
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Bucket Carriers. Pivoted bucket and V-bucket carriers are special 

designs of chain conveyors, similar in the main to bucket elevators, but having 
upper and lower horizontal runs in addition to the upward and downward 
runs of the bucket elevators.

Capacities of pivoted bucket carriers are given in Table 23. This table 
does not include horsepower requirements. Horsepower is given in Table 24, 
for V-bucket carriers and will not vary greatly for pivoted bucket carriers 
of similar length and capacity. Prices for estimate purposes may be obtained 
from the data given in Table 24, for V-bucket carriers. Note that these list 
prices do not include the driving mechanism.

Flight or Scraper Conveyors. These conveyors are also of the two- 
strand chain type. In estimating cost, data given for chain conveyors should 
be followed. Costs for scraper flights and for steel-plate troughs are given on 
p. 2231.

Capacities given in Table 25 are figured on the basis of dry coal weighing 
50 lb. per cu. ft. Capacities differ for other materials of other densities or 
angles of repose. The capacities given are about 80 per cent of those that 
would be obtained with perfect loading.

Horsepower requirement for each 100-ft. centers and sufficient for inclines 
varies from about 2.5 for the first flight size to about 10 for the largest for

Table 20. Data for Chain Trolleys
Chain Belt Company

Chain Trolley
Average pitch, in. Average ultimate Btrength, lb. Maximum working load, lb. Weight plain, per ft., lb. Wheel diam., in. Maximum capacity, lb.* Weight, lb.

2.609 14,000 2,000 3.5 2⅛ 100 5½2.609 14,000 2,000 3.5 3⅛ 500 73.075 24,000 3,200 6.7 3¼ 500 84.031 30,000 3,000 3.0 3⅛ 500 76.031 60,000 6,000 6.2 3⅛ 500 7
* Based on a maximum trolley speed of 50 ft. per min. ’

Actual width of carrying

Table 21. Capacities of Apron and Pan Conveyors in Cubic Feet per 
Hour

Link-Belt Company

surface in. 2 3 4 5 6 7 8 10 12 14 16 18 20 24 30
18 112 168 225 281 337 393 450 562 675 787 900 1012 112.5 1350 168824 150 225 300 375 450 525 600 750 900 1050 1200 1350 1500 1800 225030 187 281 375 468 562 656 750 937 1125 1312 1500 1687 1875 2250 281336 225 337 450 562 675 787 900 1125 1350 1575 1800 2025 2250 2700 337542 262 393 525 6⅛6 787 918 1050 1312 1575 1837 2100 2362 2625 3150 393748 300 450 600 750 900 1050 1200 1500 1800 2100 2400 2700 3000 3600 450054 337 506 675 843 1012 1181 1350 1688 2025 2362 2700 3037 3375 4050 506360 375 562 750 937 1125 1312 1500 1875 2250 2625 3000 3375 3750 4500 5625
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Table 22. Capacities of Slat or Platform Conveyors
Chain Belt Company

Different chain strengths for each conveyor width

Conveyor width, 
in.*

Capacity tons per
hr.f

Max. weight 
package, lb.

Min. package 
spacing, ft.

Conveyor load per 
ft., lb.

45 150 6 25
67½ 150 4 37

18 90 150 3 50
90 200 4 50

60 150 4.6 33
90 150 3 50

24 120 150 2.3 65
135 200 2.6 75
135 600 8 100

75 200 5 40
112½ 200 3.2 62

30 150 200 2.4 83
180 250 2.5 WO
180 600 6 WO

90 200 4 50
135 200 2.6 75
180 200 2 WO

36 225 250 2 125
225 600 4.8 125
252 600 4.3 140
270 900 6 150

270 500 3.3 150
48 324 500 2.8 180

360 700 3.5 200

* Based on material 1 ½ in. and under in size, 
t Heavier chain also available for each size.

* Conveyor width equals length of conveyor slats, 
t Capacity per hour based on a speed of 60 ft. per min.

Table 23. Data for Pivoted Bucket Carriers
Stephens-Adamson Manufacturing Company 

Using standard long-pitch steel-bushed roller chain

Size of bucket, 
in. Pitch, in.

18 X 15 18
18 X 21 18
24 X 18 24
24X24 24
24X30 24
24×36 24
30X24 30
30×30 30
30X36 30
36×36 36

Capacity, in tons per hr.

Coal, 50 lb. * Stone, 100

15- 20 30- 40
22- 30 44- 60
40- 50 80-100
50- 62 100-124
70- 87 140-174
90-112 180-224
78- 96 156-192

100-125 200-250
125-150 250-300
175-210 350-420

Speed ft. 
per min.

t Weight of 
chain and 

bucket, per 
ft., lb.

30-40 97
30-40 W3
40-50 96
40-50 106
40-50 126
40-50 136
45-55 166
45-55 176
45-55 211
50-60 249
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horizontal conveyors. Inclined conveyors will require more if the quantity 
handled is not cut down somewhat. Note that these figures are for coal at 
50 lb. per cu. ft.

Scraper flights vary in list price from $0.45 for a 12-gage, 4- by 10-in. flight 
to $2.45 for a 10- by 24-in. flight, θ in. thick.

Troughs vary in list prices as follows: For 10-gage shallow troughs, from 
$13 per 10-ft. length to $21.20 per 10-ft. length, over the same range of flight

Table 24. Data and List Prices for Standard V-bucket Carriers
Jeffrey Manufacturing Company

Data
List prices, dollars

Terminals Per foot centers

Bucket 
size, in.

(length by 
width by 

depth)

Hp.
for 

maxi­
mum 
cen­
ters

Com­
plete

Less, 
if 

drive 
frame 
omit­
ted

Less, 
if 

head 
hous­
ing 

omit­
ted

Verti­
Less, 

if
cal casing
run and

com­ guide
plete angles

t omit­
ted

Hori­
zontal 
run 

com­
plete

Less, 
if 

steel 
con­

veyor 
frame 
omit­
ted

3½
4
4
4

7
8
8
8
9
9

10
10
12

28
42
31
28
47
41
63
56
92

18×14× 7
20 X 16 × 8
20× 16× 8
20 × 16 X 8
24 X 18 X 9
24 X 18 X 9
26 X 20 X 10
26 X 20 X 10
30 X 24 X 12

7
9
8½ 
6½ 

11
9

13½
11⅛
17½

* Terminal complete includes boot, upper corner section with its housing, curved trough corner section 
and drive frame, shafts, bearings, sprockets, gears, etc., to and including second countershaft.

↑ Vertical run complete includes chain and buckets and guide angle with steel casing.
j Horizontal run complete includes chain, buckets, trough, and steel conveyor frame for spans not greater 

than 12 ft. Supportsforconveyorframesareextra.

Horizontal conveyor Inclined conveyor flights spaced 24 in.

Table 25. Data for Scraper or Flight Conveyors
Chain Belt Company

Capacities in tons of coal per hr., speed 100 ft. per min.

width by 
length, in. Flight spacing, in.

Lb. moved 
per flight 10 deg. 20 deg. 30 deg.

16 18 24

4× 10 33.75 30 22.5 15 18.0 14.5 10.5
4 × 12 42.75 38 28.5 19 24.0 18.0 13.5
5 × 12 51.75 46 34.5 23 28.5 22.5 16.5
5 X 15 69.75 62 46.5 31 40.5 31.5 22.5
6 X 18 30 60.0 40 49.5 40.5 31.5
8× 18 120 90.0 60 72.0 57.0 48.0
ɛ X 20 105.0 70 84.0 66.5 56.0
8×24 135.0 90 120.0 96.0 72.0

I0× 24 ... 172.5 115 150.0 120.0 90.0
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sizes as in Table 25. For deep troughs, ⅜ in. thick, cost varies from $19.50 
per 10-ft. length to $37.80 per 10-ft. length, for this same range of sizes.

Drag-chain Conveyors. Drag-chain conveyors are chains running in a 
trough, generally of wood, and propelling material that lies upon them along 
the trough. No flights are used, contact with the chain being sufficient to

Table 26. Data for Drag-chain Conveyors
Chain Belt Company

Capacity in cu. ft. per hr.* speed, 
ft. per min. Pitch diameter

8-tooth head
R.p.m. of head shaft

30 40 sprocket, in. 30 ft. per min. 40 ft. per min.

400 533 15.68 7.5 10.0600 800 15.68 7.5 10.0
800 1,067 20.90 5.63 7.5

* Depth of material conveyed depends on whether material is fine or lumpy. Above capacities are 
based on a 4-in. depth, which is conservative for fine material. Speeds for abrasive material should not 
exceed 30 ft. per min. For speeds other than those stated, capacities will be in direct proportion.

Table 27. Sizes, Capacities, and Speeds of Screw Conveyors
Chain Belt Company

Diameter, 
in.

St
an

da
rd

 le
ng

th
, f

t.*

Be
ar

in
g l

en
gt

h,
 in

.
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4 1 l 8 1½ 1 18 200 105 10 110 55 Μ. 85 45
6 1½ 1¼ 10 2 ⅝ 1⅛ 16 180 315 10 100 175 M 6 75 130
9 1½ l½ 10 2 ¾ 2¼ 14 175 1,100 10 95 600 Mo 70 440
9 2 2 10 2 ≈4 2¼ 14 175 1,100 10 95 600 ½ 70 440

10 l½ l½ 10 2 ⅞ 2¼ 14 160 1,400
10 2 2 10 2 ⅞ 2⅛ 14 160 1,400
12 2 2 12 2 1 3 12 150 2,260 85 1,280 ¼ 65 980
12 2½ 2⅛ 12 3 1 3 12 150 2,260
12 3 3 12 3 1 3 12 150 2,260 ¾a 85 1,280 ⅜ 65 980
14 2⅛ 2¼β 12 3 1⅛ 3⅛ 12 150 3,600 ¾6 80 1,930 ¼ 60 1,450
14 3 3 12 3 1⅛ i½ 10 150 3,600 ¾β 80 1,930 % 60 1 450
16 3 3 12 3 1⅜ 4 10 150 5,400 ¼ 75 2,700 55 2 000
18 3 3 12 3 l⅛ 4⅛ 10 130 6,600 ¼ 65 3,300 ¾ 50 2,550
20 3½ 3 12 3 l¾ 5 115 7,900 ¼ 60 4,100
20 4 3¾0 12 4 l⅜ 5 ⅝ 60 4,100 ¼ 45 3,100
24 4 y∕i<s 12 4 2 6 ¼ ¡00 12,100 ⅝ 50 6,050 ¼ 40 4,800

* Standard length of conveyor section, measured from center to center of bearings; actual length of 
flights equals standard length minus bearing length.

t Approximately 90 per cent of material to be of “Max. uniform size” stated; not more than 10 per cent 
of unsized material to be of “Max. unsized” stated.

Í Capacities stated are at maximum r.p.m. with uniform and continuous flow of material, based on 
cross-sectional area of material in box equal to about one-third of the area of the screw. Capacities at 
other speeds are in direct proportion to those listed.

Size of the material handled should never exceed one-fourth of the diameter of the screw,
The above data on speeds and capacities represent good practice, but may be departed frqm, depending 

on conditions. It is recommended that the maximum speeds shown be not exceeded.
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Table 28. List Prices of Standard Screw-conveyor Flights*

Chain Belt Company

List price in dollars per ft. of standard black conveyor

On heavy pipe core

Thickness steel flights, gage or in.

Couplings,Conveyor

Diameter, in.

$ 3.25 $ 3.75
4.00 5.00 S 8.00
5.00 5.75
5.75 6.50 8.50
6.25 7.00
7.50 8.25 11.00

"δ'όό "Ô’ÔÓ
9.00 10.00 13.00

9.50 10.50 14.00

12.00 14.00 19.00
Ί'λόό ‘iô’óó

25.00
23.00 25.00 35.00

On standard 
pipe core, 

standard weight

* Standard lengths same as Table 27.

Table 29. List Prices of Screw-conveyor Accessories
Price Range 

Cast-iron box ends for wooden boxes.................................... $ 2.00—$ 17.00
Cast-iron box ends for steel boxes........................................... 2.00— 17.00
Dischargeboxends....................................................................... 1.75— 18.00
Countershaft box ends, wooden boxes................................... 21.00— 126.00
Countershaft box ends, steel boxes......................................... 21.00— 126.00
Right-angle drives......................................................................... 38.00— 205.00
Hanger bearings............................................................................. 2.00— 20.00
Steel linings for wooden boxes, per foot................................ 0.25— 7.00
SteeltroughswithcoverstPerft.............................................. 3.50— 30.00
Flanges.............................................................................................. 1.75— 13.00
Saddles.............................................................................................. 1.25- 8.00
Gates and spouts (depending on design).............................. 1.50— 110.00

Capacity, tons per hr.

Table 29A. Sizes, Speeds, and Capacities of Johns Conveyors
Osborn Manufacturing Co.

Conveyor size, 
in.

Materials at 100 lb. per cu. ft. Conveyor 
speeds, ft. per min.

Materials at 50 lb. per cu. ft. Conveyor 
speeds, ft. per min.

100 200 300 400 500 100 200 300 400 500

2 6 12 18 24 30 3 6 9 12 15
3 14 28 42 56 70 7 14 21 28 35
4 24 48 72 96 100 12 24 36 48 60
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move the class of materials, such as ashes, on which drag chains are used. 
In general, these conveyors should be estimated just as other chain conveyors 
are. Data as to capacities and speeds are given in Table 26. Horsepower 
required for these conveyors can be estimated from the data given and the 
weight of the material, due allowance being made for friction. Cost can be 
estimated by estimating the cost of the structure, sprockets, and drive, and 
to that adding list prices of SI.80, $2.50, or $3.40 per ft. for the chain in the 
three cases given in the table.

Table 30. Handling Capacities of Drag-line ScrapersSauerman Bros., Inc.Estimated hourly capacities in cubic yards for different sizes of scrapers operating on various lengths of haulLength of haul, ft. Size of scraper, cu. yd.½ ½ ¾ 1 I 1½ 2 2⅛ 3 4 5 6100 22 34 51 80 120 160 200 240 320 400 480200 12 18 27 42 63 84 105 127 168 210 254300 8 12 19 28 42 56 70 84 112 140 168400 6 10 14 21 32 43 53 63 86 106 126500 5 7 11 17 26 34 43 52 68 86 104The above handling capacities are based upon line speeds attained in average material. Actual capac­ities will vary from this table by amounts depending entirely upon local conditions.
Screw Conveyors. Sizes, capacities, and speeds usual with screw con­

veyors are listed in Table 27. List prices are in Table 28. The horsepower- 
required to drive a screw conveyor can be determined by applying the formula 

ɪɪ W ×L × C
Horsepower = _

where W is weight of material moved in pounds per minute; L is length of 
conveyor in feet; C = 1.3 for grain and similar material; 2.5 for coal, cement, 
etc.; and 4.0 for ashes, sand, and gravel. Horsepower obtained by this 
formula will be conservative with due allowances for ordinary misalignment 
and other variable factors.

For this same range of screw-conveyor sizes, the list-price ranges given 
in Table 29 may be used for purposes of estimating.

Gravity Roller Conveyors. Gravity roller conveyors come in two general 
types and several sizes and bearing designs. The two types are two rail and 
three rail. Two-rail conveyors have one series of rollers held between frame

Table 31. Drag-line Scraper, Storing and Reclaiming CoalSauerman Bros., Inc.
Size of scraper bucket, cu. yd. Average haul, ft. Capacity, tons per hr. Operating cost per ton (approximate) Cost of machine (approximate) H.p. of motor

½ 200 18 $0,045 $ 2,500- 4,000 153 200 100 0.040 11,000-16,000 1004½ 200 170 0.035 13,000-18,000 1257 200 265 0.030 20,000-30,000 20010 200 365 0.028 26,000-40,000 300
These machines are made in 15 sizes from ¼-cu. yd. to 12-cu. yd. capacity. They operate between head and back posts, or between movable steel towers, and for spans up to 600 or 700 ft. The costs given are for certain representative machines, and cover both storing and reclaiming. Operating costs vary with distance material is moved, continuity of operation, etc. The first cost varies widely because of the great difference in the layouts of different storage yards.
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ɪ'aɪls on either side. Three-rail types have two sets of rollers, parallel, and 
held between three frame rails, one being in the center between the two sets 
of rollers.

Table 32. Drag-line Scraper, Storing and Reclaiming Crushed Stone
Sauerman Bros., Inc.

Size of scraper 
bucket, cu. yd. Average haul, ft. Capacity, tons 

per hr.
Operating cost 

per ton 
(approximate)

Cost of machine 
(approximate) H.p. of motor

½ 100 50 $0.06 $ 5,000 20
1⅛ 200 90 0.08 10,000 75
3 300 150 0.09 20,000* 125
5 400 275 0.095 30,000* 200

These machines are made with 12 different sizes of buckets, ranging from ¼-cu. yd. to 8-cu. yd. capacity, 
operating between masts, or between towers, and for spans up to about 600 ft. Costs are for repre­
sentative installations. Costs vary with distance material is moved, layout, continuity of operation, etc.

* Machines of 3-cu. yd. size and larger usually have a movable steel head tower and the above cost is 
figured accordingly.

Straight sections of roller conveyors are 4 or 8 ft. long as desired. Special 
lengths, curves, switches, etc., are made to order.

The light-duty roller conveyor has rollers of 1-in. outside diameter on light 
ball bearings. Length of rollers ranges from 4 to 20 in. for the two-rail type 
and from 6 to 20 in. for three rail. Capacity is 20 lb. continuous load for 
each roller.

The standard-duty roller conveyor has rollers of l⅝-in., l⅞-in., or 3⅜-in. 
diameter, on ball bearings. The length of roller is 4 to 24 in. for the two-rail 
type and 6 to 24 in. for the three-rail type. Capacity is 100 lb. continuous 
load for each roller.

Heavy-duty roller conveyors with rollers from 2¾θ-in. to 4-in. diameter, 
and capacities up to 5,000 lb. continuous load per roller, are also made.

First cost of gravity roller conveyors runs from $1 per ft. to $25 per ft. 
depending on size, load capacity, and roller spacing.

Wheel Conveyors. Wheel conveyors are made with antifriction bearings 
and with steel, rubber, fiber, or molded plastic composition tires. Wheel 
diameters available vary from 2 to 8 in. and continuous load capacities from 
20 to 300 lb. per wheel. The preferred application of these conveyors is in 
installations where conveyor lines must be readily portable and where the 
relatively light weight of wheel conveyor sections becomes a distinct advan­
tage. Costs are slightly below those of gravity roller conveyors.

Redler Conveyors. Capacities of Redler conveyors go as high as 300 
tons per hr. when handling heavy materials at high speed. However, with 
the light materials usually handled by these conveyors (weights less than 
100 lb. per cu. ft.) and with usual size conveyors, capacity will be in the 
range of 1 to 75 tons per hr. Redler conveyors come in a number of designs, 
but for the design most usually employed, flight sizes are from 3 to 23 in. 
The smallest of these will handle lumps up to ¾ in. in unsized material, 
while the largest will handle lumps up to 5% in. in unsized material. Speeds 
range up to 180 ft. per min. for the largest size and up to 80 ft. per min. for 
the smallest size. Costs of Redler conveyors vary greatly, depending upon 
the job to be done, and the figures for estimating purposes should be obtained 
from the manufacturer.
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Johns Conveyors. Sizes, capacities, and speeds of Johns conveyors are 
given in Table 29A. Cost figures for estimating purposes should be obtained 
from the manufacturer.

Pneumatic Conveyors. Capacities and list prices of pneumatic handling 
systems should be obtained from a manufacturer for each case that arises. 
For estimate purposes it may be assumed that in a suction system, to move 
20 tons per hour through 50 ft. requires 50 h.p., the same quantity through 
150 ft. requires 75 h.p., and through 250 ft., 90 h.p.

An installation for moving 10 tons per hour of material weighing 40 lb. 
per cu. ft., over a distance of 300 ft. cost approximately $10,000. The 
motor was 78 h.p. and the actual power used in handling was 70 h.p.

Systems are built for handling as much as 250 tons per hour when handling 
heavy, granular materials. For light, dusty materials the limit is about 50 
tons per hour. Handling 10 tons per hour a distance of 150 ft., the cost for 
power and labor will ordinarily be in the neighborhood of $0.10 per ton.

Drag-line Scraper Conveyors. The capacity of drag-line scraper equip­
ment depends on the rating of the scraper and the length of the haul. Tables

Table 33. Capacity, Lift, and List Prices of Differential Chain Hoists
Yale & Towne Manufacturing Company

Capacity, tons Price complete Standard lift,* ft. Extra lift, price per ft. f
¼ $36 6 $4.80
½1

42 7 4.8056 8 5.00
1½ 72 8⅛ 5.40
2 90 9 5.60

* “Standard lift” means hook travel.t Each foot of extra hoist includes 4 ft. of chain.
Table 34. Capacity, Lift, and List Prices of Screw-geared Chain 

Hoists
Yale & Towne Manufacturing Company

Capacity, tons Price complete Standard lift, ft. Extra lift, price per ft.
⅛ $ 50 8 $2.501 60 8 2.60l½ 80 8 2.702 100 9 2.803 150 10 3.004 190 10 3.80

30, 31, and 32 show the capacity, costs, and other data for one design of this 
type of conveyor.

Hand-operated Chain Hoists. There are three types of hand-operated 
chain hoist: the differential, the screw geared, and the spur geared. Of these 
types the differential has an efficiency of 30 and the screw geared, 40 per 
cent, while the spur geared has an efficiency of 80 per cent. Tables 33, 34, 
and 35 give data as to capacity, lift, and list price for the three types of hoist.

These hoists are frequently supported by means of a trolley running on an 
I-beam. Trolleys are of various types, of which perhaps the most common is 
the steel-plate trolley, data for which are given in Table 36.
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Motor-driven. Chain Hoists. Chain hoists are equipped with electric 

motors for easy and quicker handling of loads. Table 37 gives data for one 
of the simpler types of this hoist. Speeds for motor-driven hoists are given 
in Table 38 for both direct and alternating current.

Drum Hoists. There are several designs of drum hoist of varying com­
plication and cost. That for which data are given in Table 39 is a simple type 
of friction hoist equipped with pulley for drive from a motor or other power 
source. It is supplied in both single- and double-friction designs.

Monorail Hoisting and Conveying Systems. Monorails are of two 
general types, the hand operated and the motor operated. The hand-oper­
ated type is made up of a chain hoist, a carrier for the hoist, and the supporting 
track or rail. Rail of this type, in lengths of 21 ft., lists at $0.65 per ft. Table 
40 gives data as to capacities, lifts, and list prices for this type. It covers

Table 35. Capacity, Lift, and List Prices of Ball-bearing, Spur-geared 
Chain Hoists

Yale & Towne Manufacturing Company

Rated capacity, long tons Price complete Standard lift, ft. Extra lift, price per ft.

Table 36. Data for Steel-plate Trolleys
Yale & Towne Manufacturing Company

Capacity, tons Standard size of I-beam, t in. Greatest distance between supports, ft. Diameter of tread wheels, in. Price plain trolley
¼ 4 10 3 J 22¼∙ 5 14 3« 25] 6 14 4¾ 29I½ 7 15 5½ 392 8 16 6⅛ 463 9 16 7¼ 614 10 16 8⅛ 855 12 18 10 1096 15 21 10 1348 20 28 12 17010 24 32 13 21812 24 29 13 29515 24 26 18 48520 24 21 18 585

* ½ ton and larger are equipped with roller bearings. )!Adjustable without extra cost for I-beams three sizes larger than standard. AJio adjustable for I-beams of non-standard slant.
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Table 37. Data for Electric Motor-driven Chain Hoists with Manual 
Control

Yale & Towne Manufacturing Company

Combination of hoist with

½-ton quick 
speed ½-ton 

standard speed

½-ton quick
speed 1-ton 

standard speed
2-ton 

standard speed

Standard
10-ft. 
lift

Extra 
lift 

per ft.

Standard
10-ft. 
lift

Extra 
lift 

per ft.

Standard
10-ft. 
lift

Extra 
lift 

per ft.

Hook or clevis.................................................. $310 $0 92 S417 50 $1 05 $519 00 $1 85
Plain trolley..................................................... 320 0 92 430 00 1 05 540 00 1 85
Plain trolley with current collectors............... 330 0 92 440 00 1 05 550 00 1 85
Geared trofley.................................................. 342 1 62 448 75 I 75 561 50 7 55
Geared trolley with current collectors............ 352 1.62 458.75 1 75 571 50 2 55
Built-in trolley................................................. 330 0.92 440 00 1 05 550 00 1 85
Built-in trolley with current collectors....... 340 0.92 450.00 1.05 560.00 L 85

Table 38. Speeds of Motor-driven Chain Hoists with Direct and 
Alternating Current

Yale & Towne Manufacturing Company
Direct Current

Rated capacity, tons*

Speeds, ft. per min.

Hoisting Lowering

No load Half load Full load No load Full load

¼ Q.S........................................ 72 46 36 72 CA
½............................................ 36 23 18 36

JO
½ Q.S....................................... 60 40 32 60

ZO

1.................................................. 40 25 20 40
TJ ¾n

1 Q.S.... 54 34 29 CA JU OQ
2.................................................. 20 12U 10

JT
20

38
1 ɛl

2 Q-S........................................... 27
■:

17 15 27
IJ
18

Alternating Current

Hoisting Lowering

MQ-S
⅛....
MQ-S 
MH-S

Single phase

Q-S- is used as abbreviation for quick speed; H. S. for high speed; L-S- for low speed.

Polyphase

Hoisting Lowering

32 34
16 17
35 38
52 57

6 7
18 19
26 29

3
9

3½

13 14
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only the simple design of hand-operated monorail. Many different special 
carriers, hoists, and attachments are available for specialized services.

Hand-propelled monorails with electrically operated hoists are available 
in many sizes. Table 41 gives data for a standard design of this type. Other 
special designs are on the market.

Electrically propelled, motor-driven monorails are operated from the floor 
or by an operator seated in the carrier. Data for the floor-operated type are 
given in Table 42, and for the type operated from a cab in Table 43.

Traveling Cranes. Traveling cranes are of two general types, hand 
operated and motor operated. The hand-operated type is supplied in many 
sizes by different makers. Data for one manufacturer’s hand-operated cranes 
are given in Table 44. As all cranes are more or less specially built, list prices 
are not available.

Light-weight, high-speed, motor-operated cranes are operated from the 
floor, as are the hand-operated type. Table 45 gives data for these cranes.

Table 39. Data for Friction Drum Hoists
Stephens-Adams on Manufacturing Company

Single frictiort

Size of drum, 
in.

Rope 
pull, lb.

Speed, 
ft. per 

min.

Max. 
size of 

rope, in.

Diam. 
flanges, 

in.

Drive pulley

Diam., 
in.

Face, 
in. R.p.m.

Weight, 
lb.

List 
price

12 × 19 12×24 18 × 18 18×24 20×24 24 × 24 24×24 24×30

13001300200020002000230030003000

150150300300300300300300
He

1818242426303030

¾½½
⅜
¾
¼

Double Friction

24×2424 × 3024×3630×3030×3636 × 3636 X 42

3000300030004000400050005000

300300300300300300300
Table 40. Data for Hand-operated Monorails

Cleveland Crane & Engineering Company

Capacity, tons Standard lift, 
ft

Shipping 
weight, lb.

List price, 
carrier only

List price, 
hoist only

Price per extra 
ft. of lift

Ho 8 126 $20 S 60 $1.80¼ 8 135 20 60 1.80¼ 8 140 20 70 1.801 8 165 20 90 1.901½ 8 295 55 120 2.002 9 300 55 140 2.10
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Heavy-duty traveling cranes of the motor-operated type can be obtained 
to suit almost any requirement. Manufacturers of such equipment should 
be consulted for data for each specific application.

Table 41. Data for Hand-propelled, Motor-driven Monorails
Cleveland Crane & Engineering Company

Capacity, tons Speed, ft. per mln. Max. lift, ft. Motor, h.p. List price*
¼ 40-80 16-30 I $246-364
¼ 20-80 16-28 1⅛ 2^3-4761 20-80 17-30 3 368-6202 20-56 18-30 5 503-764

* Depending on control and lift.
Table 42. Electrically Propelled, Motor-driven Monorails, Floor 

Operated
Euclid Crane & Hoist Cpmpany

Capacity, tons Standard lift, ft. Lifting speed, ft. per min. Minimum h.p. motor Size rope, in. 110-440volt 3 phase60 cycle 110—220 volt direct current Weight,lb.
¼ 18 25-30 1½ ■ Me Í $ 325.00 $ 338.00 515f½ 40 25-30 1½ Me 350.00 363.00 6251 9 15-20 2 Me 377.00 390.00 5151 20 15-20 2 Me 400.00 415.00 6251 30 20-25 2 ⅜ 513.00 513.00 8802 10 10-15 2 Me 460.00 475.00 6502 15 15-20 3 ⅜ 528.00 528.00 9003 13 10-15 3 Me 578.00 568.00 9003 20 10-15 3 ⅜ 749.00 749.00 17453 36 10-15 3 Me 749.00 749.00 17455 18 10-15 5 . Me 840.00 890.00 17755 28 15-20 7½ i Me 1098.00 1040.00 31407½ 24 10-15 7½ H 1098.00 1040.00 314010 16 10-15 10 ¼ 1235.00 1189.00 330010 25 20-25 20 Me 1585.00 1732.00 500015 16 15-20 20 1735.00 1882.00 5100

Table 43. Electrically Propelled, Motor-driven Monorails Operated 
from Cab

Euclid Crane & Hoist Company

Capacity, tons Lifting Minimum Size rope, in. 110-440 110-220 Weight, lb.lift, ft. speed, ft. h.p. volt 3 phase volt directper min. motor 60 cycle current
$1210.00 2180Me $1290.00I 30 20-25 2 1290.00 1210.00 21802 15 15-20 3 1305.00 1225.00 22003 13 10-15 3 ∏6 1505.00 1415.00 22003 20 10-15 3 H 1720.001720.00 1640.001640.00 372037203 36 10-15 3 Me5 18 10-15 5 Me 1830.00 1830.00 37605 28 15-20 7½ Jle 2218.00 2110.00 60457½ 24 10-15 7¼ ¼ 2218.00 2110.00 607510 16 10-15 10 ⅜ 2597.00 2474.00 630010 25 20-25 20 Me 2082.00 3182.00 736015 16 15-20 20 Me 3132.00 3332.00 7450
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Hand-operated Lift Trucks. Hand-operated lift trucks are available 

in a great variety of sizes and capacities. Table 46 gives information that 
may be used in estimating for this type of equipment.

Skid Platforms. The U. S. Department of Commerce, in cooperation 
with manufacturers and users, has standardized on 7-in. and 11-in. heights for 
lowered skid platforms. Two sizes have been selected as meeting general 
requirements. The smaller measures 33 by 54 in. and can be loaded to 4000 
lb. if the height of the load is not too great. The larger measures 42 by 66 in.

Table 44. Hand-operated Traveling Cranes
Whiting Corporation

Span, ft. Maximum 
lift, ft.

Capacity, 
tons

5 20-50 32
10 20-50 - 32
15 20-50 or up 45
20 20-50 or up 45

Table 45. Data for Light-weight, Motor-operated Traveling Cranes
Whiting Corporation

Capacity, tons Span, ft. Capacity, tons Span, ft.

1 15-20 3 25-35
2 20-25 5 35-40

Table 46. Data for Hand-operated Lift Trucks
Lewis-Shepard Company

Type

- ...-___________________________

‘‘Single lift”........................................
‘Jacklift”............................................
‘Jacklift”............................................

4* Jacklift”............................................
'Jacklift"............................................

Maximum 
capacity, lb.

Minimum 
lift, in.

No., of strokes 
for maximum 

lift

List price, 
(depending 

on size)

2,500
2,500
5,000
8 000

10,000

1¾
1⅜
1⅜
1¾
1¾

$ 60-130

113-435

and is recommended for bulky material. The smaller skid can be loaded 
three abreast in standard boxcars, while the larger can be loaded two abreast. 
Skid platforms are listed at from $3.50 to $15 each, depending upon size, 
capacity, and type.

Portable Platform Elevators. Hand-operated and motor-operated 
Portable platform elevators are used for raising and lowering loads. For 
loads not exceeding 500 lb., elevating up to 10 ft. in height, a gearless hand­
operated machine is available at a list price of about $200. Higher priced, 
geared, hand-operated elevators, made for elevating up to 20 ft., are also 
available.

Combination hand-operated and motor-operated elevators in sizes of 500 
ɪb. and up to 40 ft., 750 lb. and up to 27 ft., 1000 lb. and up to 20 ft., 1500 lb. 
and up to 13 ft., and 3000 lb. and up to 10 ft. are available.
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Fully electrically operated portable platform elevators are available in 
sizes as shown in Table 47.

Data supplied by the Lewis-Shepard Company indicate that list prices 
for portable platform elevators range from slightly less than .$200 to $1750 
for an elevator of 4 tons capacity.

Permanently Installed Freight or Platform Elevators. For elevators 
of this type, permanently installed in buildings for the handling of all typeβ 
of loads, specifications and prices should be obtained from a manufacturer, 
by supplying him with all necessary data.

Table 47. Data for Electric Portable Platform Elevators
Barrett-Cravens Company

Capacity, lb. Speed, ft. per min. Lifting height, max. ft.½ Jl.p. 2 h.p. 3 Lp. 5 Lp∙
500 60 40750 40 53 271000 30 40 60 201500 20 27 40 66 132000 15 20 30 50 103000 10 13 20 33 204000 7½ 10 15 25 205000 6 8 10 20 20

Table 48. Data for Electric Industrial Trucks
Baker-Raulang Company

Model Capacity, lb. List price less battery List price of batteries
Platform.............................................. ......................................... ... 4,000- 6,000 $1700-2000 xLift............................................................ ..................................................... 4,000- 6,000 2000-2250 àLift.................................................................................................................. 10,000-20,000 2800-3500 IHigh-Hft..................................................................................................... 4,000- 6,000 2250-2750 > $400-1000High-Iift................................................................................................... 10,000-20,000 3250-5000 (Fork............................................................................................................... 3,000- 8,000 2500-4500 1Crane............................................................................................................ 3,000- 6,000 3750-4200 7

Electric Trucks. Many types and capacities of electric trucks are avail­
able. The 2-ton model is much used where standard types are suitable. 
Table 48 gives information as to capacities and prices.

Speeds of electric industrial trucks when loaded are from 4 to 6 miles per
hour; and when unloaded, about 50 per cent greater. These figures are for 
operation on level concrete. On grades, speeds are somewhat less as also on 
rough surfaces. Larger model trucks, suitable for use in warehouses, wharfs, 
and terminals, have load capacities from 50 to 100 per cent over those in the 
table and operate at speeds from 7 to 10 miles per hour. ]

Skid platforms used with these trucks are similar to those used with hand- 
operated lift trucks. <

Tractors and Trailers. According to the Mercury Manufacturing Com- 1
pany, the average cost of an electric industrial tractor with battery is about <
$2500; the average cost of a gas-engine industrial tractor is about $1350; ’
and the average cost of a trailer is $60. It is usual practice to employ 50 j
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trailers for each tractor. Table 49 gives data as to capacities and list prices 
of tractors. Ball-bearing platform trailers, 72 by 36 in. and 16⅜ in. high, 
Weigh 500 lb. and have a capacity of 2 tons load.

Industrial Railways. Equipment of the industrial-railway type is made 
ɪn a variety to suit every purpose. As installations of this equipment are 
always special and of considerable magnitude, a manufacturer should be 
cOnsulted before any attempt is made to estimate costs.

Cost of Handling Materials
Reliable'data from operating experience for estimating the cost of operation 

of handling equipment by conveyors, overhead equipment, or industrial 
tailways are not available. This is due to the fact that no two installations 
are at all alike in results obtained. All the conditions affecting cost vary in 
each installation. Distances moved, quantities handled, use-factor of equip­
ment, cost of power, and cost of labor, among other factors, are of such a wide 
range as to prevent the determination of accurate unit costs.

Handling by trucks and tractors has been the subject of much study and 
fairly reliable unit costs for estimating purposes are available.

Hand-operated lift trucks, handling miscellaneous material about a ware­
house, showed a handling cost of about $0.45 per ton in one job. These trucks 
and their accompanying quota of skid platforms have a yearly maintenance 
cost of from 0.5 to 2 per cent of the first cost. Many lift trucks of this type 
average about $1 per year for maintenance.

Portable platform-elevator maintenance averages about $15 per year, 
ɑost of handling can be estimated from the power required over the period 
°f operation and the labor expense.

Table 49. Data for Electric Industrial Tractors
. Baker-Raulang Company

Type Capacity, lb. 
draw-bar pull

List price lese 
battery

Four-wheel
Two-wheel drive... . 2000 $1850
Four-wheel drive.... 3200 2050

Three-wheel................. 1800 1575

Electric industrial trucks, according to the Industrial Truck Association, 
nave yearly operating charges as shown in Table 50. Handling costs for 
Unloading 1,000,000 lb. of billets per day and moving these 150 ft. are $0.02 
Per ton. For handling 48 rolls of paper per hour over 300 ft. and stacking 
four high, costs are 3⅜ cts. per ton. This same association also finds that the 
cost of operating these trucks, in average service, can be figured at $0.50 
Per hr.

The Baker-Raulang Company gives the following costs per day for operat­
es a truck in average service: platform trucks, $2.50; lift trucks, $3 to $3.50; 
hɪgh-lɪft trucks, $3 to $3.50; fork trucks, $3.25; crane trucks, $4.25.

Tractors, according to the Baker-Raulang Company, cost $3 per day to 
operate. The Mercury Manufacturing Company gives the same figure, $3, 
for electric tractors, exclusive of the operator’s wages, and gives the cost of 
operating a gasoline industrial tractor, exclusive of the operator’s wages, at 
$4 to $4.50 per day. This latter company finds that the total cost of owning 
a≈d operating trailer units is $0.03 per day per unit.



2244 MOVEMENT AND STORAGE OF MATERIALS

Drag-line scraper conveyor costs have been obtained by Sauerman Bros., 
Inc., from a large number of installations of their equipment. These figures 
are given in Tables 31 and 32, and can be summarized here as follows: for 
storing and reclaiming coal, from $0.028 to $0.045 per ton for a 200-ft. haul; 
for storing and reclaiming crushed stone, from $0.06 to $0.095 per ton for a 
haul varying from 50 to 275 ft.

Costs of handling by conveyors or overhead equipment can most readily 
be estimated by considering each conveyor or other unit separately. From 
the load handled, with a reasonable assumption òf power losses, the power 
required can be estimated. Cost of power per kilowatt-hour, multiplied by 
the number of kilowatts of power required, multiplied by the hours of use 
will give the cost of power for a given amount of handling. Dividing this 
cost by the pounds, tons, or other quantity units of the material handled will 
give the power cost per unit handled.

Cost of labor can be estimated in the light of the current wage rate in the 
locality where the equipment is to be located, by analyzing the handling 
operation and estimating as nearly as possible the amount of attendance 
necessary. It should be borne in mind that frequently one man can attend 
to several duties and divide his time between the handling equipment and 
other work. Often additional investment in automatic loading, unloading, 
and controlling devices will be justified by the decrease it causes in handling­
labor expense.

Maintenance cost for equipment, unless the service be unusually severe, 
can usually be estimated at between 2 and 5 per cent of the cost of the 
equipment.
Table 50. Yearly Operating Charges for Electric Industrial Trucks

Industrial Truck Association
Depreciationoftruck................................................................................... $200.00
Depreciation of battery.............................................................................. 100.00
Depreciation of charging equipment...................................................... 15.00
Interest, insurance, and storage charges for the above.................... 245.00
Power (7500 kw.-hr. at 1½ cts.)............................................................. 112.50
Maintenance and repairs, labor and material..................................... 250.00

$922.50

Depreciation can in most cases be estimated on the basis of a life of 20 
years for permanently installed equipment and 10 years for movable or 
portable equipment.

Interest on investment, taxes, insurance, and the possible effect of obso­
lescence also should be considered in estimating costs of materials-handling 
equipment.

MOVEMENT OF LIQUIDS
Necessity for the movement of liquids occurs widely throughout the chem­

ical engineering industries. Raw materials are delivered to the plant as 
liquids. Many materials are liquids during all or part of the manufacturing 
processes. Finished products are frequently liquids.

Some of these liquids are handled in containers and are therefore subject 
to the handling methods described for solid materials and materials in con­
tainers. Other liquids are handled in bulk and are therefore handled by 
some form of pump through pipe lines. This method of handling will be 
discussed in this section.

Raw materials handled by pumping include such materials as water, 
petroleum and its products, brine, acids, alcohols, liquid alkaline solutions, 
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liquid alkalies, salt solutions and liquid salts, liquid chemicals such as tanning 
liquids, molasses, syrups, vegetable and animal oils, and tar and other liquid 
coal products.

Materials in manufacture that are handled in a liquid condition are in 
general the same as the raw materials, with the addition of such materials 
as slurries, sludges, and slips, which are mechanical mixtures of a solid and a 
liquid that are usually best handled as liquids. Various solutions and sus­
pensions will be encountered during manufacture that are not found among 
cither the raw materials or the finished products, but, generally speaking, 
the pumping problems caused by these are not different from those encoun­
tered with other liquids of similar characteristics.

Finished products that are pumped are in general similar in physical 
Properties to the liquids encountered among the materials in process and the 
raw materials. Consequently the pumping problems encountered fall in 
the same general classifications.

Pumping Equipment. For the purposes of this section relating to the 
movement of liquids, a pump is defined as any device for the transference of 
liquids. More broadly speaking, pumps also include devices for handling 
gases, but the subject of the movement of gases is covered in the latter portion 
of this section.

Types of pumps that are of importance in the chemical engineering field 
include :

1. Centrifugal pumps, including sump pumps, and propeller or screw-impeller type 
Pumps and deep-well pumps.

2. Reciprocating, or piston pumps, including steam pumps and power pumps.
3. Rotary pumps.
4. Air-pressure pumps, including air lifts; and displacement pumps such as acid eggs, 

automatic elevators, pneumatic pumps, pneumatic ejectors, inflammable-liquid pumps, 
Humphrey gas pumps.

5. Pulsometers.
6. Jet pumps, including injectors and ejectors, operated by steam or water.
7. Hydraulic rams and hydrautomats.
8. Special pumps, including the screws, the scoop wheel, etc.
9. Diaphragm pumps.

Centrifugal Pumps
A centrifugal pump, in its simplest form, consists of an impeller rotating 

within a casing. The impeller consists of a number of blades, either open or 
shrouded, mounted on a shaft which projects outside the casing at each side. 
Impeller blades may be curved forward∣(for low-head pumping), straight 
(for medium-head pumping), or curved backward (for high heads). Impellers 
*nay have their axis of rotation either horizontal or vertical, to suit the work 
to be done.

Casings are of four general types, but in any case consist of a chamber in 
Which the impeller rotates, provided with inlet and exit for the liquid being 
Pumped. The simplest form of casing is the circular casing, consisting of an 
annular chamber around the impeller, no attempt being made to overcome the 
ɪosses that will arise from eddies and shock when the liquid leaving the impel­
ler at relatively high velocities enters this chamber. Such casings are not 
Used in the usual designs of centrifugal pumps but are widely used in special 
pumps as, for instance, in pumps made of acid-resisting materials, where 
Pump efficiency is sacrificed in order to permit the use of the special material. 
Volute casings are a modification of the above, wherein the chamber takes the 
form of a volute, increasing in cross-sectional area as the outlet is approached.
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Fig. 32.—Single-stage volute centrifugal pump.

This form is a distinct improvement over the previous form, in that it decreases 
the losses, although loss is still incurred due to the fact that the velocity of the 
liquid leaving the blades is higher than the velocity of the liquid in the volute 
chamber. The volute casing is the most used form. A third type of casing 
interposes a whirlpool chamber between the volute and the impeller, 
which effects a further 
decrease in losses but 
adds to the size and cost 
of the casing. In prac­
tice, a compromise is 
usually effected by cut­
ting down both the volute 
and whirlpool chambers.
A fourth type of casing, 
used where losses must be 
at a minimum, as in 
boiler-feed practice or 
high-head pumping, is 
called the turbine 
pump. In this type, 
guide vanes are inter­
posed between the im­
peller and the circular
casing chamber. In passing through these vanes, the velocity head of the 
liquid leaving the impeller blades is converted to pressure head, and shock or 
eddy losses in the casing are thus avoided.

1

1
1

.Impellersx

Fig. 33.—Multistage centrifugal pump.

Centrifugal pumps are available in two general classes: standard for alɪ 
services involving liquids not highly corrosive, viscous, dense, or not carrying 
too large a quantity of solid or abrasive material; special, for liquids involving 
severe problems of corrosion or abrasion, liquids of high viscosity or density» 
or liquids carrying a large quantity of solids.

Standard Centrifugal Pumps. As generally applied, these pumps arβ 
divided into two groups: single-stage volute pumps (Fig. 32), for low θr 
medium heads; multistage pumps (Fig. 33) for high heads.
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Volute pumps are of four general styles: single suction, open impeller; 
single suction, closed impeller; double suction, open impeller; double suction, 
closed impeller. The double-suction pumps (Fig. 32) are the usual choice, 
because of their inherent hydraulic balance.

Multistage pumps have two or more impellers in series, in order to 
increase the head produced. These pumps may or may not be provided with 
vanes. Where vanes are not used the casings have circular or volute cham­
bers, depending on the application.

Standard centrifugal pumps are generally designated according to the 
diameter of the discharge opening. While this figure is not a measure of 
Pump capacity, which varies with the speed, the head pumped against,
the area of the passages 
within the pump, and 
other factors, it does give 
a∙ useful method of classi­
fication.

A simple explanation of 
⅛e action of a centrifugal 
Pump is given in Mer- 
fiam,s “Treatise on Hy- 
draulics,” reproduced 
below in condensed form, 
figure 34 shows the ar­
rangement of a centri­
fugal pump. Power is 
sUpplied to the shaft A 
from some outside source 
fo rotate the impeller B 
ɪɪɪ the casing C. The 
blades of the impeller in 
revolving produce a par-

E

∖ A

B

cl < η

B

C

Fig. 34.—Diagram showing action of a centrifugal pump, 
tial vacuum and hence take liquid from the suction pipe D. This liquid, 
entering at the axis of the impeller, is forced outward along the blades, leaving 
the blade tips with a velocity head which changes to pressure head as the 
*'Quid passes around the volute chamber toward the discharge E.
. The velocities of rotation of the inner and outer circumferences of the 
ɪɪnpeller-blade tip circles are u and Mi, the absolute velocities of the liquid as 
ɪt enters and leaves the impeller are v<s and rɪ, and the corresponding relative 
velocities of the liquid are V and Fι. The angles of entrance, approach, and 
exit are φ, a, and β, while θ denotes the angle between ®i and uι. Let Hn 
1)0 the pressure head at the point of entrance to the casing (suction) and Hi 
at the point of discharge from the casing, while h0 and Ai are the heights of the 
sUction and discharge lifts, estimated downward and upward from the center 
of the impeller. Let ha be the height of the water barometer.
Then

V2 - w2 - Pi2 + 2z12 = 2g (Hi - Zfo) 
and, neglecting friction,

(1)

and

77ι = Aα + A1 — v/ (2)

Hn = Λα - Ao - —
2(7 (3)
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Combining these equations and replacing (hi + ⅛o) by h (the total lift), the 
fundamental equation for centrifugal pumps, neglecting friction, results. 
To account for friction, replace h by (h + Λ'), where h' is the total head lost 
in all hydraulic resistances. Then

V2 - Ri2 - u2 + wι2 + 1⅛2 - ι⅛2 = 2p(⅛ + h’) (4)
which is the fundamental equation for the centrifugal pump.

Since liquid enters the blades radially, ɑ = 90 deg., and therefore V2 =≈ 
ui + ι⅛2. Also, the parallelogram of velocities at exit indicates that Ri2 = 
Mi2 + ι>ι2 — 2wu>ι cos θ. When these values of R2 and Fi2 are substituted in 
Eq. (4), we obtain

UiVi cos θ — g(h + h') (5)
A centrifugal pump must be run at a certain velocity in order to overcome 

the pressure head ⅛ + ⅛' by means of the velocity head, vil∕2g of the issuing 
liquid. Hence h + h' must equal vι2∕2g. Applying this relation to Eq. (5), 
it is evident that uɪ cos θ = l∕2vι. It also follows, from the parallelogram 
of velocities, that vi and Mi must be equal. Then 0 = 90 deg. — ½fi and

_ 2⅛ = -√2g(⅞ + h') .
U1 2 sin ⅛5 2 sin ⅜∕3

Equation (6) is the required velocity of the circumference of the outer blade­
tip circle.

This velocity decreases as the exit angle β increases. Hence the speed of the 
pump, given a fixed value of β, must increase with the square root of the pressure 
head.

Since Vi = q∕a∖, where q is the discharge and ɑɪ is the area of the exit orifices 
normal to v∖, the velocity is also given by u∖ = g∕2αι sin ⅛β. Therefore, the 
discharge increases directly with the speed.

Since the speed must increase with the lift, and the losses of head increase with 
the speed, the efficiency of a centrifugal pump in general decreases with the lift.

The theoretical horsepower of a centrifugal pump necessary to raise a given 
quantity Q, in cubic feet per second, of a liquid of density d lb. per cu. ft. 
through a head Hi in feet, is expressed by the equation

Horsepower = (7)ÖÖU

Losses due to bearing friction, stuffing boxes, rotation loss, and short- 
circuiting of liquid through the pump increase the actual power requirement 
of the pump above the theoretical, so that the shaft efficiency of a well- 
designed pump is between 70 and 80 per cent. Some large pumps have shaft 
efficiencies close to 90 per cent.

The quantity discharged by a centrifugal pump is only directly proportional 
to the speed when there is no static head to be overcome. To regulate for constant 
quantity while maintaining constant speed, it is necessary to provide for 
constant velocity of flow in the discharge pipe or in the suction pipe, which 
can be done by means of a control valve actuated by changes in velocity.

It can be stated that, among single-stage pumps, the double-suction types 
are the usual choice because of their inherent hydraulic balance. This 
statement must be qualified by further stating that, for general work at IoW 
heads and also in the case of many special pumps for the chemical industry, 
single suction is used and the thrust is either entirely taken up in a thrust 
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bearing, or a combination of a partial hydraulic balance obtained by special 
construction and a thrust bearing serves this purpose.

In multistage pumps, because of the difficulty of designing a double suction 
for each stage, partial hydraulic balance is obtained by varying the amount of 
shrouding on either side of the blades, by perforating the shrouding and 
providing pressure chambers on either side of the blade, or by similar means.

Table 51. Motor-driven, Single-suction Centrifugal Pumps
Worthington Pump & Machinery CorporationI In. l½ln. 2½ In.

½ h.p., 1 h.p., 1 h.p.,1450 2 h.p., 1150 2 h.p., 1450 2 h.p. 3 h.p.1450 3 h.p.1700 5 h.p.. 2 h.p., 1150 3 h.p., 1450 5 h.p.,1450 1700 1700 1700 1700Head, ft. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m.
Gal. Gal. Gal. Gal. Gal. Gal. GalGal. Gal. Gal. Gal. Gal.per per per per per per per per per per per permin. min. mln. min. min. min. min. min. min. min. min. mln.

IO 35 40 100 no 110 120 110 130 130 iso 200 25015 30 40 90 100 110 120 110 130 130 160 200 25020 25 40 70 80 100 110 110 130 130 120 200 25025 10 30 35 50 85 100 110 130 130 50 190 25030 25 20 30 60 80 100 120 130 160 25035 20 35 60 90 110 130 110 24040 10 40 70 90 130 22045 40 70 120 19050 50 110 15055 90 9060 7570 40
List-price range for these pumps is from $25 to $100 (without motor).

Table 52. Belt-driven, Single-suction Centrifugal Pumps
Worthington Pump & Machinery Corporation

1 in. 2 in. 3 in. 4 in. 8 in.Head, ft. Gal. Gal. Gal. Gal. Gal.per min. H.p. R.p.m. per min. H.p. R.p.m. per min. H.p. R.p.m. per min. H.p. R.p.m. per min. H.p. R.p.m.
10 0 50 1100 65 1.00 625 125 1.50 500 224 2.00 428 780 5 50 27010 15 0 50 1200 80 1.00 660 165 1 75 535 304 2.25 460 1025 6 75 2902025 0.500.50 13001390 95 1.00 695 191 2.00 555 332 2.50 475 1200 7.50 302
10 0 75 1510 90 1.50 885 176 3.00 710 316 4.00 605 1100 17 00 38020 17 0 75 1570 115 1.50 935 232 3.25 760 430 5.25 650 1450 14 50 4102535 0.751.0 16901900 135 1.75 980 270 3.75 780 470 5.75 670 1690 16.50 430
10 0.75 1780 110 2.00 1090 216 4.50 865 388 6 75 740 1350 19 50 46630 17 i o 1830 140 2.75 1150 285 5.25 930 52« 9 00 795 1775 24.00 5002535 1.21.3 19502250 160 3.00 1200 330 6.25 960 575 9.50 820 2070 28.00 524

These pumps are also supplied in 1 ½-, 2½-, 5-, and 6-in, sizes. List prices for these pumps range from 525 to $250.
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Head, quantity, speed, horsepower and list price for typical centrifugal 
pumps of standard types are given in Tables 51, 52, and 53.

Special Centrifugal Pumps. Those considered here include sump 
pumps; propeller-type pumps, including centrifugal deep-well pumps; and 
special chemical pumps.

Sump pumps are used for draining relatively shallow pits or sumps and 
generally must handle dirty liquids. A typical sump pump embodies a 
standard single-stage, single-suction volute pump with open or unshrouded 
impeller. This pump is driven from above the pit by a direct-connected 
motor or belt. A shaft extends down to the pump in the pit from this drive, 
encased in a pipe which serves to prevent contact of the shaft with the liquid 
in the pit and to provide a means of support for the shaft bearings.

Table 53. Standard Horizontal Ball-bearing Centrifugal PumpS
AVorthington Pump & Machinery Corporation

Pump size and 
type Discharge, in. Suction size, in. 60-cycle, syn., 

r.p.m.
Range of capaci­
ties, gal. per min.

Range of dyna­
mic heads, ft.

l½R-f I½: 2 3600 50-130 50-1801½R-1 1⅛' 2 1800 40-70 25-451½U-1 l½ 2 3600 45-110 160-3251½U-1 l½ 2 1800 25-60 35-752 R-I 2 2½ 3600 120-215 155-2152 Rr-I 2 2½ 1800 55-110 40-552 U-I 2 3 3600 130-240 180-480
2 U-I 2 3 1800 50-210 80-1202½ R-I 2¼ 3 3600 170-310 100-1602⅛ B-I 2¼ 3 1800 80-165 25-402½ R-2 2¼ 3 3600 260-360 155-3902½ R-2 2¼ 3 1800 125-200 40-1003 L-I 3 4 3600 350-600 155-2653 L-I 3 4 1800 200-330 40-753 L-I 3 4 1200 125-285 25-353L-2 3 5 1800 330-600 85-1353L-2 3 5 1200 210-400 35-603L-3 3 4 1800 220-460 100-1453 L-J 3 4 1200 150-300 40-654 L-I 4 5 3600 610-870 110-1404 L-I 4 5 1800 350-700 40-754 L-I 4 5 1200 250-500 25-354L-2 4 6 1800 400-800 85-1254L-2 4 6 1200 265-520 35-554L-3 4 6 1800 500-750 125-1854L-3 4 6 1200 310-490 55-80

List-price range, 1½- to 8-in. sizes, bed plate and motor coupling included, $225 to $1000. Type ⅛ 
pumps are single suction, single stage. Type U pumps are single suction, two stage. Type L pumps arβ 
double suction, single stage.

The propeller pump, called by some manufacturers the “screw pump/ 
a name here reserved for the Archimedes screw, is primarily used for handling 
large quantities at very low heads, work such as is encountered in drainage 
and irrigation.



MOVEMENT OF LIQUIDS 2251
Deep-well pumps are vertical-axis centrifugal pumps. The impellers 

of these pumps are of two types: one, a vaned type similar to that of many­
simple types of standard volute pumps; and the other of the propeller type. 
In deep-well pumps the motor may be mounted above the well or may be 
submerged in the well with the pump, or drive may be by belt, steam turbine, 
or engine. The pumping unit, and with one design the motor also, are sub­
merged in the water in the well, from which point a discharge pipe extends 
to the surface, acting also as a support for the pump. When the motor or 
other means of driving the pump is at the surface, the pump is driven by a 
βhaft, encased in a pipe, and extending downward through the discharge pipe.

A typical range of capacities is
Size, Pump and Well Casing Inside 

Diameter, In.
6
8

10
12
14
16
18

Gallons per Minute, 
Minimum to Maximum 

100-300 
200-600 
450-1200 
800-2000 

1200-3000 
1800-4000 
3000-6000

Centrifugal chemical pumps are available in a great variety of sizes 
and designs. The materials used range through a wide selection of metals 
to hard rubber, glass, and acid-proof stoneware.

Hard-rubber pumps, with rubber impeller and easing of metal lined and 
covered with rubber, are recommended by the makers for hydrochloric acid, 
acetic acid, hydrofluoric acid, alkalies, and corrosive salts of all concentrations, 
nitric acid up to 22 per cent, sulfuric acid up to 62 per cent, hydrogen peroxide, 
and chlorine liquors. One well-known design of hard-rubber pump, with an 
impeller diameter of 13 in., has capacities up to 200 gal. per min.

Glass pumps are made with all parts that come into contact with the 
liquid being pumped constructed of Pyrex glass. This glass can be provided 
for use with temperatures up to 200oF. These pumps can be used in the 
handling of many acid products and other liquids that do not attack glass, 
and they are particularly suitable for use with food products and other liquids 
when metallic contamination must be avoided. Glass pumps are designed 
for easy and thorough cleaning.

Chemical stoneware pumps, used for pumping acids, are usually simple 
ɪn design, made for low heads, and have relatively' large capacities.

Special metal pumps for chemicals are available in a wide variety of 
metals such as lead lined, lead-antimony alloy, nickel, bronze, stainless steel, 
aluminum alloy, chrome alloy, copper, tin-lined, and various proprietary 
alloys. These pumps are available over the entire range of heads and capaci­
ties ordinarily encountered in chemical manufacture and are also designed to 
meet conditions of high temperature and high pressure found in some modern 
manufacturing processes.

Centrifugal-pump Data and Costs
Selecting chemical pumps cannot be properly done from catalogue 

data, nor can ranges of prices, horsepower, etc., be given in any handbook. 
The only method of selecting such pumps that assures the procurement of a 
suitable unit is to assemble complete data as to the conditions under which 
the pump must operate and then purchase, upon guarantee, after consultation 
with several manufacturers of this type of equipment.
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Reciprocating Pumps
There are two general classes of piston or reciprocating pumps, steam 

pumps and power pumps. In general the action of the liquid-transferring 
parts of these pumps is the same, a cylindrical piston, plunger, or bucket 
being caused to pass back and forth in a cylinder. The device is equipped 
with valves for inlet and discharge of the liquid being pumped, and the opera­
tion of these valves is related in a definite manner to the motions of the piston.

The water end of a steam-driven double-acting pump is shown in Fig. 35. 
A is the plunger actuated by means of the shaft B, which passes out through 
one end of the cylinder C, through a stuffing box which prevents leakage. 
The inlet or suction valves are shown at D and the discharge valves at E.

In considering the operation of a reciprocating pump, several efficiencies 
must be taken into account. These are volumetric efficiency, hydraulic 
efficiency, indicated efficiency, and mechanical efficiency.

Volumetric efficiency is the relation of the water actually pumped to 
that which theoretically should be moved on a basis of the piston displace­
ment. It indicates the percentage loss and, when stated as 1 — eff.voι., is 
called the slip. In good practice slip should not be over 5 per cent, while in 
new pumps, or those kept in good condition, it will be as low as 1 per cent.

Hydraulic efficiency is the ratio of the actual head pumped to the theoreti­
cal head and is expressed by the equation

Fff H
∙hyd. ∩ J1yc}raulic Iossea

The hydraulic losses are the losses in head in the suction and discharge lines. 
In the suction line, these consist of (α) velocity head, (ð) entrance head, (c) 
friction in suction pipe, (d) losses in bends, and (¢) losses in suction valves. 
The loss in the discharge line consists of (/) loss in discharge valves, (¿7) velocity 
head, and (A) friction in discharge pipe.

Indicated efficiency is the relation of the horsepower required to move the 
water actually pumped against the total head to the horsepower calculated 
from the indicator card of the water end.

Mechanical efficiency is the relation of the indicated water horsepower 
of the pump to the indicated steam horsepower. It shows the losses of power 
transmission incurred in operating the pump. This efficiency varies from 
around 50 per cent for small pumps up to 90 per cent for the larger sizes.

Total efficiency of a steam-driven reciprocating pump is the product of 
the volumetric, hydraulic, and mechanical efficiencies.

The suction lift is, theoretically, the atmospheric pressure less the vapor 
pressure of the water. The pump must develop sufficient suction head to 
overcome this lift, and in practice a head of 12 ft. is found to be sufficient.

Reciprocating pumps are usually provided with an air chamber, as shown 
in Fig. 35. This serves to smooth out irregularities in the discharge of the 
pump and gives a uniform flow. It is always used with single steam pumps 
and power pumps. With low-pressure direct-acting duplex steam pumps, 
it is not needed. With duplex pumps its volume should be four times the 
displacement of one piston per stroke; with all other types, eight times.

Types of Reciprocating Pumps. The ordinary types of reciprocating 
pumps are four.

1. Simplex, Double Acting. These may be direct acting (τ.e., direct 
connected to a steam cylinder) or power driven (through crank and flywheel
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from the cross head of a steam engine). Figure 36 is a pump of this type, 
designed for use at heads 
up to 200 ft. In this figure, 
the piston consists of the 
disks A and B, with the 
packing rings C between. A 
bronze liner for the water 
cylinder is shown at D. 
Suction valves are Ei and E‰ 
Discharge valves are Fi and 
F2. In the steam end, a pilot 
valve L is operated by a rod, 
actuated by the piston rod 
Λf. This pilot operates the 
main valve N to cover or 
uncover the steam ports P.

With the reciprocating 
pump, either piston or plung­
ers are used. In Fig. 35 a 
plunger is shown. It oper­
ates past stationary packing, 
while the piston shown in 
Fig. 36 carries its own pack­
ing.

2. Duplex, Double ʌɑt Fig. 35.—Water end of a double-acting steam-driven 
⅛g. Thesepumpsdiffer reciprocating pump,
primarily from those of
the simplex type in having two water cylinders whose operation is coordi-

Fig. 36.—Simplex double-acting steam-driven piston pump.

nated. These pumps may be either direct acting steam driven, or power 
driven with crank and flywheel.
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A duplex, outside-end-packed plunger pump with pot valves, of the type 
used with hydraulic presses and for similar service, is shown in Figs. 37 a and 
b. In this drawing, the plunger A is direct connected to the rod B, while the 
plunger C is operated from the rod by means of the yokes Di D and the tie 
rods Ei F.

3. Triplex, Single Acting. These pumps have three single-acting plung­
ers and cylinders and are used to give a uniform flow. They are usually of 
vertical design. The
drive may be from a 
motor, belt, or steam 
cylinder and is through 
gears or crank and fly­
wheel. This is the 
common type of power 
pump, an example of 
which, arranged for belt 
drive, is shown in Fig.
38, from which the ac­
tion is readily traced.

4. Triplex, Double 
Acting. This is a dou­
ble-acting arrangement
of the pump discussed 
under class 3. The de­
sign is generally used 
for horizontal triplex 
pumps. Other features 
are similar to class 3.

(α)

Choice of a Recip­
rocating Pump. The
advantages of a direct- j X A'^' --L
drive pump lie in good _ ð ≡ iltrr! *ŋəU
efficiency over a wide ( y ‰≡β⅛F J >
range of operating con- zA I I ∏M⅞-
ditions and flexibility of '^⅛R⅝∣⅛ ___________ I ɑ I L~—7⅛¾P
capacity, head, and
speed. These ad van- pkJπ(
tages contrast with 1 ∣
those of the centrifugal
pumps in lower first (&)
cost, smaller floor space, Fig. 37,—Duplex double-acting steam-driven plunger 
less noise, less attend- pump.
anee, and suitability for
direct motor drive. A choice must be made in each individual case by a 
balancing of one set of advantages against the other.

The advantages given for a direct-driven steam pump do not apply to 
power pumps. A triplex, single- or double-acting pump does not have flexi­
bility as to speed or capacity. It does have uniform delivery. Its use is 
indicated in pumping wells, in handling steady flow of liquids, and in serving 
machines operated by hydraulic pressure.

Simplex, double-acting pumps are most suitable for water service and 
boiler feed.
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Fig. 38.—Triplex single-acting power pump.

Duplex, double-acting pumps are universally adaptable. When made 
of the proper materials, particularly as to cylinder linings and valve material, 
and when of correct design, these pumps are frequently used for tars, oils, 
and other viscous liquids.

Triplex, single-acting pumps are suitable for producing uniform flow 
when conditions are constant. Triplex, double-acting pumps are used under 
the same conditions as triplex, 
single-acting pumps but are gen­
erally of horizontal design.

Reciprocating - pump Data 
and Costs. Reciprocating 
pumps, particularly of the direct- 
acting, steam-driven design, are 
available in a great variety of 
designs and sizes, to fill every need 
for which such a pump is suitable. 
Because of this fact, it is not 
possible to give within the com­
pass of a handbook full tabular 
data as to all sizes and styles. In 
the following data as to costs and 
in the accompanying tables of size 
and capacity, the pumps in ordi­
nary service are covered. For in­
formation concerning pumps out­
side the range for which data are 
given, the chemical engineer 
should refer to the pump manu­
facturers.

Chemical engineering oper­
ations include the handling of a great diversity of liquids, having a range of 
properties requiring the use of many materials of pump construction in order 
to withstand the action of the liquid being handled on the pump. However, 
in the great majority of pumping problems, the liquid handled is relatively 
ɪiarmless, being water, oil, or of similar nature. For such service the ordinary 
designs of pumps are suitable.

Simplex, direct-acting, steam-driven pumps, suitable for boiler 
teed and general service, in capacities from 12 to 360 gal. of water per minute 
have a list-price range from $125 to $1000. These pumps can be used for 
handling acids, brines, solutions, oils, dyes, and other liquids (other than 
water), the liquid ends being made of a metal suited to the service require­
ments. Capacities given are for water and will vary with the liquid pumped 
(see Tables 54 and 55).

Duplex, belt-driven pumps, suitable for general pumping service, belt 
driven through a single-gear reduction, in capacities from 30 to 450 gal. per 
ɪnin., have a list-price range from $300 to $1100. For data covering this 
type of pump see Table 56.

Duplex, direct-acting, steam-driven pumps, suitable for general 
service, in capacities from 14 to 170 gal. per min., have a list-price range from 

’$100 to $500. For data covering this type of pumps see Table 57.
Duplex, direct-acting, steam-driven pumps for low-pressure service, 

ɪɪɪ capacities from 35 to 295 gal. per min., have a list-price range from $130 
to $550. For data covering this type of pump see Table 58.
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Triplex, single-acting pumps, for service up to 200-lb. pressure, or 
somewhat higher in the belt-driven design with gear reduction, in capacities 
from 2⅜ to 220 gal. per min., have a list-price range from $90 to $1000. 
These pumps as designed are suitable for general water supply or tank service

Table 54. Simplex, Direct-acting Steam Piston Pumps for Boiler 
Feed and General Service

Worthington Pump & Machinery Corporation
Maximum working pressure, 250 lb. per sq. in. steam and water ends

Size, in. Normal operating 
capacity! Pipe size, in.

Diameter, 
steam 

cylinder

Diameter, 
water 

cylinder
Stroke Gal. per 

min.
Piston 

speed, ft. 
per nain.

Steam Exhaust Suction Dis­
charge

∙4½ 2⅜ 6 ±12 40 ¼ ⅝ I¼ I
*5½ 3¼ 7 i!9 44 ¼ ⅜ I½ 1¼
6½ 4⅛ 8 $32 47 ¾ 1 2½ 2

*7½ 4⅛ 10 48 58 1 1¼ 3 2⅛
*8 5 12 61 60 1 1¼ 3½ 3
10 6 12 88 60 1¼ 1½ 4 3⅛
12 7 12 120 60 1½ 2 5 4
14 8 12 157 60 2 2½ 5 4
16 10 18 367 90 2½ 3 8 6

* Maximum liquid pressure, 300 lb. per sq. in. on these sizes.
t For continuous duty. For emergency service increase 30 per cent; for boiler-feed service, decrease 

35 per cent.
Î These sizes always have bronze rod and piston.

Table 55. Simplex, Direct-acting Steam Piston Pumps for Low- 
pressure Service

Worthington Pump & Machinery Corporation
Maximum working pressure: steam end, 250 lb. per sq. in.; liquid end, 8-in. diameter or 

below, 100 lb. per sq. in.; larger sizes, 75 lb. per sq. in.

Size, in. Normal working 
capacity* Pipe size, In.

Diameter, 
steam 

cylinder

Diameter, 
water 

cylinder
Stroke Gal. per 

min.
Piston 

speed, ft. 
per min.

Steam Exhaust Suction Dis­
charge

t3½ 3½ 4 17 33 ⅜ ½ 1½ 1
t4⅛ 4⅛ 6 28 40 ½ ⅜ 2½ 2
5⅛ 5¼ 7 54 44 . ¼ ¾ 3 2⅛
6 6 12 88 60 ¾ 1 3⅛- 3
7½ 7 10 117 58 1 1⅛ 4 3
8 8 12 157 60 1 I¼ 5 4.

10 10 12 245 60 1¼ ∣¼ 6 6
W 10 18 367 90 ∣¼ 1½ 6 6
10 Ί2 12 352 60 1¼ 1½ 8 6
10 12 18 528 90 1¼ I¼ 8 6
12 12 12 352 60 ∖¼ 2 8 6
12 12 18 528 90 I½ 2 8 6

* For continuous duty. Capacities may vary, dependent on liquid handled, 
t These sizes always have bronze rod and piston.
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Table 56. Belt-driven Duplex Piston Pump

Worthington Pump & Machinery Corporation

Size, in. Displacement* Pipe size, in.Maxi-mum NormalDiameter, piston lb. per sq. in. Gal. per Dis­chargeStroke revolu­tion R.p.m. Gal. per min. R.p.m. Gal. per Suction
3 4 150 0.48 65 31 102 49 2 1⅛3⅜ 4 125 0.73 75 54 102 74 2½ l⅛4 6 150 1.26 60 75 87 109 2½ 1½5 6 100 2.00 60 120 87 174 3 26 6 75 2.88 60 173 87 250 4 37 6 100 3.94 60 236 87 342 6 58 6 75 5.16 60 309 87 448 6 5

* Liquids which are viscous or hot require speed below normal. Do not use maximum speed for appli­cations where quiet operation is essential, or where suction conditions are difficult.
Table 57. Duplex, Direct-acting, Steam-driven Piston Pumps for 

General Service
Worthington Pump & Machinery Corporation

Maximum working pressure: liquid end, 250 lb. per sq. in.; steam end, 200 lb. per sq. in.

Size, in. Normal operating capacity Pipe size, in.
Diameter, steam cylinder Diameter, water cylinder Stroke Gal. per min. Piston speed, ft. per min. Steam Exhaust Suction Discharge

∙3½∙4⅛ 2¼2% 44 1421 3333 ⅜½ ⅝ 1½2 ∣¼1½5¼67½910
3½44½5¼6

56 10 10 10
375297131171

3840585858
l⅜1½22

1¼ ∣⅛ 22⅛2½
2½3445

1½2334
* These sizes always have bronze piston rods and water pistons.

on hot or cold water and for feeding small boilers. With slight changes 
these pumps can be adapted to the pumping of oil and other liquids. For 
data on pumps of this type see Tables 59, 60, and 61.

Rotary Pumps
Rotary pumps differ from centrifugal and reciprocating pumps in that they 

will deliver a positive quantity of liquid under conditions of varying head or 
pressure. These pumps will handle any liquid that contains no grit or abra­
sive material.

This type of pump consists of a stationary casing in which are located 
one or more rotating members. When one rotating member, or impeller, 
is used, it is mounted eccentrically on the shaft. The impeller in this type of
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Table 58. Duplex, Direct-acting, Steam-driven Piston Pumps for 
Low-pressure Service

Worthington Pump & Machinery Corporation
Maximum working pressure: liquid· end, 125 lb. per sq. in.; steam end, 200 lb. per sq. in.

Size, in. FTormal operating 
capacity Pipe size, in.

Diameter, Diameter, Gal. per 
min.

Piston
'∙ ∙.

steam water Stroke speed, ft. Steam Exhaust Suction Discharge
cylinder cylinder per min.

∙4½ 3¾ 4 35 30 ⅜ ¾ 2½ l¼
5⅛ 4⅝ 5 63 34 s∕i 1¼ 3 2
6 5⅜ 6 97 36 1 1⅛ 4 3
7¼ 6 10 154 52 l½ 2 5 4
7½ 7 10 200 52 1½ 2 6 5
9 8½ 10 295 52 2 2½ 6 5

* This size always has bronze piston rods and water pistons.
Table 59. Triplex, Single-acting Plunger Pumps 

Worthington Pump & Machinery Corporation
Belt drive,* with tight pulley and single-gear reduction, suitable for 250 lb. per sq. in. 

pressure

Size, in. Displacement Pipe size, in.

Diameter, 
plungers Stroke Gal. per 

revolution

Normal Maximum

R.p.m. Gal. per 
mln. R∙p.m. Gal. per 

min.

Suction Discharge

tι¼
l⅜

2
2½

0.032
0.078

86
75

2.75
5.85

129
120

4.12
9.36

1
1

⅜

* Can also be driven by pulley on crank shaft, or with double-reduction gears and direct-connected 
motor.

t This size can be operated safely to 300 lb. per sq. in. pressure on intermittent service.

pump is usually circular in section and is provided with a reciprocating blade 
or blades or a horizontal abutment. Figure 39 shows the cross section of 
a pump of this type. While there are many designs, an explanation of that 
shown in Fig. 39 will serve to indicate how these pumps operate. A is a 
cylindrical impeller mounted eccentrically on a shaft. As it rotates, its 
wearing surface B wipes around the circumference of the casing and the 
blade C moves up and down in the sleeve F, which is free to rotate in a socket. 
Water enters as shown by the arrow. When the impeller is at the top of the 
stroke, water flows into the casing. As the impeller wipes down, past the 
suction opening, this water is forced around the casing and is discharged at D, 
through opening E, and out through discharge G.

When two or more impellers are used in a rotary-pump casing, the impellers 
will take the form of toothed-gear wheels as in Fig. 40, of helical gears, or 
of Iobed cams. In either case, these impellers rotate with extremely small 
.clearance between each other and between the surface of the impeller and 
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the casing. Referring to Fig. 40, the two toothed impellers rotate as indi­
cated by the arrows. The suction connection is at the bottom. As the 
spaces between the teeth of the impeller pass the suction opening, water is 
impounded between them, forced around the casing to the discharge opening, 
and then forced out through this opening. The arrows indicate this flow
of water.

Wherever the pumping problem involves the delivery of a specified quan­
tity of liquid in a definite time, 
the rotary pump should be con­
sidered, although, if the head does 
not vary, a centrifugal may be 
found more suitable in certain cases. 
Advantages of the rotary pump are 
low first cost, low attendance cost, 
durability, and simplicity.

Rotary pumps are available in 
two general classes, interior bear­
ing and external bearing. The 
interior-bearing type is used for 
handling liquids of a lubricating 
nature, while the exterior-bearing 
type is used with non-lubricating pɪɑ 3il.-S⅛gle impeller rotary pump with 
liquids. The i n t e r i o r-b earing plunger or reciprocating blade,
pump is lubricated by a part of the 
liquid being pumped, while the exterior-bearing type is oil lubricated by an 
attendant.

Among the liquids handled by rotary pumps are mineral oils, vegetable 
oils, animal oils, greases, glucose, molasses, paints, varnish, shellac, lacquers, 
alcohols, catsup, brine, mayonnaise, 
sizing, soap, tanning liquors, vine­
gar, and ink. It should be kept in 
mind that rotary pumps are not 
suitable for handling liquids carry­
ing grit or abrasive material.

Rotary-pump Data. With 
rotary pumps of the simple cam or 
two-lobed impeller design, operat­
ing against heads of 10 to 200 ft., 
the efficiency is said to range from 
75 to 85 per cent.

With rotary pumps of the gear 
type, volumetric efficiencies range 
from 90 to 95 per cent and over-all 
efficiencies range up to 70 per cent. 
This class of pump will operate at 
pressures up to 350 lb. per sq. in.

Rotary pumps of the gear type, 
made by a well-known manufac­
turer, and one of the most common

Fig. 40.;—Gear-type rotary pump, having two 
impellers.

types employed in chemical work, are available in capacities from 4 to about 
850 gal. per min. when operating at 60 lb. per sq. in. pressure. These pumps 
have a list-price range from $75 to $800, without motor.
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Table 60. Triplex, Single-acting Plunger Pumps*Worthington Pump & Machinery Corporation
Size, in. Displacement Pipe size, in.

Diameter, plungers Stroke Gal. per revolution
Normal Maximum Suction DischargeR.p.m. Gal. per min. R.p.m. Gal. per min.

t2 t⅛∣4J4
3446

0,1220.3670.6520.979
75686858

9.1524.9544.3356.78
11210210287

13.637.466.585.0
1¼22½3

∣⅛ I½ 2 2½
* Driven by belt through single-gear reduction or by motor with double-gear reduction, t Maximum pressure 250 lb. per sq. in.j Maximum pressure 150 lb. per sq. in.

Table 61. Triplex, Single-acting Plunger Pumps Worthington Pump & Machinery CorporationBelt-driven, single-gear reduction, suitable for 200 lb. per sq. in. pressure
Size, In. Displacement Pipe, in.

Diameter, plungers Stroke Gal. per revolution Maximum Suction DischargeR.p.m.* Gal. per min.
3½ 4 0.50 102 51 3 2⅛4 6 0.97 87 84 4 3
5 6 1.53 87 133 4 4
6 8 2.93 75 220 t5 ↑5

* Liquids that are hot or viscous require lower speeds.t Has flanged openings.
Handling Liquids with Fluid Pressure

In addition to the liquid-handling devices, such as pumps, that depend 
on the mechanical action of pistons, plungers, or impellers to move the mate­
rial, there is a large group of devices for this purpose that employ fluid pres­
sure to move the liquid. This group includes air lifts, acid eggs, jet pumpa, 
pulsometers, and diaphragm pumps among others.

Thθ Air Lift. This is a device for raising liquids by means of com­
pressed air. Its ordinary use is in pumping wells. A simplified sketch of an 
air lift is shown in Fig. 41. Referring to this sketch the running submergence 
Hs is the distance from the water level to the point of an air inlet, and the 
total lift Ht is the distance from the working surface of the water to the point 
of discharge. An empirical formula to express the volume of free air required 
to lift 1 gal. water has been developed by the Ingersoll-Rand Company 
from practice. According to this formula

=0∙8⅞> ¾⅜
C log-----------34
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where Va is the volume of free air in cubic feet and C is a constant, values for 
which, varying with the total, head are

Hl, ft.
10-60
61-200

201-500 
501-650 
651-750

In designing an air lift, the submergence, 
as expressed by the ratio H,∕(Ht + H,) should 
vary from 0.66 for a lift of 20 ft. to 0.41 for 
a lift of 500 ft. The results given by this 
formula approximate those found in practice, 
but variations occur caused by the design of 
the foot pieces. Two designs for foot pieces 
that are employed with air lifts are shown in 
Fig. 42. The air pressure required to operate 
an air lift is given by 

P=B- 0.434s

Fig. 41.—Simplified sketch of 
an air lift, showing submergence 
and total head.

where
P is in lb. per sq. in. abs.
B is the barometric pressure, lb. per sq. in.
s is the submergence, ft.

The efficiency of an air lift, i.e., the 
ratio of the water horsepower to the indi­
cated air horsepower of the compressor, is about 70 per cent, except at 
starting, when it is considerably lower. Higher air pressure is also required 
lor starting, when the pressure must be equivalent to the height of the water 
level, at rest, above the end of the air pipe.

Wafer

Fig. 42.—Two of the many designs of foot pieces used with air lifts.
Referring to Fig. 42, the foot piece shown at the top is a modification of the 

eaunders type in which a central water discharge pipe is surrounded by an 
air passage. That at the bottom of the figure is a modification of the Pohle 
ype of foot piece, in which air enters the water discharge pipe at the side and 

TeJ*ra≈dJater pipes are Placed side by side in the well. The accompanying 
ɪ aoɪe 62 shows values for capacities and pipe sizes for air lifts.
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Side air inlet (PohIe type), in. Concentric air pipe Central air pipe

Table 62. Pipe Sizes and Capacities of Air Lifts
Marks, “Mechanical Engineers’ Handbook,” McGraw-Hili

Diam­
eter, air 

pipe

Diam­
eter, 

water 
pipe

Diam­
eter, 
well

Maximum 
economical 

capacity 
moderate 

lift, gal. per 
min.

Lift, 
ft

Gal. per 
min. per 

per sq. in. of 
water pipe, 

cross section

Diam­
eter, 

casing, 
In.

Diam­
eter, air 

pipe, 
in.

Capac­
ity, gal. 
per min.

1½
1½
1½

2½

1¼
1½ 
2 
2

80- 300 
100- 150 
150- 250 
275- 375 
500- 665 
775-1000

2

Since air lifts aré built to suit the specific requirements of the work to be 
done and are not standard, no useful price range can be given. Prices should 
be obtained from the manufacturer upon specifications.

Air lifts may be used for handling various chemical liquids, where special 
circumstances make such practice advisable. This service is more generally 
performed, however, by a centrifugal or a reciprocating pump. The most 
common use of the air lift is for pumping wells for water supply, where its 
low attendance cost, low upkeep, extreme simplicity, and continuous opera­
tion serve to offset its relatively low over-all efficiency. Particularly in 
plants where there is other demand for compressed air, the air lift for water 
service has been found to give satisfactory results, for in such cases there is 
no extra cost for compressor attendance.

Displacement Pumps
This class of liquid-handling device operates by forcing the liquid that is 

to be moved from one point to another by means of pressure exerted by a 
gas or vapor. These pumps include acid eggs, liquid elevators, pneumatic 
pumps, inflammable-liquid pumps, Humphrey gas pumps, and pulsometers.

The acid egg is the device in this class that i3 most frequently encountered 
by the chemical engineer. It consists of an egg-shaped container which 
can be filled with a charge of the liquid that is to be pumped. This container 
is fitted with an inlet pipe for the charge, an outlet pipe for the charge, and 
a pipe for the admission of compressed air or gas. A semiautomatic form of 
acid egg is shown in Fig. 43, which shows a check valve in the acid inlet and 
a pressure gage on the air line between the egg and the control valve in the 
air line. This arrangement permits the operator to close the air line when 
the egg is emptied, for the gage will then show a lower pressure than when 
the egg is operating and a pressure is registered due to the height of the acid 
in the discharge pipe.

Acid eggs are also designed to be fully automatic, turning the air and the 
acid on and off as required. However, all designs of this equipment suffer 
under the disadvantage of being low in over-all efficiency and intermittent.
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With the development of the centrifugal pump in materials of construction 
suitable to withstand the action of sulfuric acid and other highly corrosive 
chemicals, the need for the acid egg has passed and the centrifugal pump is 
usually chosen for such services.

Automatic elevators, pneumatic ejectors, Kestner elevators, and 
inflammable-liquid pumps are all variations of the principle employed 
in the acid egg. The same reasons that cause the acid egg to be rarely 
employed in modern chemical plant practice cause these devices to be of 
little beyond theoretical interest to the practicing chemical engineer.

The Humphrey gas pump is a type of displacement pump which aroused 
considerable interest some twenty years ago but which never has been adopted 
to any great extent in the United States. In the simplest form of this device, 
the movement of the liquid being pumped is caused by the direct expansion oʃ 
a gas during combustion.

The pulsometer is a form of displacement pump operated by steam. It
consists, generally speaking, of two chambers formed within the same shell 
and of exactly similar dimensions. These two chambers are each equipped 
with inlet and discharge valves, and the shell is provided with a flap- or ball- 
controlled steam valve which may admit steam to either of the chambers 
but not to both of them at the same time. Steam is admitted alternately 
to these chambers under control of the steam valve. When it enters one 
of the chambers, it forces the water 
in it out through a check valve into 
the discharge pipe. When the AcM 
chamber is emptied, the steam 
enters the discharge pipe and thus 
causes a suction in the empty 
chamber. This results in revers­
ing the steam valve and, at the 
same time, sucking a fresh charge 
of water into the chamber that has 
just been emptied.

Pulsometers have an extremely 
low efficiency and are generally not 
used in production work. How­
ever, for pumping water from pits, 
foundations, excavations, etc., dur- ʌ semiautomatic, form of acid egg,
ɪng. construction work and in WithmanuallycontroIledairsuppIy. 
emergencies, they are very useful, as no foundation or setting is required and 
the pump can be hung in any convenient place by a hook and connected by 
flexible steam hose to the nearest available steam main.

Jet pumps are another class of liquid-handling devices that make use 
of fluid pressure as an operating medium. Ejectors and injectors are the 
two types of jet pumps of interest to the chemical engineer. The ejector, 
also called siphon, exhauster, or eductor, is designed for use in operations 
where the head pumped against is low and is less than the head of the fluid 
used for pumping. The injector is a special type of jet pump, operated by 
steam and used for boiler-feed and similar services, in which the fluid being 
pumped is discharged into a space under the same pressure as that of the 
steam which is used to operate the injector.

Figure 44 shows a simple design of jet pump of the ejector type. The 
pumping fluid enters through the nozzle at the left, passes through the venturi 
nozzle at the center and out the discharge opening at the right. As it passes
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into the venturi nozzle, it develops a suction which causes some of the fluid 
in the suction chamber to be taken into the venturi nozzle and, entraining with 
the steam passing through the discharge, be delivered through this discharge.

The efficiency of an ejector or jet pump is low, being around 1 or 2 per cent. 
The head developed by the ejector is also low, except in special types. The 
device has the disadvantage of diluting the fluid pumped by mixing it with 
the pumping fluid. In steam 
injectors for boiler-feed and simi­
lar services, where the heat of the 
steam is recovered, the efficiency 
is close to 100 per cent. Types 
of jet pumps have also been 
developed for use as vacuum 
pumps, in which service high 
efficiency is obtained.

The simple ejector or siphon is 
widely used, in spite of its low 
efficiency, for transferring liquids 
from one tank to another, for 
lifting acids, alkalies, or solid-

Fig. 44.—Simple type of ejector for water 
service.

containing liquids of an abrasive nature, and for emptying sumps. Table 63 
gives the capacities for a common type of steam-operated water ejector.

Table 63. Steam-operated Water Ejectors
/ Schutte & Koerting 

l⅛-in. suction and discharge pipes

Steam pressure, lb. per sq. in., gage

Lift + head, 
. ft. 20 60 100 140 200

Gal. water pumped per hr.

1+4=5
1+8=9
1 +30 = 31
1 + 70 = 71
8+ 0= 8

16+ 0= 16
194- 0 = 19

220

7ÔÓ

Miscellaneous Liquid-handling Devices
In addition to the forms of liquid-handling equipment already described, 

which include all the most used forms for chemical engineering work, there 
are many other types in existence, including diaphragm pumps, hydraulic 
rams, hydrautomats, screw or spiral pumps, spiral circulators, scoop wheels, 
chain elevators, and many others.

Of these, the diaphragm pump is the only device of much present impor­
tance to the chemical engineer. A simple diaphragm pump of the vertical 
type is shown in Fig. 45. In this pump, A is a flexible diaphragm, bolted 
to the casing as shown. This diaphragm is movable, up and down, through 
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the action of the yoke and rod shown, 
is the inlet valve. The action of 
the pump is obvious from inspection 
of the figure.

Diaphragm pumps of this simple 
type are used for emptying tanks 
and sumps, pumping out excava­
tions, and similar services.

Diaphragm pumps for handling 
chemical liquids, particularly those 
of ą corrosive or abrasive char­
acter, are designed so that the 
liquid being pumped does not come 
in contact with the moving metallic 
parts of the pump. In such 
pumps, a plunger works back and 
forth into a fluid-filled chamber, 
one side of which is formed by 
the diaphragm. This causes the 
diaphragm to move back and forth, 
thus actuating the liquid to be 
pumped, which is in a chamber on 
the other side of the diaphragm. 
Table 64 gives capacities and other 
data for four sizes of this latter 
type of diaphragm pump.

B is a rubber discharge valve and C

Fig. 45.—Vertical-diaphragm pump.

Table 64. Capacities of Single-acting Diaphragm Pumps
F. W. Brackett & Company

Gal. per hr.
Diameter 

of plunger, 
in.

Stroke of 
plunger, 

in.
R.p.m. H.p. Pipe βize, 

in.

Pulleys

Diameter 
in.

Width
in.

280 2¼ 3⅛ 90 1⅛ 1¼ 16 2¼450 3 4½ 80 ∣⅝ I⅜ 21 2½620 3½ 5 70 2¼ 2⅛ 24 3½830 4 6 60 2½ 2½ 30 4⅛

MOVEMENT OF GASES AND VAPORS
The movement of gases and vapors is basic to such chemical engineering 

industries as fuel-gas manufacture, by-product coking, and petroleum refining. 
The manufacture of many other chemical products involves the movement 
of gases and vapors, which may be the materials processed, or may be used 
ɪn the processing of other materials, as air for agitation, gas for bleaching, 
ammonia or other refrigerants for cooling, gas for fuel, and many othe> 
applications.

ɪɪɪθsŋ gases may be raw materials, as in the case of natural gas or aire 
they may be materials undergoing processing, as in the case of unstripped 
coke-oven gas; or they may be finished products such as manufactured gas, 
carbon dioxide, or acetylene.
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The compression of gas which occurs as part of the manufacture of such 
synthetic products as methanol and synthetic ammonia will not be considered 
in this section of the handbook, as it is essentially a step in processing, not a 
movement of materials. A separate section covers high-pressure technic of 
this type. (See Sec. 14.)

Movement of gases and vapors is accomplished by means of five general 
types of equipment: fans; positive rotary blowers; centrifugal or turbo­
compressors; reciprocating compressors; and jets.

Fans
Fans are of two general types: centrifugal fans and disk or propeller 

fans. Fans are used for low pressures, generally speaking for pressure heads 
of 5-in. water gage or less, although some heavy-duty types operate at pres­
sures up to 10 in. Centrifugal fans are suitable for ventilating work with duct 
systems, for supplying draft for boilers and furnaces, for moving large volumes 
of air or gas at low pressure through piping or duct systems, in supplying 
air for drying, in conveying material while suspended in a stream of air, in 
removing fumes and dust from working spaces. Centrifugal fans are used 
for all this class of working except where large volumes are handled at low pres­
sures, as in exhausting a room or other open space, or in blowing air into a 
building for ventilation purposes, when propeller or disk fans are more 
efficient. This latter design is not used with piping or ducts.

Centrifugal Fans. These fans are made in three general styles: the 
straight-blade or steel-plate fan; the forward-cuτved-blade fan; and the backward- 
curved-blade fan.

Fig. 46.—Straight-blade or steel-plate fan used for exhausting and draft.

The forward-curved-blade fan finds its greatest use where large volumes of 
air are moved at slow rotative speeds. In ordinary industrial work it is not 
now as frequently encountered as formerly, although still widely used. The 
straight-blade or steel-plate fan (Fig. 46) is now generally built in the type called 
the mill exhauster. This fan has relatively few blades, from six to ten as a 
general rule. These blades are relatively long and narrow. The design is 
most used for exhaust work and handling industrial wastes such as shavings,

Many of the centrifugal fans that are now designed for ventilating, draft 
production, gas handling, and general industrial work are of the backward- 
curved-blade type, as, when properly designed, such fans are found to have the 
best characteristics over the widest range for general purposes. These fans 
as now designed tend to have a relatively large number of relatively shallow. 
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wide blades. They áre often equipped with inlet vanes or guides which 
improve the working characteristics and decrease the sound of operation.

The theory of operation of a centrifugal fan is much like that of a centrif­
ugal pump, the pressure developed arising from two sources; These are 
centrifugal force due to the rotation of an enclosed volume of air or gas, and 
velocity imparted to the air or gas by the blades and partly converted to 
pressure by the volute or scroll-shaped fan casing.

The centrifugal force developed by the rotor produces a compression of 
the air or gas which, in fan engineering, is called the static pressure. The 
amount of this static pressure developed depends upon the ratio of the velocity 
of the air leaving the tips of the blades to the velocity of the air entering the 
fan at the heel of the blades. Therefore, the longer the blades, the greater the 
static pressure developed by the fan.

The kinetic energy or velocity imparted by the blades to the air or gas is 
more than sufficient to carry the air or gas through the pipe or duct system 
served by the fan. Casing designs are based on the necessity of reducing 
this velocity, changing some of it to static pressure, and thereby increasing the 
pressure of the air delivered by the fan.

Fig. 47.—Multiblade fan of “Sirocco” type for general fan service.

Multiblade fans (Fig. 47) with short, forward-curved blades, a type that is 
widely used, run at higher speeds than fans with other types of blades. They 
are suitable for direct connection to motors or turbines. They develop more 
static pressure within the blades for the same capacity and operating pressure.

Operating efficiencies of fans lie in the range from 40 to 65 per cent.
Operating pressure, sometimes called impact pressure or head, is the sum 

of the static pressure and velocity head of the air leaving the fan. It is 
generally expressed in inches of water gage or in ounces per square inch.

1 oz. per sq. in. = 1.732 in. water with air at standard density (0.075 lb. 
per cu. ft.).

Head of 1 in. water = head of 69.3 ft. air.
The total pressure for a straight-bladed fan is given by

(t⅞* - 17ι2) + MW - (1 - AQTa2 - (NVj)* 
V 2’ ρ

where Vo = velocity of air through inlet.
Vp = velocity corresponding to unit pressure. 
V∙2 = radial velocity of air leaving blade tips. 
Ui- linear velocity at heel of blades.
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Uz = linear velocity at tip of blades.
M = percentage velocity pressure conversion in scroll.
N = ratio of actual to effective area of inlet.

The air horsepower of a fan is given by

a . , cubic feet per minute × total pressure in poundsAir horsepower =-------------- ----------------------------- - ---------------—--------
33,000

= 0.000157 × cubic feet per minute × total head in inches

The mechanical efficiency of a fan is given by

ʌɪ ɪn _ air horsepower 
brake-horsepower

Pressure efficiency of a centrifugal fan is the pressure developed by the 
fan divided by the pressure against a plane surface due to a velocity equal 
to the peripheral speed of the wheel, or

g × head of air in feetP.E. =------;------- .

Fan Performance. The performance of a centrifugal fan varies with 
changes in conditions such as temperature, speed, and density of the gas 
being handled. It is important to keep this in mind in using the catalogue 
data of various fan manufacturers, as such data are based on assumed stand­
ard conditions, such as 70oF. and 29.92 in. barometric pressure, or 68oF. and 
50 per cent relative humidity. Corrections must be made for variations from 
these assumed standards. The Buffalo Forge Company gives laws of fan 
performance by means of which these corrections can be made in the following 
convenient form:

When speed varies:
1. Capacity varies directly as the speed ratio.
2. Pressure varies as the square of the speed ratio.
3. Horsepower varies as the cube of the speed ratio.

When temperature of air or gas varies:
Horsepower and pressure vary inversely as the absolute temperature (speed and 

capacity being constant).
When density of air or gas varies:

Horsepower and pressure vary directly as the density (speed and capacity being 
constant).

Selection of Centrifugal Fans. It is a common practice among fan 
manufacturers to publish complete data in tabular form showing capacities, 
pressures, speeds, and horsepowers of their fans under standard conditions 
of temperature and air density. These tables are of great use to the heating 
and ventilating engineer and to others who specialize in fan engineering. 
Those who do not specialize along these lines, including the chemical engineer, 
should not attempt to select fans from these tables. The proper course to 
follow is to put full data concerning the job to be done in the hands of fan 
manufacturers and allow them to specify the fan which they are willing to 
guarantee to do the required work at the best obtainable ecoiïomy. A com­
parison of several such proposals from manufacturers will indicate the best 
choice.

Disk or propeller fans should be chosen by the chemical engineer in the 
same manner as has been indicated for centrifugal fans.
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Special fans for chemical service can be obtained from various fan 

manufacturers on specification to handle practically any gas or vapor. Such 
fans are, in the main, similar to standard fans but are either constructed of, 
or have the working parts covered with, a material that will resist the corro­
sive or abrasive action of the material being handled. Such fans are not 
standard, and each such case should be placed fully before several manu­
facturers of fans before a choice is made.

among their important applications

Fig. 48.—Cycloidal type of positive rotary 
blower.

Positive Rotary Blowers
Positive rotary blowers and compressors are similar in action and 

design to rotary pumps. In fact, any cycloidal, gear, or other rotary pump 
can be used as a blower and, if properly designed, as a compressor.

These blowers have a pressure range from ⅛ to 15 lb. per sq. in. in single 
stages and an equivalent vacuum range when used as exhausters.

Rotary blowers and exhausters find 
handling gases, drying, supplying 
blast for furnaces, forges, and ovens, 
aerating and agitating, pneumatic 
conveying (when the blower is so 
placed that the material does not 
pass through it), ore refining, 
sewage treatment, ventilation, low 
vacuum service, by-product coking, 
gas boosting in distribution and 
transportation systems, gas com­
pression, and petroleum refining.

By reference to Fig. 48, the 
operation of the most usual type 
of rotary blower or compressor will 
be evident. The arrows indicate 
the direction of rotation of the 
impellers and the direction of move­
ment of the gas. As the impellers 
revolve in opposite directions on 
their parallel shafts, air is drawn into the pockets between them and the 
casing and delivered positively to the opening of the discharge. The result 
is a practically constant flow, without surges.

The advantages of these blowers lie primarily in their simplicity and rugged­
ness. Wear is at a minimum, and constant service can be obtained from 
them over long periods without loss of efficiency or renewal of parts.

Within the ranges for which different types of rotary blowers are built, 
their efficiencies are relatively high and their power requirements low. Gen­
erally speaking, at pressures from 8 oz. per sq. in. up, rotary blowers are 
more efficient than fans. Also the blower has an advantage in that it will 
handle a constant volume under varying pressure conditions, which a fan 
will not do. At pressures below 10 lb. per sq. in., the rotary blower is more 
efficient than the reciprocating compressor, but above that point the com­
pressor has the advantage. The efficiency of the rotary blower is best at 
3 or 4 lb. pressure or vacuum, when it lies in the range of from 84 to 86 per 
cent in the case of large machines. For small machines the efficiency is 
less, as the leakage past the impellers is relatively greater.

Horsepower for rotary blowers varies with volume and pressure, being 
roughly about 5 h.p. per 1000 cu. ft. free air delivered per minute at 1 lb. 
Pθr sq. in. pressure.
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Positive rotary blowers are available in many types. In general √ the 
range of working pressures or suctions for which they are designed runs from 
1 lb. up to 15 lb. per sq. in. The capacity range will run from 10 cu. ft. 
up to about 10,000 cu. ft. free air per minute in standard sizes, while special 
machines will have capacities up to 25,000 or 30,000 cu. ft. free air per minute. 
Compound, two-stage units can be obtained in capacities up to 50,000 cu. 
ft. per min. and for pressures up to 30 lb. per sq. in.

In the most common type, having two two-lobed impellers (of which the 
Roots-Connersville-Wilbraham is a well-known example), the following ranges 
are available :

Victor-Acme blowers for general service:
Low-pressure range:

Pressures, 1 to 3 lb. per sq. in.
Capacities, 15 to 700 cu. ft. per min. 
Horsepower, 0.2 to 13 h.p.
List prices (single pulley), $40 to $440.

Medium-pressure range:
Pressures, 1 to 5 lb. per sq. in.
Capacities, 12 to 410 cu. ft. per min.
Horsepower, 0.1 to 12.5 h.p.
List prices (single pulley), $40 to $425

High-pressure range:
Pressures, 1 to 7 lb. per sq. in.
Capacities, 15 to 245 cu. ft. per min.
Horsepower, 0.2 to 10 h.p.
List prices (single pulley), $50 to $420.

R-C-W standard-duty blowers:
Pressures, 2.2 to 10 lb. per sq. in.
Capacities, 272 to 8050 cu. ft. per min.
Horsepower, 7.8 to 114 h.p.
No list prices available for this type.

R-C-W heavy-duty blowers:
Pressures, 3 to 10 lb. per sq. in.
Capacities, 295 to 7920 cu. ft. per min. 
Horsepower, 12.2 to 152 h.p.
No list prices available for this type.

Centrifugal (Turbo) Compressors
Centrifugal compressors are similar to centrifugal pumps in design, except 

that proportions and strength of parts are varied to suit the requirements of 
handling gases rather than liquids. The theory of operation is in general the 
same for the two machines, except that the compressor is handling a readily 
compressible fluid, whereas the pump handles fluids which are but slightly 
compressible. Centrifugal fans (see pp. 2266 to 2269) are in reality but a 
special case of the centrifugal compressor, designed to operate at good effi­
ciency and economy at low pressures. The machines usually known as 
centrifugal compressors are high-speed machines operating in the pressure 
range from 1 to 5 lb. per sq. in. when built in single stages and having capaci­
ties up to 12,000 cu. ft. per min. Multistage types of these compressors 
are built for pressures up to 175 lb. per sq. in. The usual range for the multi­
stage machines is up to 30 lb. per sq. in. and 50,000 cu. ft. per min.
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Centrifugal compressors have the advantage of being suitable for direct- 

connection to electric motors or steam turbines. The space requirements 
in such cases are relatively small. They maintain approximately constant 
pressure when operated over a broad range of capacity, if the speed is main­
tained constant. With intermittent delivery, the flow may be shut off with­
out stopping the compressor or wasting gas.

Centrifugal compressors find their chief uses in the chemical engineering 
industries in manufactured-gas plants, at by-product coke works, and at 
blast-furnace and steel plants. In these industries they are used for blast 
work and gas handling. Conditions of service in these industries are fre­
quently ideal for centrifugal compressors and permit them to operate, within 
their suitable pressure range at efficiencies that cannot be matched by other 
compressing devices. However, in many other industries, where conditions 
vary from the ideal by a greater amount, the efficiencies obtained are lower 
and do not compensate for the relatively high first cost of the centrifugal 
compressor. Where these machines can be used to advantage, they give 
extremely good service, and the conditions of any gas-handling installation 
should be examined carefully before equipment is chosen to determine whether 
the centrifugal compressor’s characteristics are suitable for the work to be 
done.

Centrifugal compressors should be purchased on specification and guarantee. 
While manufacturers have standard designs and sizes of these machines, 
they are not generally manufactured to stock but are built on order, and hence 
it is not possible to give detailed tabular information or list-price ranges.

Reciprocating (Piston) Compressors
These compressors constitute, with centrifugal fans and rotary blowers, the 

three classes of gas-handling devices in common use. Of these, fans are 
most used in the low-pressure range, up to ⅜ lb. per sq. in. pressure, blowers 
in the medium-pressure range up to 10 lb. per sq. in. pressure, and reciprocat­
ing compressors, usually referred to as compressors, in the higher pressure 
range. Each of these machines has its best performance characteristics and 
its most economical applications in the range indicated.

A compressor is similar to a piston pump for water, except that it performs 
Work on a readily compressible fluid, gas, whereas the pump handles a fluid 
that is but slightly compressible. In pumping water, the work done in com­
pression is negligible. The main Source ofheatproduction isfriction, and 
the heat generated in this way is small relative to the mass of the liquid being 
handled. The heat is absorbed by the liquid with no important temperature 
rise. In compressing air or gas, however, the work done on the gas in decreas- 
ɪɪɪg its volume is considerable and appears as heat, added to that due to 
friction losses. As the final volume of the gas is relatively small, the tem­
perature rise is relatively large. For good efficiency in compression, the gas 
must be delivered at a temperature as near as possible to that of the entering 
gas, i.e., the compression must be as near to the isothermal as can be attained. 
For this reason most compressors are water jacketed, or in small sizes are 
provided with exterior fins or other means to facilitate air cooling. Such 
cooling is adequate for low pressures, not over 90 or 100 lb. per sq. in., and 
hence such compression is usually carried out in a single-stage compressor, 
z∙e∙, one in which the compression is completed in one cylinder. For higher 
pressures, the cooling effect is increased by carrying out the compression in 
two or more cylinders, the discharge from the first and largest cylinder passing 
mto the next cylinder, and so on. Between each two cylinders, cooling addi­
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tional to that of the jackets is provided in an intercooler, a tubular heat 
exchanger, water cooled, through which the heated air passes. Multistage 
compression will usually range from 100 to 500 lb. per sq. in. in two-stage 
compressors, from 500 to 2500 or somewhat less in three-stage compressors, 
and up to 3000 lb. per sq. in. or even higher in four-stage compressors.

When intercoolers are used in staged compression, the air usually enters 
each stage at about the original temperature, the compression approaching 
the isothermal. If the compression were actually isothermal, it would follow 
the law

P2 Vi + .— = — = constantPl >2
If there were no cooling, the compression would be adiabatic, expressed by

P2 = fVΛa
Pl ∖Y√

Actually, the compression line on an indicator card from an air compressor 
lies between the adiabatic and isothermal curves, with leakage as well as 
cooling tending to bring it toward the isothermal. Assuming that the leakage 
is kept at a minimum and the cooling brings the discharge as near to the 
original temperature as possible, Edward D. Thurston, Jr., gives the following 
theoretical discussion of the work and capacity of air compressors (condensed 
from his discussion of this subject in Peele, “ Mining Engineers’ Handbook,” 
3d ed., John Wiley, New York, 1941). Note that the pressure to which the air 
or gas is compressed, termed receiver pressure, affects the saving due to staging. 
Maximum saving occurs in two-stage compression when:

Receiver pressure = (low pressure × high pressure)0·5
(Receiver pressure is the pressure in the receiver, which is a surge tank into 

which the delivery of an air compressor is discharged in order to flatten out 
the surges due to the reciprocating action of the machine and give an approxi­
mately constant pressure in the system beyond the receiver.)

Maximum saving occurs in three-stage compression when:
Firstreceiverpressure = (Iowpressure)0-67 X (high pressure)0·33 

Second receiver pressure = (low pressure)0·33 × (high pressure)0·67
Since there must be clearance in a compressor, not all the air in the cylinder 

can be expelled on each stroke and the volume remaining must reexpand to 
the low pressure before any fresh air can be drawn in. Consequently, the 
air compressed is always less than the piston displacement. The ratio of the 
low-pressure capacity to the displacement is the apparent volumetric 
efficiency.

The entering air comes into contact with the warm cylinder walls and 
the pistons and expands. Hence the quantity of air drawn in, when measured 
under external conditions of pressure and temperature, is less than would 
appear from the apparent volumetric efficiency. The ratio of the actual 
volume drawn into the cylinder to the displacement is the true volumetric 
efficiency, or

True vol. efficiency
apparent volumetric efficiency

z zʌ „ (abs. temp, air delivered1 + (0.3 to 0.5) ( —-—---------- -.--------- p—r
∖ abs. temp, air supplied

* After Lucke, “Engineering Thermodynamics,” McGraw-Hill.
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Air delivered in other than isothermal compression is at a higher tempera­

ture than that of the supply and when cooled to the original temperature 
decreases in volume. Volume actually delivered is termed the high- 
pressure capacity hot. When cooled, the volume delivered is called the 
high-pressure capacity cold. These volumes are equal for isothermal 
compression.

Expressions for work and capacity of single- and two-stage compressors, 
given below, use the following symbols:

1. p. = low pressure, lb. per sq. in., absolute.
h. p. = high pressure, lb. per sq. in., absolute.
r. p. = receiver pressure, lb. per sq. in., absolute.

c = clearance, as a fraction of displacement.
= capacity, cu. ft.
= diameter of cylinder, in.
= length of stroke, in.
= cycles per minute.
= displacement, cu. ft. per min.
= value of exponent of volume in equation for the compression curve 

PVλ = K = 1.406 for adiabatic compression.
= temperature of entering air, absolute, oF.
= temperature of delivery air, absolute, oF.
== weight per cu. ft. of entering air.
= ratio, high over low pressure.
= apparent volumetric efficiency.
= specific heat at constant volume.
= weight of air.

Ti
T2
δl

Äp
Ev
Cv
w „

In general, subscripts 1 and 2 refer to low-pressure and high-pressure 
cylinders, respectively.

Work required to compress a given quantity of air is independent of the 
clearance, but the size of the cylinder required varies with the clearance. A 
comparison of the expressions for work 
ɪor the entire cycle and for the compres­
sion alone,

Fig. 49.—Ideal compressor card.

shows that the work for the entire cycle 
ïs « times that for the compression cycle 
aɪone, i.e.i in Fig. 49 area ABCD is s times 
area BCEF.

Work of a complete cycle for adiabatic 
compression = JrsCυw(T2 - Ti) where

— Joule’s equivalent = 778 (approxi­
mately).

Tor single-stage compressors, non-isothermal compression: 

or
— sCvw(T2 — 7τι) for adiabatic compression only
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1

Work per

Work per cu. ft. h. p. gas hot

Work per cu. ft. h. p. gas cold

M.E.P. lb. per sq. in.

Displacement per min., cu. ft.
d2ln
2200

Low-pressure cap. per min. = DEv = D 1
Il

+ c. — (c22p)

v DEv 
High-pressure cap. per ɪnɪn. hot =

, , OE, High-pressure cap. per nun. cold = -=- ɪtp

1. p. cap._

1. p. cap.
Rp

Apparent volumetric efficiency -= Ev = 1 ÷ c — cR⅛a —

Work per min. = 144-------(1. p.) (1. p. cap.)s—1
Work per cu. ft. 1. p. gas =

Work per cu. ft. h. p. gas hot =

144 -- , (I. p.)
8 — 1

Work per cu. ft. h. p. gas cold =
144 8 -(h. p.)

s — 1

Displacement per min..= r,ɪ,jðɑ f°1^ ɪ- P∙ cylinder

Low-pressure cap. per min. — 1 + Ci — ci

High-pressure cap. per min. hot = (1. p. cap.)

For two-stage compression, with perfect intercooling and any receive?' pressure:

(1. P-)

for 1. p. cylinder
1

)'
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xτ∙ i . . . (1. p. cap.)nigh-pressure cap. per mm. cold =------ —-------

Bp 
M.E.P., referred to first stage:

s ∕D1Dt,1∖ 3

Apparent volumetric efficiency, first stage = ɪ* ɪɔ' cap-1
D1

Apparent volumetric efficiency, second stage = ɪ' cap*2
Dt

A section through the high-pressure stage of a two-stage compressor, with 
1Utercooler between stages, is shown in Fig. 50. This compressor is steam

ɪ'ɪ'3, 5θ∙—Section through the high-pressure cylinder of a two-stage steam-driven 
reciprocating air compressor.

driven, with the steam cylinder and the air cylinder for each stage arranged in 
andern. The crosshead A1 steam piston B, and air piston C are mounted on 

r ɪθ siɪɪglθ piston rod D. The water jacket for the air cylinder is shown at E. 
he low-pressure cylinder, not cut by this section, is shown at F. The inter­

cooler G receives the air from the low-pressure cylinder and cools it by the 
ʌ^ater in the tubes H1 and then it passes into the pipe J and so to the inlet 

aives of the high-pressure cylinder. These valves, shown in the inset on 
.1S∙ 5Q, consist of a light steel ring K1 held against a seat by springs L. The 

similarly constructed discharge valves are shown at M and the discharge 
connection at N.
of s^own ɪɪɪ əɔ ɪ9 the unloading arrangement, which is for the purpose 
ττ ynl°ading the pressure, either for starting or for regulating while running. 

lUloaders may be controlled by hand, mechanically, or magnetically. Com­
pressors are also supplied with the necessary governing and regulating devices 
a∏d lubricating arrangements.
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' Moisture in compressed air is to be avoided because it may freeze in, or 
corrode the pipe lines, or it may cause line and meter troubles. Such mois­
ture is condensed when the vapor in the heated compressed air condenses out 
as the air cools after leaving the final stage. To obviate this, aftercoolers 
are introduced between the compressor and the compressed-gas piping system 
to remove the moisture that condenses when the compressed gas is cooled.

Standard air compressors are also used for compressing gas to ordinary 
pressures and for gas handling. For compressing ammonia and for some 
other work, such as the compression of gases to extreme pressures for synthetic 
chemical manufacture, special designs of compressors are available. Dry 
vacuum pumps, in general similar to air compressors, are also available in 
many designs and makes. Tables 65 to 71 give sizes, capacities, and other 
data for several commonly used types of compressors.

STORAGE OF MATERIALS
All problems relating to the handling and movement of materials also 

involve in some measure the storage of materials, except for some few cases
Table 65. Vertical, Single-stage, Enclosed, Belt-driven Compressors

Worthington Pump & Machinery Corporation 
List-price range, $50 to $300

Diameter, 
cylinder, 

in.
Stroke, 

in. Cooling
Displace­

ment, 
CU. ft. 

per min.
R.p.m.

H.p. of motor at Openings, in.

100 lb. 150 ɪb. Inlet Outlet

2⅛ 3 AIr 5.2 600 1 , 1 ¾ ¾
3¼ 3 Air 8.0 600 1¼ 1¼ ¾ ¾
3⅛ 4 Air 12.2 550 2¼ 2⅝ ι¼ 1⅛
3½ 4 Water 12.2 550 2⅛ 2¾ 1¼ ∣¼
4¼ 4 Air 18.1 550 3% 4 1¼ l¼
4¼ 5 Water 23.0 500 4¼ 5 1½ ∖¼
6⅛ 6 Water 52.0 450 10 11 2½ 2½

Table 66. Horizontal, Single-stage, Enclosed, Belt-driven 
Compressors

Worthington Pump & Machinery Corporation 
List-price range, $600 to $1800

Diameter, 
cylinder, 

in.
Stroke,

in.
Displace­

ment, 
CU. ft.

per min.
R.p.m.

Air pressure, 
lb. per 
sq. in.

Brake-h. p. at 
rated 

pressure

Openings, in.

Inlet Outlet

7⅛ 6 106 350 80-100-125 15.9-17 -18 2½ 2½
8½ 9 170 300 80-100-125 25 -27 -29 3 3

10 10 250 285 80-100-125 36 -38.5-41 3½ 3½
11 12 350 270 80-100-125 51 -57 -60 4

8⅛ 6 136 350 40 60 15-18.5 3
10 9 245 300 40-75 27-34 3½ 3½
H 10 312 285 40-75 34-43 4 4
¡3 12 495 270 40-75 54-70 5 5

12 9 350 300 20-45 30-42 4 4
13 10 435 285 30-45 42-52 6 6
15 12 660 270 30-50 59-74 7 7
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ʌvaere the movement is incidental to the process, or where the movement of 
raw materials or finished products is direct. It is therefore necessary to give 
some consideration to the storage methods commonly employed in the chem- 
oal engineering industries and an indication of how the movement into, and 
out of, storage can be conveniently made.

The materials commonly stored have the following characteristics:
A. Solid materials.

1. Bulk.
2. Containers.

B· Liquid Materials.
1. Bulk.
2. Containers.

C. Gases.
1. Bulk.
2. Containers.

A. Storage of Solid Materials
. 1∙ Solid bulk materials are stored either outdoors in piles; or indoors 
ɪn piles, or in bins or bunkers.

Outdoor pile storage of solids is usual for coal, stone, ore, wood, sulfur, 
and, where climatic conditions permit without impairment of quality, for 
some other materials. There are four general methods in common use for 
carrying out such storage in an economical manner where the quantity to be 
stored is of a considerable amount. Choice between these methods rests 
uPon the material to be stored, its quantity, the method of delivery to storage, 
aud the reclaiming method best fitting into the other operations at the individ- 
ɪɪal plant. These methods are subject to variation to meet the individual 
∩θeds of the storage problem. The methods are:
. «. Storage in a pile under a traveling bridge, or gantry, crane with handling 
into, and out of, storage by means of a traveling bucket operated from the

Table 67. Horizontal, Single-stage, Enclosed, Steam-driven 
Compressors

Worthington Pump & Machinery Corporation 
Steam pressure, 90 to 150 lb. per sq. in. 

List-price range, $1200 to $2700

Diameter steam cylinder, in. Diameter air cylinder, Stroke, in. Displacement, cu. ft. per min. R.p.m. Air pressure, lb. per sq. in._ 7 7⅛ 6 106 350 80-100-1258 8½ 9 170 300 80-100-1259 10 10 250 285 80-100-12510 11 12 350 270 80-100-1257 8⅛ 6 136 350 40-608 10 9 245 300 40-75∙9 11 10 312 285 40-75*10 13 12 495 270 40-75*8 12 9 350 300 20-45f9 13 10 435 285 20-45f10 15 12 660 270 20-50f. j ɔθ-ɪb ■ steam necessary for maximum air pressure. T 125-lb. steam necessary for maximum air pressure. All machines have piston-type steam valves.
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Type XCB-2 has compound, ,two-stage air cylinders and either five- or three-step 
clearance control regulation.

Table 68. Duplex, Horizontal, Belt-driven Compressors
Ingersoll Rand Company

For single-, two-, three-, or four-stage compression.
Type XRB-I has duplex, single-stage air cylinders and is automatically regulated by 

the five- or three-step, free-air controller when specified.
Type XRB-2 has compound, two-stage air cylinders and is automatically regulated 

by the three-step free-air controller when specified.
Type XCB-I has duplex, single-stage air cylinders and either five- or three-step 

clearance control regulation.

Diameter cylinder, in.
Stroke, in. R.p.m.

Capacity, cu. ft. per min. piston displace­ment at 100 lb. per sq. in. discharge pressure
Low pressure Highpressure Sea level 5,000-ft. altitude ιo,qoo-ft.altitude
12 7½ 8 335 34813 7½ 8 335 40914 7½ 8 335 47513½ 8 10 300 49414 8 10 300 53015 8 10 300 61015 9¼ 12 277 67616 9⅛ 12 277 77017 9⅛ 12 277 87017 ∣0⅛ 12 277 87018 10⅛ 12 277 97519 IO½ 12 277 1,08718 11 14 257 1,05219 Il 14 257 1,17320 11 14 257 1,30220 12½ 14 257 1,30221 12½ 14 257 1,43522 12½ 14 257 1,575z√. 257 1,57523 14 14 257 1,72324 14 14 257 1,875
Table 69. Two-stage Horizontal, Belt-driven Compressors

Ingersoll-Rand Company
Air pressures 150 to 400 lb. per sq. in.

Diameter, cylinder, in. Stroke, in. R.p.m. Piston displace­ment, cu. ft. free air per min.Low pressure High pressure
4 2⅛ 4 500 286 2⅞ 6 350 65810 3⅜4⅞ 8 300 133
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crane. This bucket can unload from cars, barges, or other means of transport 
and can deliver to some means of transport, directly to a secondary storage in 
the plant, to a conveyor, or directly to such equipment as furnaces.

b. Storage in piles on either side of a track, served by a locomotive crane. 
The crane is used to place the material in storage, taking it from a car, truck, 
or barge, or from a track hopper in which it has been dumped from hopper­
bottom cars, or to which it has been delivered by some other means of han­
dling. In reclaiming from storage, the crane is used for loading the material 
into cars, delivering it into a track hopper served by a conveyor, or to the 
hoot of a bucket elevator, or to the loading hopper of a skip hoist.

c. Overhead systems are used, employing a monorail car and bucket or a 
cable way and bucket. These systems can be controlled from a central point, 
θr the operator can travel in a car accompanying the bucket. Overhead 
sYstems can unload and pile from any means of transport and can serve 
any type of conveyor or transport to take the material out of storage. These 
systems can also be arranged to deliver the material directly to the point 
θf use within the plant, or to bins or bunkers in the plant.

d. Drag-scraper systems are useful in many problems of bulk outdoor 
storage. These systems consist of a scraper bucket to which both ends of a 
cable are attached. The cable passes over a pulley and also around the drum 
of a hoisting engine. The pulley is detachably mounted on one of several 
Posts located at suitable points around the storage area. The scraper can 
then be caused to move back and forth across the storage area, piling and 
^claiming material. Drag scrapers usually deliver to a conveyor, a bucket 
elevator, or skip hoist.

Belt-driven Dry Vacuum Pumps 
Ingersoll-Rand Company

Table 70.

-—
Size, cylinder, in.

R.p.m. Piston displacement, 
cu. ft per min.

Diameter Stroke

10 4 500 181
14 5 400 355
18 7 350 720

22 9 275 1085
26 11 275 1853
31 12 220 2295

'—

Table 71. Steam-driven Dry Vacuum Pumps
Iiigersoll-Rand Company

Cylinders, diameter in.

Stroke, in. R.p.m.
Piston dis­

placement, cu, 
ft. per min.Steam pressure, 

125-175 lb.
Steam pressure, 

80-120 lb.
Steam pressure,

35-75 lb. Vacuum

6 7 Il½ 18 6 350 615
8 9 13½ 22 8 275 965

10 12 18 26 10 275 1680
12 14 21 31 12 220 2295
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Pile storage for wood, used in paper mills and other industries, differs from 
the general cases mentioned. Such storage is carried out with conveying 
devices that have been specially developed for the purpose.

Contents of outdoor storage piles cannot be calculated exactly unless 
the pile is within walls and is kept at an even thickness, as is sometimes done. 
Large random piles can be estimated with sufficient accuracy for most pur­
poses by obtaining the contours of sections evenly spaced over the storage 
area, say 5 to 10 ft. apart, and then figuring the cubic contents of the material 
between sections. Such sections are easily determined by the use of surveying 
instruments.

Smaller piles are frequently estimated by means of soundings, but this 
method leaves much to be desired as to accuracy, whatever its convenience.

Indoor pile storage is usually employed for materials that must be kept 
dry or protected from the weather for some reason. Among these are ceramic 
materials, scrap metals, glass sand, agricultural products, minerals, and 
chemical products. The usual method is to have a large storage shed or room 
within one of the buildings of the plant for each material; or, when quantities 
are relatively small, to divide a single storage space into several sections by 
means of partitions. Frequently such storage spaces are served by an over­
head crane or a monorail crane, which is used for both storing and reclaiming 
the materials. Such a crane can serve the processing equipment direct where 
that is convenient, or conveyors may be interposed when such an arrangement 
is better.

Indoor bulk storage may be served entirely by conveyors. For example, 
two belt conveyors can be used, one at the top of the storage space for taking 
material from an elevator and distributing it to the storage spaces, and the 
other at the bottom, beneath the floor, fed through a feeding device or loading 
hopper, for reclaiming. Another conveyor application useful in such cases 
is the pivoted bucket carrier, which will serve for both storing and 
reclaiming.

Where the quantities stored are small, it may not be economical to handle 
otherwise than with manual labor.

Intermediate quantities in bulk storage of dry solids are often served by 
electrical industrial trucks.or tractors and trailers. The trucks or the trailers, 
for this purpose, can be equipped with dump bodies, which serve to eliminate 
much hand labor that would otherwise be necessary.

Quantities in indoor pile storage are easily estimated by obtaining the con­
tour of the pile by soundings. This method is not accurate but serves most 
purposes. Where piles can be kept level, i.e., evenly distributed over the 
whole storage floor, more accurate estimates can be made from the dimensions 
of the storage space and the height of the pile on the wall. Where this method 
is used, it is well to have an indicating scale in feet and fractions of feet painted 
on the wall.

Indoor storage of bulk solids in bins or bunkers is frequently employed. 
Particularly where such storage can be arranged to feed by gravity to the 
production equipment or shipping facilities, this system finds an economical 
application. Hopper bottoms or parabolic bottoms are usual for such bins or 
bunkers. The material will then feed directly to a chute or spout by gravity, 
whenever the outlet gate is opened. In the storage, by this method, of soɪnθ 
materials that are likely to clog in the outlet, it is customary to install mechan' 
ical or air agitators, designed to keep the material loose and free flowing- 
The chute or spout can feed direct to the equipment as is usually the case with 
furnaces; or it can charge a larry car or similar transport device which serves 
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to move the material to the point of use, as is usual in gas or coke practice. 
Bins or bunkers can also be arranged to feed to a belt or other conveyor, or 
to load into industrial trucks or cars.

Material is placed in bins or bunkers through the open top, or through 
gates in a closed top. One method in common use for this purpose is to 
employ an overhead crane or monorail crane with a bucket. A belt conveyor 
passing over the top of the storage, with suitable unloading arrangements, 
and fed by a bucket elevator or skip hoist, is another common method of 
storing. A third method employs a pivoted bucket conveyor, which can 
also be used for reclaiming the material.

Indoor storage of bulk solids in silos is an alternate method that finds 
much favor in some industries, particularly in the lime, cement, and ceramics 
fields. Silos are cylindrical structures of concrete, tile, steel, or wood. Their 
advantages lie in the economy of floor space occupied for a given amount of 
storage and their relatively inexpensive construction. Compared to bins 
and bunkers, silos are less adaptable as to possible locations about the plant, 
and they have a relatively greater height for the amount of storage space 
provided. Because of this great height, and because the bottoms are seldom 
raised far above the ground level, silos must usually be loaded by means of an 
θlevator or skip hoist and unloaded by means of a conveyor or by trucks work­
ing in a pit.

Where several silos are in use, they can be grouped; and a belt conveyor 
pan be arranged to take material from an elevating device and unload it 
into any one of the silos desired. Reclaiming from silos can best be done by 
an arrangement of conveyors suited to the movements of the materials 
reclaimed, or by means of wheeled transport fed from hopper gates under the 
silos.

Quantities in storage in bins, bunkers, or silos are figured with suffi­
cient accuracy for most purposes from the known dimensions of the storage 
and the depth of the material stored. Another method, more accurate than 
the first, is.to weigh the material as it is stored and then to weigh the amounts 
taken from storage. This method incurs considerable first cost for the pur­
chase of weighing devices but is often justified where a close check on quanti­
ties is desired.

2. Solid materials stored in containers present few problems not 
aIready considered in this section on the movement of materials. Such 
containers are usually boxes, bags, barrels, or steel drums. The storage 
methods employed usually consist of piling or storing these containers out­
doors when the material stored and the weather conditions permit, or indoorβ 
ɪɪɪ other cases.

One of the most useful methods of handling materials into and out of such 
storage employs the electrical industrial truck, equipped with the high-lift 
or tiering feature when stacks or piles are to be used, and, if the loads to, be 
handled are heavy, equipped with a crane.

ι Another method widely used employs an overhead crane or monorail. 
This is particularly useful for handling bags, several of which can be taken 
a⅛ one time in a rope sling.

For barrels and drums, much special equipment is available, including 
barrel elevators and barrel stackers.

In storing these containers within buildings, care should be taken not to 
overload the storage floors.

Quantities of barrels, bags, and drums in storage can be easily estimated by 
counting the number in some unit of space and then extending the count to 
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cover the whole space occupied, making proper allowance for those areas 
where the space is not filled to an even level.

No mention has been made of the storage of finished solid products in 
containers. In general, such materials will be stored in the manner that is 
described under Liquid Materials Stored in Containers (see p. 2283).

B. Storage of Liquid Matexuals*
1. Bulk storage of liquid materials employs reservoirs where the mate­

rial can be exposed to the elements, and tanks for all other purposes. The 
opportunities for using reservoirs are few, because most liquids must be pro­
tected from contamination or dilution. Water is the liquid commonly stored 
in this way in chemical engineering industries. Where the quantities dealt 
with are large, the reservoir becomes a problem for the civil engineer, and 
adequate assistance of this nature should be employed. For small reservoirs, 
concrete-walled excavations or concrete tanks without tops, either sunken 
in the ground or raised above it, are in common use. Such tanks should be 
constructed with reinforced walls adequate to hold the contents when the 
reservoir is completely filled. The concrete should be waterproofed so as to 
prevent any possibility of leaking. Quantities stored in this way can be 
easily figured from the known dimensions of the storage and the measured 
depth of the liquid.

Storage of the liquid materials of chemical engineering industry is usually 
carried out in tanks. Such tanks are classified as vertical, horizontal, rectangu­
lar, or spherical. Vertical tanks are cylindrical tanks with the axis in a 
vertical plane. Horizontal tanks are cylindrical tanks with the axis in a 
horizontal plane. Rectangular and spherical tanks are shaped as indicated 
by the names. Vertical tanks are most commonly used for outdoor storage, 
in tank fields, for such materials as petroleum, tar, and asphalt. These tanks 
are also sometimes used for indoor storage. Another frequent use for vertical 
tanks is for elevated water storage. Horizontal and rectangular tanks are 
the most usual types for all sorts of storage of liquids. Spherical tanks are 
used for the storage, generally outdoors, of volatile liquids, such as natural­
gas gasoline, which are likely to develop a pressure in the tank due to the 
volatilization of part of the liquid.

Tanks are constructed of metal, generally steel plate, wood staves, or con­
crete. In cases where the liquid being stored is of a nature to attack the 
material of the tank, it may be lined with rubber or some other protective 
material, or coated on the inside with some resistant coating. Wood-stave 
and concrete tanks are frequently treated to prevent leaking.

Filling and drawing from liquid-storage tanks are usually done with pumps. 
In many cases, however, tanks can be so located that one or both of these 
operations can be accomplished by gravity. Obviously, tanks can be readily 
connected by pipe lines to any point in the plant.

Quantities stored in tanks can be readily determined from the dimension® 
of the tank and the depth of the liquid in the tank which can be obtained by 
means of a liquid level gage or by sounding. The horizontal cross-sectional 
area of a vertical tank is the area of the circle having the same diameter as the 
tank, while that of a rectangular tank is the length multiplied by the breadth·

When figuring stored quantities from the dimensions of a tank, the simplest 
method is to divide the volume in cubic inches by 231, the number of cubic 
inches in 1 gal.

With horizontal tanks the contents will be influenced by the shape of the 
tank ends, which may be convex, straight, or concave. For ordinary estinɪat-

* See p. 2353.
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ing, the effect of the ends may be neglected. The content of the horizontal 
tank, when filled, is found by multiplying the area of the end of the tank by 
the length and dividing by 231. When the tank is only partly filled, a deduc­
tion must be made from the total contents of the tank equal to the unfilled 
portion above the liquid. If the tank is filled to a point above the axis, then 
subtract from the total contents an amount equal to the contents of a space 
having the same length as the tank and an end area equal to the unwetted 
segment of the tank end. If the tank is filled to a point below the axis, then 
the contents become equal to that obtained by multiplying the length of the 
tank by the area of the wetted segment of the end of the tank.

When it is desired to figure the contents of a horizontal tank with curved 
ends more accurately, it becomes necessary to determine the radius of the 
curvature or to obtain this from the tank maker. . This is often inconvenient, 
and the alternate method of calibration is recommended. This consists in 
completely filling the tank with water, then drawing off the contents in steps, 
reducing the depth of the liquid by even amounts and accurately measuring 
the quantity of liquid withdrawn for each of these unit reductions in depth. 
In this way a table can be compiled giving the tank contents for each unit of 
depth of liquid in the tank. In practice, with such a table and a liquid level 
gage, the quantity in a tank can be readily obtained.

The calibration method recommended for horizontal tanks is also best 
for use with spherical tanks, as its use avoids the recurrence of tedious 
calculations.

2. Liquid materials stored in containers are generally packed in 
barrels, kegs, drums, cans, or in glass containers. The storage of the barrels, 
kegs, and drums will be the same as that described for solids packed in similar 
containers. For cans, one of the most convenient methods is to stack the 
cans several tiers high on palettes or skid platforms and then handle them 
into and out of storage by means of electric or hand-operated industrial lift 
trucks. Where small cans are to be stacked to a considerable height, machin­
ery developed for service in food canneries will be found useful for both 
stacking and reclaiming.

Storage for glass containers, such as carboys or bottles, may be either on 
skids or palettes, or directly on the floor. Movement into and out of storage 
is best carried out by means of hand-operated or electrical industrial trucks. 
Special bodies are available for these trucks for handling carboys efficiently.

Quantities in storage, of large-sized containers for liquids, are quickly 
estimated by counting the number on a unit area and then extending this 
quantity to cover the whole storage. With cans or other small containers, 
such a method is not so convenient. In this case it is better to use some kind 
of indicators in the stack. Such indicators can, for instance, be used to 
mark every gross in the stack, and then quantities are obtained by counting 
the number of indicators and multiplying by the unit.

Floor loadings must, of course, be considered with any kind of storage 
in buildings, but are particularly important with small containers such as 
cans because of the ease with which such containers can be stacked to a height 
that overloads the floor. Ordinarily, building floors can be loaded to 150 lb. 
Per sq. ft. Mill-type buildings and reinforced-concrete structures are usually 
constructed for loads up to 250 lb. per sq. ft. In many cases, buildings of 
special construction are good for higher loadings. In any case, the chemical 
engineer should ascertain the load that the floors of the buildings in his 
plant can safely support and take pains to see that this loading is not 
exceeded.
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C. Storage of Gases
1. Gases stored in bulk are usually stored in holders or tanks. Holders 

are of two types: telescopic and stationary.
Telescopic gas holders are the familiar type of gasometer, exclusively 

employed until recently for the storage of city gas supplies. These holders 
consist of a number of concentrically arranged steel plate bands or rings. The 
bottom ring has the largest diameter, is fixed in position, and has a gas-tight 
bottom. The top ring is the smallest in diameter and is furnished with a 
tight top. Intermediate rings are evenly graded in diameter between the 
top and bottom rings. Where these rings fit one within the other, liquid 
seals are provided to prevent the escape of gas. The whole structure is 
carried within an open supporting frame, upon the columns of which rest 
guide wheels or rollers attached to the rings, holding them in a fixed horizontal 
position with relation to the frame and to each other. These rings are, 
however, free to move up and down, impelled by the gas pressure within the 
holder.

Such telescopic holders are constructed in very large capacities, as well as 
in small sizes, holders of 10,000,000 and 15,000,000 cu. ft. capacity being not 
uncommon. Since these holders usually involve a considerable investment, 
the proper procedure for obtaining one is to obtain competitive bids upon 
specifications from several manufacturers who specialize in this equipment.

Stationary gas holders are a more recent development than the telescopic 
type. These are sometimes called “waterless” holders, which term is hardly 
appropriate, as a liquid seal must also be employed in this design. Holders 
of this type consist of cylindrical or polygonal tanks with vertical axes. 
The bottom and sides are gas-tight, while the top, usually rounded or slightly 
conical, is vented. Within the tank is a horizontal partition, carried in a 
liquid seal at the point where its circumference is in contact with the holder 
wall and arranged to float up or down on top of the gas. As gas is forced 
into the tank, the partition is raised by the gas pressure created, and, as gas 
is taken from the tank, the partition automatically lowers, maintaining even 
pressure in the gas.

Bulk storage of gas is usually carried out in tanks of the types just described, 
which permit the pressure to be maintained fairly constant. Where storage 
is carried out in ordinary tanks, arrangement must be made to prevent the 
gas becoming diluted with air, and also to prevent too great a pressure from 
building up within the tank. Ordinarily, such tanks are used only for 
compressed air, in which case they are called air receivers.

Gas storage in holders or tanks is accomplished by means of compressors 
or blowers, taking the gas from its source and feeding to the storage through 
pipe lines. Reclaiming of gas from storage is also done by means of a com­
pressor or blower, or by utilizing the gas pressure in the storage when this 
is great enough. Such reclaiming is done through piping systems. Fre­
quently the gas pressure in the storage tank is sufficient to partly serve, and 
it can then be supplemented by additional pressure imparted to the gas by 
means of a blower or compressor.

Quantities of gas stored in holders must be calculated for some standard 
conditions, due to the changes that occur in gas volumes with variations in 
pressure and temperature. The gas placed in storage and that removed 
from storage may be metered in one of many types of gas meters available 
and in this way a running check kept on the quantity stored.
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2. Gas stored in containers is usually stored in what are called gas 

"cylinders.” These are heavily constructed tanks of drum or bottle shape. 
Heavy construction is used in order that the gas may be stored under con­
siderable pressure, thus permitting a relatively large amount of gas (when 
considered from the standpoint of its volume under ordinary pressures) to 
be stored in a relatively small container. Container storage for gas is usually 
employed for the storage and shipment of such gases as oxygen, carbon 
dioxide, acetylene, propane, butane, and hydrogen. It provides a convenient 
method for gas shipment. When such gas cylinders are stored in the plant, 
their relatively great weight, due to the heavy construction used, should be 
kept in mind so that storage floors will not be overloaded.



FEEDERS AND FEEDING MECHANISMS
BY GEORGE A. PROCHAZKA, JR.

Th© need for obtaining a uniform flow of materials into and out of process 
with a minimum of manual attendance, has led to the design of a wide variety 
of automatic feeding devices. These have been developed in greatest 
number for handling solids. Liquids and gases are readily handled by means 
of pressure vessels, pumps, and fans. Design in these fields, therefore, lias 
been largely a matter of coordinating pumps, compressors, fans, valves, 
etc., with meters, floats, thermometers, photoelectric cells, and other indicat­
ing devices.

In the selection of a suitable feeder, the physical state of the material is 
a most important factor. Thought usually is given to size and uniformity 
of product, also whether it is sticky or free flowing. Other factors considered 
are tonnage, accuracy of feeding, constant or intermittent use, power 
consumption, first cost, and maintenance. A wider selection generally is 
possible for materials which are easy to handle than for those having trouble­
some characteristics. For the application of feeding devices to counter­
current decantation see Sec. 15 pp. 1651 to 1652.

Fig. 51.—The undercut-gate feeder.

Adjustable gate.

Fig. 52.—The lifting-gate feeder.

C. Kemble Baldwin (Trans. Am. Soc. Meeh. Eng. May, 1909) made an 
analysis of the principles used in the design of automatic bulk feeders and 
found eleven general types. It appears necessary now to add only three, 
namely, vibrating, chain, and flight feeders. Figures 51 to 59, inclusive, 
and much of the accompanying discussion have been reproduced from 
Baldwin’s presentation which has been rearranged to include swinging plate 
with plunger feeders.

The undercut-gate feeder, Fig. 51, made of cast iron or steel plate, is 
pivoted near the top, the gate being swung back and forth by means of an 
eccentric or crank. This type of feeder is best adapted to fine-sized, free- 
flowing material. Material containing lumps is likely to bridge. As the 
discharge is intermittent, the feeder is generally used for chain or bucket 
conveyors, the strokes being timed with the buckets. The capacity may be 
changed only by varying the length or the number of strokes. For the drive, 
an adjustable crank is preferable; no decided advantage accrues from the 
quick return obtained with the more costly eccentric drive. The so-called 
stirrup feeder is a variant using a transverse baffle above the swinging gate.

The lifting-gate feeder, Fig. 52, also gives an intermittent feed suitable 
principally for a chain or bucket elevator or conveyor. The chute is hinged 
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Shaft for gear or sprocket
Fig. 53.—The screw-conveyor

feeder.

so that, when down, the material will flow out of the hopper and, when raised, 
the discharge is stopped. Motion is obtained from a crank or eccentric. 
This feeder will handle material regardless of size, but it must be sufficiently 
free flowing to move by gravity when the chute is lowered. The capacity 
may be adjusted by varying the number of 
strokes and also in a measure by increasing 
the length of stroke.

The screw-conveyor feeder, Fig. 53, will 
deliver a constant stream of material, but it 
must be of such form as to flow by gravity to 
the screw. The capacity can be changed, on 
a machine of given size, only by altering the 
speed of the screw shaft. This type of feeder 
has been widely used for handling pulverized 
material such as coal, cement, etc.

The roll feeder, Fig. 54, has been used 
extensively in the mineral industries for 
handling large and small material from bins 
to weigh cars, etc. The roll is located under 
the hopper so that the material will not flow 
when the roll is stationary but will carry for­
ward when the roll rotates. The capacity is 
determined by the speed and width of the 
roll and the thickness of the stream, as fixed 
by the adjustable gate. The disadvantage 
of the feeder is in the large amount of head 
room required as a roll 6 to 8 ft. in diameter 
must be used to handle run-of-mine material.

The rotary-paddle feeder, Fig. 55, acts 
both as a feeder and measuring device. It is 
used for fine material which flows readily 
from the blades. The capacity is fixed by the 
speed of the paddle shaft. The pocket 
Ieeder, also called the star or revolving-door 
feeder, is a variant in which the paddle is 
tightly housed to permit delivery against 
vacuum or pressure.

The revolving-plate feeder, Fig. 56, was 
developed for feeding stamp mills in the 
recovery of gold, from ore. The inclined 
plate driven by gears, either from above (as 
shown) or from below, moves the material out 
of the hopper where it is scraped off by the skirt board. With an adjustable 
skirt board sticky material may be handled, as the curved plate will scrape the 
material off the revolving plate and into the chute. The capacity is fixed 
by the speed of the plate and the location of the adjustable gate.

The apron-conveyor feeder, Fig. 57, may be of any of the various types 
θf apron flights or a rubber or canvas belt supported on idlers. The capacity 
per foot of width is fixed by the speed of the apron and the position of the 
adjustable gate. Apron, pan, and belt feeders have been designed in almost 
unending variety and frequently are used because they have the advantage 
that the material can be moved over a greater distance than with most other 
types of feeders.
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Fig. 56.—The revolving-plate feeder.
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Fig. 58.—The plunger feeder.

The length of stroke varies from 4 to 12 in. The

The plunger feeder, Fig. 58, pushes the material along the bottom plate 
and off into the chute. The plunger may be built in one or in two parts, 
in the latter case the parts are moved alternately by a rocker shaft. The 
capacity is fixed by the length 
and number of strokes and the 
location of the adjusting gate. 
In operation it is similar to the 
swinging-plate feeder which 
has been used for coal and 
similar materials of all sizes. 
This consists of two swinging 
plates, pivoted at the top and 
moved alternately so as to 
push the material along the 
bottom plate. Both these 
devices lack adjustability and, 
not being self-cleaning, have a tendency to freeze in the wintertime.

The reciprocating-plate feeder consists of a plate mounted on four 
wheels and forming the bottom of a hopper. When the plate moves forward, 
it carries some of the material 
with it, and, when the plate moves 
back, the material falls into the 
chute. The plate is driven by 
crank or eccentric, and the capac­
ity of the device is determined 
by the length, the number of 
strokes, and the location of the 
adjusting gate. The disadvan­
tages are lack of adjustment and 
the inability to clear the feeder of 
material.

The shaking feeder, Fig. 59, 
consists of a shaker pan located
under a hopper at such an angle that the material will not flow when the pan is 
stationary. When given a reciprocating motion, the material moves forward 
on the pan and finally falls into the chute, 
carried by a pair of flanged 
wheels; the back is sus­
pended by two hanger rods, 
each with turnbuckle for 
adjusting the angle of the 
pan. As the number of 
strokes is difficult to 
change, these feeders usu­
ally are designed for about 
75 per min., a number 
Aeterminedbyexperiment. _____ =__________ _______
angle of the pan is fixed by the capacity desired and the nature of the 
material handled. For coal, stone, ore, etc., 8 to 10 deg. slope is sufficient, 
but clay and other sticky substances require from 15 to 20 deg. The 
shaking feeder has many advantages, particularly its flexibility and 
self-cleaning feature. It will handle most materials regardless of size or 
condition.
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The vibrating feeder, Fig. 60, is a Jeffrey-Traylor design. The Jeffrey 
Manufacturing Co. makes various styles of feeders such as a pan type, a 
tubular type, and one jacketed for heating, drying, or cooling. Materials 
ranging from 300 mesh to 
3~ft. cubes as well as mix­
tures of earth, sand, and rock 
have been handled. Capac­
ities range from 10 lb. to ' 
1250 tons per hr. The pow­
er consumption with a vibra­
ting feeder is exceptionally 
low, 4 watts being reported 
for sand fed at the rate of 
1500 lb. per hr. Motion is 
obtained by means of an 
electromagnet anchored to 
the main frame of the machine, 
ed by means of a clamp to a set of w. 
at their ends to the main frame but are free to 
keeper clamp, which also carries the 
Uiaterial handling deck, is located. A 
vibrating feeder, driven by 60-cycle 
alternating current, makes 7200 
strokes per minute, and control is ob­
tained by adjusting the current input, 
thereby regulating the pull of the elec­
tromagnet and thus the length of the 
stroke. The Syntron Co. and Allis- 
Chalmers Manufacturing Co. also 
ɪuake vibrating feeders.

The Ross feeder, Fig. 61, a patent­
ed device, made by the Ross Screen and Feeder Co. is used extensively in the 
mineral industries for handling ore, rock, and other materials. It consists of 
a curtain of heavy, endless chain driven by an overhead tumbler. The chains 
are suspended so as to lie on the ma­
terial and travel with it. These feeders 
are made in widths of 6 in. to 20 ft., 
capacities from j⅛ to 2000 tons per hr., 
and in styles fitted with ship-anchor 
chain ranging from small steamer to 
heavy battleship size. Crushed ma­
terial can be fed from storage with an 
accuracy of about 2 per cent variation 
ɪu tonnage flow. The feeder will handle 
any granular material of any size from 
Primary steam shovel to coal slack.

The flight-conveyor feeder consists 
°f a series of flights, vertical scrapers, 
θr chains of suitable design, moving in 
a stationary trough. In that a moving 
Pan effect is thus produced, the feeder 
ɪɪɪɪght be considered similar in principle to the apron or pan conveyor, Fig. 57. 
A great variety of material can be handled in a flight conveyor by altering
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Level. The measurement of the position of the interface between gas 
and liquid at high pressures may be accomplished by balancing the head of 
liquid against a column of mercury. Liquid level gages identical with the 
types of mercury-manometer flow meters described above are used to indicate 
the level of the meniscus. As the operation of these level gages in no wise 
differs from those used at low pressures, there is no need for describing them 
at length. A second very useful method consists in mounting on scales either 
the main receptacle or a smaller vessel connected with the main body by 
flexible tubing. A third method involves mounting one or more suitable 
conductivity cells in the vessel. These operate signal lights or electrical indi­
cating instruments when wet with process liquid.

The level may be controlled by pneumatically or electrically operated valves 
actuated by a gage. This kind of control makes it possible to separate a gas 
and a liquid under pressure, drawing off one and recirculating the other. 
There is often a definite advantage in this: it saves recompression costs, the 
removal of a reaction product often permits the reaction to be carried further 
in another vessel so that the concentration of the desired product is built 
up, and there is less handling loss due to recirculation of unconverted material 
later in the process. Moreover, if 90 per cent of the gas can be removed at a 
total pressure in comparison with which the vapor pressure of the liquid is 
negligible, the vapor carried off with the remaining 10 per cent when the 
pressure is released will be a relatively small amount.

Pressure Drop. Pressure drops in a high-pressure synthesis system may 
be very significant, and simply placing two record pens on the same chart 
may not be sufficiently accurate or direct-reading. For moderate pressure 
drops the usual flow meter serves as a direct-reading pressure-drop instrument, 
but at higher drops range tubes 2 in. high per pound differential become 
unwieldy. In such cases readings transmitted from scattered static-pressure 
instruments can be shown on a single direct-reading pressure-drop recorder.

Safety
When reasonable precautions are taken, high-pressure plants can be made 

aβ safe as any. There are a few hazards peculiar to work at high pressures 
that it seems worth while to enumerate.

1. At least one fatality and several accidents are known to have resulted 
from split Bourdon tubes. The fatality is believed to have been the result 
of a rush of compressed inflammable gas into a Bourdon tube containing air. 
The minor explosion which occurred split the tube and a particle flying from 
the gage case was responsible for the death of a man. To permit the escape 
of gases, the cases of Bourdon gages should be provided with large vent 
openings covered with paper or foil for dust protection. Whenever possible 
the gage glass should be removed and the face left open or, for dust protection, 
the glass replaced with thick transparent sheeting or with safety glass so 
that the danger from flying particles will be avoided. Bourdon gages should 
be placed above eye level. In some laboratories it is required that Bourdon 
gages be placed behind a barrier and read only by their reflection in mirrors 
so that the observer is at all times out of the direct line of danger. The usual 
procedures should be followed, such as the use of oil seals to prevent corrosion, 
throttling down to prevent fatigue, and the use of built-in checks to prevent 
the pressure from rising or falling too suddenly.

2. With inflammable gases at high pressures, the Armstrong effect is a 
possible source of trouble : when a gas containing finely divided liquid or solid 
particles passes at high velocity over an insulated metallic object, that object
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becomes electrically charged. The charge may become sufficiently great to 
cause a spark which in turn ignites the gas.

3. When metallic containers rupture, frictional effects may cause very 
high local temperatures and the ignition of inflammable gases.

4. It is rarely possible to cool a direct-fired vessel arid its setting in a hurry. 
Such apparatus should be followed by a by-pass leading to the atmosphere so 
that if a failure or a plug occurs farther along in the process the by-pass can 
be opened and material kept running through the direct-fired apparatus while 
it cools.

5. Where it is not possible to use a self-seating safety valve, it is sometimes 
possible to have two safety valves: one set slightly above the operating pres­
sure with a shut-off valve between it and the body to be protected, and the 
other set somewhat higher and without the shut-off valve. When the lower 
safety valve releases, it can be reseated with the shut-off valve closed, while 
close observation and the higher safety valve provide the necessary security.

6. A variety of pressure relief that has met with favor because of its positive 
action and because it cannot readily be prevented from blowing off when the 
pressure exceeds a certain value is the rupture disk, which consists of a plate 
held in place over an opening by means of flanges. When the pressure rises 
too high, the disk ruptures, i The disadvantages of the method are that the 
entire contents of the pressure system are discharged, and that corrosion may 
so weaken the disk that unless frequently inspected and renewed it may 
burst at too low a pressure; on the other hand, since the working pressure 
produces stresses close to the yielding stress of the material of the disks, they 
tend to become strain hardened with continued use and may then fail to 
relieve the pressure at the desired point.

7. Carbon monoxide rapidly attacks pure nickel, forming nickel carbonyl, 
and even attacks iron, though much more slowly. When carbon monoxide 
is to be used, the proper selection of alloys is important. It is also necessary 
to warn against the use of mercury in any apparatus in which it can come in 
contact with copper, brass, or other metals with which it can amalgamate. 
The general belief that mercury does not wet steel or form alloys with it is 
incorrect: Bridgman found that mercury can wet surfaces made by breaking 
steel in mercury. This is of great importance where there is any possibility 
of a crack in a mercury container opening slightly under pressure, allowing the 
mercury to wet the steel and start to undermine the walls.

8. Some catalysts, notably very active nickel or iron powders, are highly 
pyrophoric. Where there might be a danger of their leaking through valves 
or stuffing boxes, drying out and glowing, it is desirable to provide a constant 
stream of water to wash them away so that any inflammable vapors or gases 
that accompany them may not catch fire.

9. The larger and hotter pieces of high-pressure equipment may be placed 
to advantage behind heavy barricades, for in case of failure, heavy walls and 
light roofs give protection to the surroundings. At the same time it should be 
urged that anything permitting the formation of gas pockets is to be avoided : 
the buildings in which high-pressure apparatus is housed should permit the 
free passage of air through all parts, especially up under the roof. Where 
poisonous or inflammable gases are used, additional protection for the opera­
tors should be provided by the installation of forced ventilation. This 
system is, however, worse than useless if the draft is too strong or its tempera­
ture too high or too low.

10. Since leaks are a serious fire or health hazard, they should be repaired as 
promptly as possible, especially as erosion quickly makes the leak worse and
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loaded sound is heard, the device closes down the feeder. Later, when the 
mill begins to sound empty, the feeder is automatically started. If the 
“Electric Ear” is used in conjunction with a wet grinding mill, the relay in 
the “Electric Ear” circuit can Lemadetoopenandcloseasolenoidvalveinthe 
water-supply line, in addition to controlling the feeder delivering dry material 
to the mill. Thus a constant density of pulp is maintained in the mill and 
classifier circuit.

The electric eye has been used extensively for automatic batch weighing 
and for other purposes. The possibilities for controlling feeding devices 
through the use of instruments seem almost unlimited (see also Sec. 17, 
Measurement and Control of Process Variables).

The packaging of bulk and liquid chemicals is a highly specialized branch 
of feeding. By using a semiautomatic packaging machine, i.e., one requiring 
constant attendance, it is possible to pack from 10 to 20 units per minute. 
With fully automatic machinery, i.e., where an attendant can supervise a 
battery of machines, the output can be raised to as much∙as 125 units per 
minute when free-flowing material is fed into bags, bottles, cans, cartons, 
and sacks. Of course, to warrant the investment, a very large production is 
essential with fully automatic machinery. With some material, it is possible 
to obtain a weight accuracy of 0.05 oz. to the l-lb. package. On this type of 
work, weights range from ⅜ oz. to 50 lb. With bottles it is customary to 
fill to a given height rather than on a volumetric basis. The capacities of 
bottles vary as much as 5 per cent and thus volumetric filling would give the 
consumer the impression that the bottles had not been properly filled.



BULK-PACKING EQUIPMENT
BY R. W. LAHEY

Packaging and Filling Equipment for Small Containers. There 
are so many machines for packaging, filling, weighing and measuring, closing, 
labeling and wrapping bottles, cans, boxes, bags, etc., that this is a subject 
in itself and will not be considered here. The Packaging Institute, which is 
composed of machinery manufacturers and production managers interested 
in small containers, is an authoritative source of information. The “ Packag­
ing Catalog,” published by Modern Packaging Magazine contains worth­
while data on this subject.

Definitions. The term bulk as used here, excludes all so called “retail” 
packages and refers to the “wholesale” containers which comprise large 
bags of 50 lb. minimum capacity, drums, barrels, kegs, etc.

Purpose. It is the function of packaging equipment to prepare a product 
for shipment.

It is unfortunate that a plant engineer cannot choose equipment by 
a mathematical or scientific formula, but most of these problems can be 
solved with assurance if all the following factors receive proper and detailed 
consideration:

1. Physical characteristics of product.
a. Variation in specific gravity.
fe. Degree of gravity flow.
c. Effect of moisture absorption.
d. Effect of temperature change.

2. Plant layout.
3. Maximum and minimum production rates.
4. Choice of container.
5. Factory storage in bulk (bins or tanks) or in containers.

In most instances these factors vary for each product and for each produc­
tion installation. This requires a special consideration for every problem, 
and often existing machinery must be altered to fit a special situation. It 
is therefore difficult to supply useful information. A general statement of 
the known machinery and processes is probably of greater utility than any 
other form of presentation.

Bulk-packaging equipment is not always nationally advertised, and it is 
therefore impossible to be sure that the following completely covers the 
available equipment. There is an urgent need for the accumulation of these 
data by an agency or some central bureau which the engineer can consult 
with the assurance that he has up-to-date and complete information.

Storage in Bulk or in Containers. After choosing the container for a 
new product, the next question which must be settled before packaging 
machinery can be considered is to∙decide whether the product is to be stored 
in the factory warehouse in bulk or in containers.

If the quality of the product is not affected, it is less expensive to store 
finished products in bulk and pack them in containers just before shipping. 
It is obvious that this system requires less handling than it does to store in 
containers. Less storage space is required, the inventory of filled and empty 
containers can be reduced, and their appearance is usually better than con- 
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tainers which are held in storage for a considerable time. Even under the 
best of storage conditions, coatings on steel containers become marred, 
stenciling is often obliterated, and labels become dirty and torn.

Its disadvantages include additional cost of tanks or bins for storage and 
the possible extra cost of additional packing and filling equipment which 
may be required to take care of peak shipments if the business is seasonal.

In the rock products and the fertilizer industries where the products are 
inexpensive and extra handling costs are liable to make the difference between 
profit and loss, the almost universal practice is either to store in bulk or 
only to manufacture against shipping orders.

Storage-bin Construction for Dry Materials. The classification 
“dry materials” includes all degrees of particle size from the finest powder 
to large lumps which vary in degree of flow from free flowing to, and including, 
those products which will not flow. Some free-flowing materials lose this 
desirable characteristic on absorption of moisture in humid weather or on 
excessive changes in temperature.

Free-flowing Materials. Even though products are stored in containers, 
there must be an intermediate bulk storage just before the packing operation 
to absorb the fluctuations in both production and packaging.

The basic requirement for accurate weighing is to provide a uniform stream 
of material to the packaging equipment. Pulsating or uneven flow will 
seriously handicap proper functioning of packing equipment, and it is there­
fore of paramount importance to so design storage bins or tanks that this 
uniform feed will result.

Usually the best shape for a storage bin for even gravity flow of material 
is conical. Under any conditions, avoid square or angled corners where 
material has an opportunity to 
pack and then arch. The inside 
of the bin should be free from any 
projections, braces, or stay rods 
which interfere with the free 
movement of the product.

As the fundamental function of 
a storage bin is to take up the 
slack between manufacturing and 
packaging, it is obvious that the 
level of material in the bin will 
fluctuate, causing differences in 
the rate of flow of material.

In connecting the outlet of a 
storage bin to a filling machine of 
any kind, it is always desirable to 
avoid the possibility of the vari­
ation of the head load in the 
storage bin from directly affecting 
the uniformity of the flow. This 
is sometimes accomplished by 
baffles placed in the discharge 
spout, but more frequently by 
mechanical means such as are shown in the various sketches.

Other Than Free-flowing Materials. This classification includes all types 
of dry materials from those which will arch in a bin and then flow with a 
surge to the type which will not flow except by mechanical assistance.

Agitator 
to prevent

Fig. 65.—Automatic scale showing connec­
tion to bin outlet, with agitator, to prevent 
bridging of material.

various types of offset connections and

μppShut off gate

Hopper inlet off- ∈l 
set to reduce head. I* 
load on cutoff '
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Some type of agitation in the bin or controlled feeding to the packaging 

machine is required. The type material which arches and then surges can 
probably be handled by agitation in the bin to prevent arching, while the 
strictly non-free-flowing type will require a mechanical feeding attachment 
between the bin and the packer which will regulate and mechanically convey 
the proper amount of material. Manufacturers of weighing and bagging 
equipment have devices for regulating flow of materials, and they should be 
consulted on this problem.

Fig. 66.—Richardson enclosed dustproof sacking scale weighing ground material 
from overhead storage bin. Scale is fitted with spike type of agitator in feed chute 
to keep material moving freely from bin to scale.

Weighing. In the bulk packaging field there are generally two systems 
of weighing in use.

Net Weighing. As the name implies, this system weighs the material 
before it is packed into the container. The product flows into a bucket 
or hopper which is attached to a balanced scale beam. When the bucket is 
filled, the movement of the scale beam actuates a shutoff to stop the flow 
of material. There is a gate for discharge at the bottom of the bucket which, 
when opened, either automatically or manually dumps the material into the 
container.
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Gross Weighing. The bag is attached to the weighing mechanism, and a 
shutoff gate is closed when the desired amount has flowed into the container.
This shutoff gate is oper­
ated either automatically 
or manually.

There are other measur­
ing systems such as the 
volume method and a com­
bination of the volume and 
weighing method, but these 
are largely used for small 
retail packages and need 
not be expanded here.

Weighing and Bag­
ging Equipment. Auto­
matic Scales. The choice 
of scales depends on the 
rate of production and the 
physical characteristics of 
the product. Automatic 
scales are best adapted for 
volume production, and 
they can be arranged in 
batteries of two or more to 
take care of large volume. 
The bagging capacity of an 
automatic scale varies from 
five to ten bags of 100 lb. 
capacity per minute de­
pending on the material to 
be bagged. Automatic 
scales are built for com-

Fig. 67.—Richardson Duo-Screw feed bulk weighing 
scale having two feed screws, each fitted with special 
flush governor to control delivery of powdered or 
pulverized materials from bin to scale weigh hoppers.

modities of specific physi­
cal characteristics and usu­
ally cannot be adapted to 
commodities of widely 
different characteristics. 
These scales can be built 
to handle practically any 
type of dry material.

Automatic scales are 
often used in conjunction 
with equipment for pack­
ing products into contain­
ers such as valve bags 
where the opening is small 
and some device must be 
used to carry the material 
through the valve into the 
bags. Another instance of 
this is the use of auger
packers which are used to pack material which must be compressed.

Fig. 68.—Installations for proper feeding of automatic 
scales.

From bin

x7b scale 
Spike Type 

Feeder
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The illustration shows a Richardson net- 

weighing, automatic-bagging scale for gran­
ular and ground materials. It has a power 
feed with dustproof housing, and the 
principal operating levers and other parts 
are mounted outside the casing to be away 
from dust, etc. There is an agitator in the 
feed chute, the style of which is varied to 
suit the material. The agitator is connect­
ed with the feed gate which stops agitation 
while the feed gates are closed. It has a 
hand pull and an automatic discharge 
mechanism. The manufacturer claims that 
it will weigh batches of 50 to 300 lb. as 
required and, depending on the free-flowing 
characteristics of the product, will pack from 
1 to more than 12 bags of 100 lb. capacity 
per minute.

The hopper shown at the top of the 
photograph of the Hoepner scale is connect­
ed to the outlet of the bin discharge. The 
bucket itself is suspended on scale beams in 
the usual manner. This intake hopper is 
equipped with two openings, one a large size 
intended for the flow of the bulk stream and 
the other a small one intended for the drib­
ble stream. At each of these openings 
there is a gate operated by the bucket. 
The bottom of the scale bucket is equipped 
with a gate which likewise is controlled by 
the movement of the bucket itself.

Fig. 69.—Richardson dustproof 
enclosed type of sacking scale for 
weighing powdered, ground, and 
dusty materials.

With the bottom gate closed and the top gates open, the flow of material 
passes into the bucket. When about 90 per cent of the load to be weighed

Fig. 70.—Hoepner 02 scale—enclosed type.
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passes into the bücket, it starts to descend, and the start of this descent 
closes the main gate, shutting off the flow from the larger opening into the 
scale. The small passage remains open, permitting a very much reduced 
flow of material to pass into the bucket, and the continued weight of this 
material passing through the secondary opening, causes the bucket to descend 
a still greater distance, and eventually trips a mechanism which causes the 
dribble gate to be closed. At the same time the discharge gate at the bottom 
of the bucket is opened, permitting the material to flow into the container 
beneath the discharge spout of the scale.

type.

It is possible to change the weight of the material being weighed in the 
scale by the use of different poise weights, much the same as in the ordinary 
platform scale.

Auger Packers. Certain materials will not settle by vibration or shaking. 
These products have to be forced into the container by means of an auger 
or screw which creates sufficient pressure to deaerate the material and com­
press it. The compacting sometimes takes place before the material is 
discharged into the container. The compressing type of packers are usually 
used in conjunction with automatic scales. They slow up the operation of 
packing and are used only where the character of the product requires it.

This auger packer preweighs and then compresses by operation of the auger 
in a tube which surrounds it. The product is then forced into the container.

There are other types of compressing packers devised to meet special 
conditions; for instance, there is a packer which weighs the product after
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compressing it and before packing in the container. This type of equipment 
is not satisfactory for products which tend to aerate after compression.

Hand Weighing. In this operation the container is attached to a scale, 
and the operator closes the hopper’s filling gate as the container is filled to 
the desired height or weight. The accuracy of this operation depends upon 
the skill of the operator but, on the average, is not as accurate as automatic 
weighing. Often the container is filled to the approximate amount required, 
and then the container is transferred to a platform scale where the weight

Fig. 73.—Richardson scale and Risco packer for packing material into bags or drums, 

is adjusted by the “put-and-take” method. Additional speed is obtained, 
but it requires two operators.

The practice of filling predetermined weights into containers is fast replac­
ing the custom of filling each container as full as possible. The advantage 
of this is the reduction in human error of filling and reduced cost of record 
keeping, billing, etc.

The most efficient type of equipment for predetermined weighing is the 
** over-and-under ” type of indicating scales as they increase accuracy and 
speed of filling.

This sacking scale is equipped with the over-and-under indicator. It will 
handle loads up to 200 lb. at a rate of speed of three to six bags per minute. 
It is designed to fit directly under a storage hopper outlet and occupies a total
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Fig. 74.—Richardson Conveyometer and Risco horizontal packer for deaerating and 
packing material into paper bags.

Fig. 75 —
a

Exact Weight sacking
indicator.

scale.
{The

b c
a, front view; b, side view; c, over-and-under 
Exact Weight Scale Co.)
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space of 48 by 21 by 58 in. It can be floor 
suspended. This scale is equipped with a 
dust-tight bag holder, elliptical in shape, 
which allows for retention in shape of bag— 
an important consideration when closing 
open-mouthed paper bags by machine sewing.

This platform scale is also equipped with an 
over-and-under indicator which has a long 
indicator travel to increase accuracy in fast 
weighing. The weighing accuracy is not 
impaired by out of level position or machinery 
vibration. AU working parts are enclosed, 
and the rail attached to the platform supports 
the bags.

Valve-bag Packers. The introduction of 
multi-wall paper bags has led to the develop­
ment of several filling and weighing machines 
of particular interest. There are several 
types of equipment which will weigh and 
pack into valve bags a wide variety of 
powdered and granular products. Valve 
bags are closed at both ends save for a small 
opening or “valve” in one corner through 
which the material is injected. This valve 
is so designed as to be self-closing due to

mounted, swing mounted, or

Fig. 76.—Exact Weight plat­
form scale for check or hand 
weighing. (The Exact Weiffhi 
Scale Co.)

Valve Bag Packers

Type Typical products Type scale
Weight of 
package, 

lb.

Approximate pro­
duction, one 

operator, tons 
per hr.

Standard impeller packer Cement
Lime 
Limestone 
Plaster

Gross weighed 
Gross weighed 
Gross weighed 
Gross weighed

94
50
50 to 100
80 to 100

25 to 70*

*

Horizontal impeller-shaft packer Soda ash Gross weighed 100 15 to 20*
Vertical impeller-shaft packer Talc

Clay
Bicarbonate of soda

Gross weighed 
Gross weighed 
Gross weighed

100
100
100

IOto 15*

Belt packer Alum
Bicarbonate of soda 
Granular soda ash

Gross weighed
Gross weighed
Gross weighed

100
100
100

25 to 40 on 100 Ib.* 
two tube

Belt packer Calcium chloride 
Sugar
Salt
Charcoal
Alum
Dog food

Preweighed 
Preweighed 
Preweighed 
Preweighed 
Preweighed 
Preweighed

100
25 to 100
25 to 100
25 to 100
25 to 100
25 to 100

15 to 25 on 100 ɪb.* 
two tube

Tapered screw packer Flour 
Calcimine 
Starch

Preweighed 
Preweighed 
Preweighed

24 to 98
24 to 98
24 to 98

8 to 10 on 98 Ib.*

* prθ⅛ction varies dependent on type of installation, size of bags being packed, physical properties of
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•the internal pressure of the contents as the bag is withdrawn from the filling 
tube. For granular products the valves are equipped with paper “sleeves” 
which, folded manually, prevent sifting.

Machines used for the filling of valve bags are of the impeller, belt, and 
screw types and are equipped with either preweighing or gross weighing 
scales. The tabulation p. 2301 shows the available types of valve bag filling 
machines with their rates of production.

The Standad impeller-type machine consists essentially of a continuously 
running shaft equipped with feeder blades which, mounted in a housing, 
force the material through the filling tube into the valve bag.

belt packer.

The other impeller-type machines (horizontal and vertical shaft) are similar 
in principle, the differences being in the arrangement of the impeller blades 
and that the impeller shaft is started and stopped at the beginning and end 
of the filling cycle for each bag rather than turning continuously.

The belt-type machines are used primarily for granular products and 
especially for crystalline products whose physical characteristics may be 
changed in passing through an impeller-type machine (see Illustration).

With the belt-type machines the packing principle is as follow’s: The material 
flows or is fed from a hopper over the packing machine through an inlet lead­
ing to a deep groove in a rotating pulley to which it is confined by an endless 
belt pressing against the outer flanges of the pulley. As the pulley 
rotates (at a peripheral speed of from 1500 to 2100 ft. per min.), the material 
is pressed against the belt by centrifugal force and is rapidly accelerated.
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After rotating through an arc of 90 deg., the material is discharged at a 
tangent to the pulley through the filling tube and into the bag.

Flow regulator 
Fto w hoppei------

Control unit----

ɑ-p + I I Jl—i
To charge call IeverA ∖√≡∖∕ 
(Hand or automa tic) ''<.

—Bucket
Fron+ View 

OfGrooveoIWheeI

ij.βe∕f

—Main 
drive 
pulley

—Clutch 
shaft

Section through 
bin and feeder

,Adjustable flow 
/ control gate

Hopper
Baffle
Adjustable _____
restrictor'"'

Hopper spout-------
Section through 
grooved wheel-----

Feeder belt—
Belt tension
idler pυlley'^ 

Main drive —.
bett
Motor ''' 
Fccentrjc _ 
shaft

■Bag c/amp 
■Filling tube

Operators 
platform,

Slat ,Idler
'conveyor / roll 
1 × table

Settler

Motor

Fig. 79.—Typical belt-packer installation with belt feeder.

On the two-tube gross weighing machines of the belt type, a settler arrange­
ment is provided to agitate the bag and settle the contents during a part of 
the filling cycle. On the preweighing machine of the belt type the settler 
provides such agitation during the complete filling cycle. Belt-type machines 
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are ordinarily equipped to pack 100-lb. bags but special attachments are 
furnished for the filling of 25-, 50-, and 80-lb. bags as well.

Bag-closing Bquipment. Combined Automatic Scales and Opem-mouthed 
Multi-wall Paper-bag Closing Equipment. The Bagpak Model A has been 
designed to net weigh material, introduce the charge into paper bags, and 
to close them with the heavy reinforced stitch closure. It is a multi-station 
fully automatic machine, requiring only one operator, and it has a varying 
production capacity with a maximum of over 1000 bags of 100 lb. capacity 
per hour.

Fig. 80.—Model A Bagpaker.
This machine has a revolving turret around the periphery of which the 

bags are carried on individual spouts. Automatic devices prevent the charge 
from being dropped in the event that the operator fails to insert a bag. 
Further mechanisms jog or settle the material in the bags. Automatic bag­
gripping carrier chains divert the filled bag from the turret and guide it 
through a sewing unit which applies the heavy reinforcing stitch and then 
through a taping mechanism which folds a strip of heavy crepe paper over 
the end and glues and presses it into place. The sewing unit and taping 
mechanism are mounted over a straightaway bag conveyor at the discharge 
end of the machine. This conveyor delivers the filled and closed bags to 
take-away conveyors or hand trucks.

Sewing Unit(Fig. 81) : Hoepner No. 150 heavy-duty type, gear driven from 
main drive shaft. Sewing head equipped to apply various types of double 
or single stitch seam, including the Cushion Stitch Closure.
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Conveyors. Circular steel roller conveyor underneath turret—slat type 

on the straightaway, separate motor driven.
Controls. Continuous operation motivated by two control switches.
Scales. This machine is equipped with two or three scales, dependent 

upon the production speed required. These are the Hoepner automatic 
bucket scales. On such materials as are not readily free flowing, scale feeders

Flo. 81.— Model A Bagpakej'.
are required. They ensure a steady stream of material at all times, thus 
preventing inaccuracies in weighing.

Portability. This machine is not portable.
Dust Collectors. Dust hoods and collectors with suitable outlets for con­

nection to an exhaust system are recommended in the case of materials that 
tend to “dust” easily.

Motors. The straightaway conveyor and entire closing unit is driven by a 
l⅜-h.p. motor. The revolving turret and settling devices are driven by a 
l-h.p. motor. Scale feeders, when required, are driven by a motor the size of 
which is dependent upon the material handled but in any case will not be 
over 5 h.p. All motors are of dustproof type.

Bag Holders. The problem of holding bags on automatic and manually 
operated bag hoppers often requires special equipment. The round hopper
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with a holding device, usually a ring, is most often used for textile bags. 
Sometimes the hopper operator merely holds the textile bag over the lip of 
the hopper with one hand while the bag is filling.

Fig. 82.—Dustite bag holder. 
A conveniently placed spring clip 
holds the bag preparatory to 
clamping and the entire bag 
opening is completely closed and 
held tight in one operation.

Fig. 83.—Side view of Dustite bag 
holder with bag removed.

The most desirable type of bag holder for paper bags is oval in shape, and, 
where the bag must be suspended above the floor, grippers are used as shown, 
in Figs. 82. and 83. It is important to preserve the oval contour of paper 
bags if they are to be closed by machine sewing or difficulties will be encoun­
tered in that operation.

Fig. 84.—Swellgrip bag holder.

Recently, a new type of container holder has been introduced which holds 
the container by means of inflating a rubber tube that is attached to the periph­
ery of the bagging spout. It uses 10 to 15 lb. of air pressure and one valve 
inflates and exhausts the air. It is adjustable for different sizes by adjusting a 
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pressure regulator. This device is available in diameters from 6 to 16 in. in 
two widths. The smaller width (3⅛ in.) handles bags varying not more 
than 2z⅛ in. in width and up to 100 lb. in weight. The large size (8 in. wide) 
handles bags that vary 6 in. in width and up to 400 lb. in weight.

This holder reduces escape of dust and, by suspending the bag from the 
top, it allows filling without voids.

Liner Insertion. The insertion of crepe-paper liners into bags appears 
on the surface to be a very simple operation, but, if the paper liner is to be 
of any value, it must be properly and carefully inserted. Bearing in mind 
that the function of the liner is to prevent sifting and to eliminate con­
tamination of the product by the container, it must depend for its strength

Fig. 85. Fig. 86.

on the container. This, therefore, requires that the liner be inserted to 
conform completely to the contour of the outer container or liner breakage 
will result from the filling operation or the abuses of handling or transporta­
tion. The illustration shows a simple and efficient table to be used for bag 
liner insertion. In this instance the inserting boards should be made adjust­
able so they can be accommodated to bags of various sizes. The lined bag 
should be removed by grasping at center of the bottom of the bag, thus 
forcing paper liner into corners of bag.

When the container is filled, the bag liner should be folded or rolled down 
before closing the bag, being sure that there is enough slack in the liner to

Fig. 87.

conform in shape to the top of the bag after closing, otherwise shifting of 
the contents will rupture the liner. The liner should never be closed with 
the bag proper either by tying or sewing, as it is impossible to make a com­
bined closure without setting up stresses which will result in liner ruptures.

Sleeve-valve Bags. The valve bag is described under the heading of Weigh­
ing and Bagging Equipment. This container is preclosed at the bag factory. 
Sometimes these containers are equipped with sleeves to prevent the slight 
sifting that occurs through the valve from finely powdered products. This 
sleeve, or paper tube extension of the valve, must be tucked into the valve 
hole by hand after the bag has been filled.

Hand sewing for textile bags only. The mouth of the bag is rolled down 
(Fig. 86) and hand-sewed with a cooper’s needle and heavy jute twine.

Wire tying for textile and paper bags. The bag mouth is gathered by 
pleating and wire tie applied by a twisting tool (see Fig. 87).

Machine Sewing. Both textile and paper bags may be closed by machine 
sewing. There are many ingenious installations of the sewing machine which 
have been devised to meet a great variety of production conditions, varying
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from a conveyorized production line (taking the output of one or more auto­
matic scales) to the small volume operations where one operator fills, check 
weighs on a platform scale, and closes the 
bags.

Large textile bags are sewed with either 
the single-thread chain stitch or the two- 
thread, double-locked stitch. Either stitch 
can be used on paper bag , but the insertion 
of a filter cord on the top side of the stitch 
is recommended to prevent sifting through 
the needle punctures. This feature does 
not complicate the operation of the sewing 
head.

The illustrations Figs. 88, 90, and 91 show 
the two different heavy-duty sewing heads 
which are designed to close heavy textile and multi-wall paper bags.

A Union Special sewing head, shown in Fig. 88, which is typical 

Fig. 89.—This illustrates the Union Special head mounted as described under style 
80600-H.

heavy-duty class 80600, is used for sewing textile and paper bags. The uses 
for special styles are as follows:
80600 E— For closing paper bags using a filter cord guided under the presser foot to 

seal needle punctures. Produces double-locked stitch. Stitch range 4 to 
3 per in.

f 
ɪ
1 
t 
c
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80600
80600

80600

80600

F— 
H-

AC-

AD-

Produces single-thread chain stitch—otherwise same as style 80600 E.
For closing multi-wall paper bags, using a crepe-paper binding and simul­
taneously inserting a filter cord. Machine is equipped with an automatic 
mechanical tape clipping device; it produces the double-locked stitch. 
-This machine is recommended for closing bags made from heavy-weight 
fabric. It produces the double-locked stitch.
-Same as style 80600 AC except it makes the single-thread chain stitch.

Fig. 91.—Hoepner sewing head.

The Hoepner sewing head uses the well-known principle of two threads 
forming a chain stitch. These heads have been particularly designed to 
meet the rough requirements usually found in plants closing bags as large as 
100 lb. or greater. The mechanism of the head is practically entirely enclosed 
to protect it from the dust and dirt which are invariably found in operations 
of closing bags of this kind.
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The head is mounted on either a pedestal alone or on a pedestal over a 
conveyor, and it can be arranged to run continuously or can be started and 
stopped as the operator requires by merely depressing a treadle. Some 
of these heads are operated as high as 3200 r.p.m.

Fig. 93.

These sewing heads can be mounted to fit almost any need. In Fig. 92 
⅛ shown a heavy-duty head, mounted on a tandem pulley, cable, and counter­
weight. The machine operates by a hand lever and is pulled by the operator 
across the top of the bag.

Another mounting (Fig. 93) is on a swing-head support that travels across 
the bag and is operated by foot control. There is a convenient mounting for 
closing bags which are check-weighed on a platform scale. Figure 94 has a 
traveling head and suitable base for supporting platform scale.
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For larger production and more efficient sewing, the head is mounted to 

synchronize with a belt or slat conveyor which carries the bag mouth through 
the stationary sewing head (Figs. 95, 96, and 97). If bags are to be hand- 
trucked, it is desirable to run bags upon inclined conveyor for delivery to 
handler at waist height.

Fig. 94.
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The bag-closing machinery in Figs. 98 and 99 has been specially provided 
with special taping devices for closing multi-wall paper bags by several equip-

Fig. 95.

Fig. 96.

ment manufacturers. These devices vary somewhat in detail, such as sewing 
through the creped tape or taping over the sewing, and some of these machines



BULK-PACKING EQUIPMENT 2313
automatically cut the tape. In every instance but one the bag is guided by
hand through the machine. In this latter case the bag is placed by hand

on the conveyor, a chain is then lowered to hold the bag mouth, and the 
operator steps on the treadle. The machine moves only far enough to clear 
the space where the bags are loaded on the conveyor.
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This machine consists of a sewing unit and a tape applicator, mounted in a 
fiɪed position over a bag conveyor which is adjustable vertically for various



BULK-PACKING EQUIPMENT 2315
bag lengths, and is designed for use in plants that already have weighing 
and filling facilities and where only the bag-closing equipment is desired. 
This machine is designed to handle paper bags of from 25 to 100 lb. capacity.

Sewing Unit: Hoepner No. 150 heavy-duty type, equipped to apply 
various types of double or single stitch seam, including the cushion stitch 
closure.

Supply hopper 
doth spout 
dust Coverand 
vibrator

Conveyor: Entire unit driven by one l-h.p. dustproof motor. Starting 
and stopping of sewing head as well as operator of thread and tape cutters 
actuated by the bags themselves and fully automatic. Depression of con­
venient foot pedal will stop instantly all parts of machine for any emergency.

Portability: Machine mounted on casters and readily portable.
Filling and Weighing Equipment for Packing Dry Materials into 

Drums, Barrels, and Kegs. Container economy often requires agitation of 
barrels, large drums, and kegs during filling. This prevents weighing until the 
approximate weight has been packed when the 
container is removed from below the filling 
hopper to a platform scale. The correct 
weight is then adjusted by the put-and-take 
method.

Automatic scales are occasionally used for 
weighing and dumping into large rigid con­
tainers, but the speed of these devices often 
makes it difficult to pack, as insufficient time is 
allowed for settling. The best plan in using 
automatic scales for barrel filling is to divide 
the weight to be packed into two or more 
dumps of the scale and have the. container 
agitated throughout the operation. The lay­
out of Fig. 100 shows an agitator settling the 
load at the filling spout. After the approximate 
weight has been packed, the container is 
moved by roller conveyor to check-weigh scale 
and then removed to warehouse.

Liner Insertion. The same general principles 
for liner insertion described under Bags apply 
for the proper insertion of liners into kegs, 
barrels, drums, and boxes, but the methods 
of application are different because in this 
instance we are dealing with rigid containers. 
The best and most commonly used method is 
to draw the liner over a form which is of the 
proper size for the container to be lined and then 
insert the form in the container. The liner is Fig. 100.

¿Ball 'a^Ialor
!⅞≡≡≡⅜

BUS
rollers'1

pulled down over the sides of the rigid container and the form removed. 
Figure 101 shows proper lining of a barrel.

After filling, the liner is folded down in the top of the rigid container with 
sufficient slack to conform to the shape of the closed container.

Agitators. Vibrators arę used during the packing of bags, barrels, and 
drums for quick settling of the products, thereby effecting economies by 
reduction in container size. Most vibrators are adaptable for use with 
barrels, drums, or bags.

The Syntron vibrator, shown in Fig. 102, consists of a vibrating platform 
with the vibrator mounted under the cushioned top plate. The motion is
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4

Inserfing

Fig. 101.—Method for inserting creped paper liners into barrels. (1) Insert the 
device! into the lining as far as it will go. (2) Fold inwardly the ears formed by this 
operation and insert the lining and device into the barrel. (3) Fold the lining down 
over the chime of the barrel and remove the device. (4) The bottom of the lining lies 
smooth in the bottom of the barrel.

VP-125
Fig. 102.—Syntron vibrators. At the right is shown a vibrator for drums. Specifica­

tions below are for the vibrators at the left.

Specifications
Models

VP-15 VP-55 VP-125

Caparity..................................................................................... 50 lb.
Il by 11 in. 

6 in.
30 lb.
50 lb.

300 lb.
20 by 20 in. 

11 ½ in. 
135 lb. 
200 lb.

750 lb.
30 by 30 in.

15 in.
275 lb.
350 lb.

Deck demensions......................................................................
Over-ail height............................................................
Net weight (packing machine)..............................................
Shipping weight (machine and controller)...............................

horizoɪital in direction at the rate of 3600 vibrations per minute. This is 
accomplished through the use of a thermionic valve that changes alternating 
current to pulsating waves with a time interval between.
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The Vibrox packer (Figs. 103 and 104) has an oscillating and vibrating 

motion somewhat similar to the figure 8. It comes equipped with a l-h.p. 
motor and should be installed at floor level to prevent lifting of containers.

Fig. 103.—Motor-driven single Vibrox. The Vibrox bag packer can be used for 
packing chemical fertilizers, dry chemicals, dairy feeds, dairy mashes, poultry mashes, 
linseed meal, cottonseed meal, molasses feed, alfalfa meal, and all other kinds of soft 
feeds and similar materials that are packed in bags.

Barre/ outline

Fig. 104.—Vibrox barrel agitator.
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Filling and Weighing Equipment for Packing Liquids into Drums 
or Tight Barrels. Liquids are measured either by weight or by volume.

Volume Method. When using the volume method, it is necessary to adjust 
for expansion or contraction by correcting to a set temperature. The 
illustrated meter has a temperature-control dial which can be quickly set 

Fig. 105.—Bowser barreling meter. Fig. 106.—Bowser barreling meter.

Fig. 107.—Bowser barreling meter on portable carriage.

and corrects volume to a set temperature basis. It automatically stops the 
flow of liquid when proper volume has been filled into the container. One 
man can perform all duties: rolling empty barrel into position, filling, mark­
ing, and rolling the filled barrel away. See Figs. 105, 106, and 107.
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Sizes: Available with either a 1⅜- or with 2-in. meter. Both sizes are 

equipped with the temperature-control dial for compensating measurement 
to a 60o basis.

Construction: All exterior parts are built of cast iron; interior parts made 
of bronze and stainless steel. Cylinders equipped with bronze liners; pistons 
are leather-sealed type.

Capacity: l⅜-in. size has a maximum capacity of 50 gal. per minute. 
2-in. size has a capacity of 110 gal. per min.

Pressure: Both sizes have a maximum capacity of 50 lb. In most cases, 
however, the maximum flow can be secured at much lower pressure.

Range: Either size can be furnished to deliver predetermined quantities 
in single gallons from 14 to 60. May also be had in the same range for 
imperial gallons. However, the meter can be furnished to deliver only all 
United States gallons or all imperial gallons—not a combination.

Continuous Counter: Records in gallons to 1,000,000, and repeats. Cannot 
be set back.

Temperature-control Dial: All models are equipped with temperature­
control dial for compensating measurement to a 60o basis. Glass covered, 
metal holder furnished for temperature adjustment chart. Holder attached 
and held in place by inserting under meter cover cap screw. The specific 
gravities of liquid and the temperature at which barreled must be specified in 
order that proper chart can be furnished.

Quantity Selector: Gears made of steel, set by sliding the bar connected 
to the selector gear into the proper slot. Equipped with zero positioner for 
use in setting mechanism in zero position in the event that previous delivery 
was stopped before the predetermined quantity was discharged. Counter 
and quantity selector mechanism enclosed under a hinged metal cover, easily 
raised when necessary.

Emergency Stop: Permits flow to be stopped at any time. Especially 
desirable for sampling, etc.

Control Valve: Made of brass; shuts off flow automatically when the pre­
determined quantity has been discharged. Manually opened by pushing 
knob on rod attached to valve. Single-stage type for use where inlet line 
pressure is 25 lb. or less—double-stage type where pressure is over 25 lb. 
but not in excess of 50 lb.

Flozv-Control Valve: For use on all installations where the inlet pressure is 
in excess of 25 lb.

Hose: Made of oil-resisting, pliable synthetic rubber. Furnished in same 
size as meter pipe connections.

Nozzles: Made of bronze. Equipped with built-in check valve to prevent 
dripping. Shuts off instantly when flow stops. Furnished with two tips— 
1⅝ and 2⅜ in. for filling barrels with small or large openings.

Swing Joint: Permits unit to be turned in a 360-deg. arc for convenience. 
Connects to inlet pipe line.

Connections: Inlet: Furnished in 1⅜- or 2-in. pipe sizes.
Discharge: Same size as inlet. An L-type connection permits hose to be 

attached to end or bottom connection. Pipe plug included.

Additional Equipment Obtainable.
Strainer: For removing dirt and other foreign rpatter from the liquid.
Air Release: To remove air from the liquid, preventing inaccuracies in 

measurement. Assists in absorbing impact pressures. Necessary when liquid 
is discharged by pump pressure.
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Weight Method. Where random weights are used, the container is filled 
to the desired level and then check-weighed. The container is either filled 
on a scale of is placed on a scale after filling. Where predetermined weights 
are used the container must be filled on a scale.

Fig. 109.—Vol-U-Meter mercury switch. A mercury-tube cut-off switch placed 
at the extreme end of the scale beam automatically closes the valve the instant the beam 
rises. This switch does not interfere with the sliding beam weight and can be moved 
vertically to vary the closing time of the valve. At the right is shown an interior view of 
mercury-tube cut-off switch in “Off” position. Line is opened or closed by action of 
mercury bath flowing over terminals sealed into end of glass tube. All arcing takes 
place inside a sealed glass tube.

The Vol-U-Meter is an electrically controlled valve (Fig. 108) for filling 
containers over 5 gal. capacity which can be operated from a light socket. 
This equipment operates by means of a mercury-tube, cut-off switch (Fig. 
109), placed at the extreme end of the scale beam which automatically closes 
the valve the instant the beam rises.

The complete Vol-U-Meter unit includes:

1 valve.
1 telescopic spout, or
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1 no-drip spout, or
1 flexible hose connection.
1 mercury-tube cut-off switch.
1 transformer 100 or 220 volt if alternating current is used, or
1 resistance coil if direct current is used, or
1 hot shot battery if no other current is available.
1 yoke for attaching cut-off switch to scale.
1 snap switch to cut off current when unit is not in use.
1 coil of rubber-covered wire (15 ft.).

Valve Specifications:
Intake 2 in., discharge 1¼ in.
Spout plain or no-drip.
Valve dimensions 14 in. high, 5 in. wide, 8 in. deep.

Metal:
Bronze, cast-iron, or aluminum valves are standard.
Special alloys can be obtained.

There are several efficient installations of this equipment; those illustrated 
in Figs. 110 to 112 are the most important.

Fig. 110.
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Fig. 112.
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COAL
Of the solid fuels, only coal and the coke derived from it are of prime 

importance industrially. Within limited areas, a few other solid fuels, such 
as cordwood, sawmill wastes, bagasse, and bark, are used in considerable 
quantities.

Trend of Bituminous Coal Consumption in the United States. 
Table 1, prepared by Otero and Tryon for the National Bituminous Coal 
Commission, indicates the general trend of bituminous coal consumption in 
this country since 1918.

Storage of Coal. Underwater storage avoids weathering and danger of 
spontaneous combustion and is now in common use. For out-of-door 
storage, the danger of spontaneous combustion and inconvenience therefrom 
are lessened by observing the following rules:

1. Do not pile in such a way as to permit segregation of lump and fine coal, for this 
increases the likelihood of fires starting in the segregated fine coal.

2. Do not store coal that has been out of the mine less than a month. When freshly 
mined, coal goes through an initial weathering period during which it is particularly 
prone to spontaneous ignition.

3. Do not pile too high, for this tends to prevent escape of heat from regions of local 
heat development in the pile.

4. Take the temperature of the pile regularly. A temperature above 50oC. at any 
point is a danger signal.

The storage space necessary for coal varies somewhat with the distribution 
of sizes. For run-of-mine coal, it is safe to allow 42 cu. ft. per net ton for 
soft coals and 37 cu. ft. per net ton for anthracite. For prepared sizes, allow 
about 10 per cent higher space in both cases.

Specific Heats. Coals differ considerably in specific heats, depending on 
the kind of coal, its ash content, etc. The range is from about 0.25 to 0.38. 
For metallurgical coke of 5 per cent ash, the specific heats shown in Table 2 
have been determined.

Spontaneous Combustion of Coal. The primary cause of spontaneous 
combustion of coal is the oxidation of the coal substance itself. Moisture and

2325
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Table 1. Changes in the United States Consumption of Bituminous 
Coal by Such Classes of Consumers as Report Currently and by 

All Other Consumers, 1918-1938
In thousand net tons

Consumed in the United States: Exported:

Elec-
Colliery power 

fuel utili­
ties®

Bunk­
ers, 

foreign 
trade0

Loco­
motive 

fuel, 
class I 
roadsc

Coked

Bee­
hive 

ovens

By- 
product 

ovens

All 
other 
uses*

Total 
con­

sump­
tion/

Canada 
and

Mexico

To 
other 
coun­
tries 
(sea­

borne)

Total 
con­

sump­
tion and 

ex­
ports«

19181919192019211922
1923192419251926
1927
19281929193019311932
19331934193519361937
1938λ

12,52111,06211,8969,1237,831
8,7656,6185,7765,7284,930
4,6024,6633,9933,2052,781
2,8583,175
3,1033,2273,2502,518

34,50035,10037,12431,58534,179
38,966
37,55640,22241,31141,888
41,35044,93742,89838,73530,290
30,57533,55534,80742,02544,76640,094

6,1898,22410,4868,4534,615
5,0934,4604,8667,7364,565
4,2944,2873,4972,1951,350
1,3161,321
1,5761,6221,832
1,352

134,214119,692135,414
107,910113,163
131,492
117,247117,714122,823115,883
112,382
113,89498,40081,72566,498
66,19870,49671,33581,13082,66769,675

48,16029,73031,9868,47513,286
30,08415,91417,42319,225
11,208
7,01810,0284,284
1,7671,030
1,4611,6351,4692,6984,9271,365

36,86835,85744,20528,71341,053
54,27649,06157,11063,64763,240
70,16676,75965,52146,84630,887
38,68144,34349,04663,24469,57544,993

258,141241,993237,484
197,590212,788
250,317253,148256,082272,111258,087
259,016264,987236,397197,396174,081
180,659192,518
198,956228,850218,403178,736

530,593481,658508,595391,849426,915
518,993484,004499,193532,581
499,801
498,828519,555454,990371,869306,917
321,748347,043360,292422,796425,420338,733

18,31612,06416,458
13,59010,938
16,96012,746
13,54713,762
14,724
14,05014,72713,66710,6478,429
8,60010,2139,0449,912 12,0529,561

4,0348,050 22,0599,5411,475
4,4944,3543,91521,5103,288
2,1142,7022,2101,479385

6987431,093
929

522,943
501,772547,112414,980439,328
540,447501,104516,655567,853517,813
514,992536,984470,867383,995315,731
330,785357.912370,034433,451438,565349,223

α U. S. Geological Survey and Federal Power Commission. Represents all coal consumed by public­
utility power plants in power generation, including a small amount of anthracite.

δ Bureau of Foreign and Domestic Commerce.
c Interstate Commerce Commission. Represent bituminous coal consumed as locomotive fuel by class I 

steam railways, excluding switching and terminal companies. Does not include powerhouse, shop, and 
station coal.

d U. S. Bureau of Mines.
β Obtained by subtract.ng the known items from the calculated total consumption. Includes general 

manufacturing, domestic, and many miscellaneous uses.
ʃ Production plus imports minus exports, plus or minus changes in consumers’ stocks.
0 Note that consumption includes the small amount imported.
λ Preliminary. Consumption in 1938 was reduced by the business recession and by abnormally mild 

weather, the year being one of the warmest on record.

pyrites in the coal are contributing factors, as are many other items, such as 
size of the coal and particularly the segregation of fines in the coal pile, expo­
sure to the sun, steam pipes, or any external source of heat.

Table 2.
Temperature 
Range, oC.
20- 260
20- 538
20- 815
20-1093

Specific Heat of Coke
Average Specific 

Heat
0.240
0.303
0.338
0.363



SOLID FUELS 2327
The rate of oxidation in most coals increases only very slowly with the tem­

perature up to about 50oC. If conditions for oxidation are particularly 
favorable and conditions for heat dissipation are poor, the temperature 
rises above this point, more rapid oxidation occurs with still further increase 
in temperature until finally the kindling point of the coal is reached. For 
most bituminous coals, the kindling temperature is above 150oC.

Classification of Coals. No entirely satisfactory scheme of classifying 
coals has been devised, although many have been proposed using various items 
and ratios selected from the ultimate and the proximate analyses. The U. S. 
Geological Survey and the U. S. Bureau of Mines use a classification, shown

Table 3. Classification of Coals by Rankα

Class Group Limits of fixed carbon or B.t.u., 
mineral-matter-free basis

Requisite physical 
properties

I. Anthracite

1. Meta-anthracite

2. Anthracite

3. Semianthracite

Dry F.C., 98% or more (dry V.M., 
2 % or less)

Dry F.C., 92% or more and less 
than 98% (dry V.M. 8.% or less 
and more than 2 %)

Dry F.C., 86% or more and less 
than 92% (dry V.M., 14% or less 
and more than 8%)

N on-agglomerating*

∏. Bituminouse

1. Low volatile bitu­
minous coal

2. Medium volatile 
bituminous coal

3. High volatile A 
bituminous coal

4. High volatile B 
bituminous coal

5. High volatile C 
bituminous coal

Dry F.C., 78% or more and less 
than 86% (dry V.M., 22% or less 
and more than 14 %)

Dry F.C., 69% or more and less 
than 78% (dry V.N., 31 % or less 
and more than 22 %)

Dry F.C., less than 69% (dry V.M., 
more than 31 %) ; and moistd B.t.u. 
14,OOOc or more

Moistd B.t.u., 13,000 or more and 
less than 14,000e

Moist B.t.u., 11,000 or more and 
less than 13,000e

Either agglomerating 
or non-weatheringʃ

III. Subbituminous

1. Subbituminous A 
coal

2. Subbituminous B 
coal

3. Subbituminous C 
coal

Moist B.t.u., 11,000 or more and 
less than 13,000c

Moist B.t.u., 9500 or more and less 
than 11,000e

Moist B.t.u., 8300 or more and less 
than 9500c

Both weathering and 
non-agglomerating

IV. Lignitic 1. Lignite
2. Brown coal

Moist B.t.u., less than 8300
Moist B.t.u., less than 8300

Consolidated
Unconsolidated

F.C. = fixed carbon.
V.Μ. = volatile matter.
a This classification does not include a few coals which have unusual physical and chemical properties and 

which come within the limits of fixed carbon or B.t.u. of the high-volatile bituminous and Subbituminous 
ranks. All these coals either contain less than 48 % dry, mineral-matter-free fixed carbon or have more 
than 15,500 moist, mineral-matter-free B.t.u.

fc If agglomerating, classify in low-volatile group of the bituminous class.
c It is recognized that there may be non-caking varieties in each group of the bituminous class.
d Moist B.t.u. refers to coal containing its natural bed moisture but not including visible water on the 

surface of the coal.
β Coals having 69 % or more fixed carbon on the dry, mineral-matter-free basis shall be classified according 

to fixed carbon, regardless of B.t.u.
ʃ There are three varieties of coal in the high-volatile C bituminous coal group, namely, variety 1, 

agglomerating and non-weathering; variety 2, agglomerating and weathering; variety 3, non-agglomerating 
and non-weathering.
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in Table 3, which has been adopted as standard by the A.S.A. and the A.S.T.M. 
(D388-38).

The classification of Seyler has been adopted by the publication Fuels. 
In this scheme, the percentages of carbon, hydrogen, and oxygen plus nitrogen 
as revealed by the ultimate analysis are adjusted so as to add to 100 per cent. 
The carbon and hydrogen are then plotted on rectangular coordinates, certain 
areas of the graph being assigned to what Seyler terms the species and genera 
of coal. Seyler’s classification is represented in Table 4.

The Parr scheme of classifying coals is given in the “ International Critical 
Tables.”

Specific Gravity. It is necessary to distinguish between the apparent 
specific gravity of a lump of porous material, such as coke, and the true 
specific gravity of the substance forming the lump. The A.S.T.M. has 
adopted standard methods for determining the true and the apparent 
specific gravities of coal and coke.

Table 5. Typical Specific Gravities

Fue!
Specific granty

Pores, 
per cent

True Apparent

Bituminous coal........................... ·..... 1.25-1.45
1.75-2.00 
1.50-1.75 
1.4-1.7 
1.45-1.7 
0.5-1.1

0.75-1.1
0.5 -1.1*
0.3 -0.6

40-60
30-70
65-80

By-product coke.....................................
Low-temperature coke...............................
Charcoal..........................................
Anthracite....................................................
Wood............................

* By unusual procedures in preparing the coal previous to carbonization, and control of carbonization 
conditions, an apparent specific gravity as high as 1.4 may be obtained.

The Dulong Formula for Calorific Value. For most high-rank coals, 
the calorific value can be estimated from the ultimate analysis with an 
accuracy within 2 or 3 per cent by means of the Dulong formula:
B.t.u. per lb. = 14,544 × fraction C 4- 62,100 × (fraction H — ∕⅛ fraction 

0) + 4050 × fraction S
Sampling of Coal. It is of utmost importance that coal and coke 

sampling be carried out rigorously in accordance with a standard method 
euch as that adopted by the A.S.T.M. (D 21-16, D 271-37, D 346-35).

Ultimate Analysis of Coal. The percentages of carbon, hydrogen, 
nitrogen, and sulfur in the dry coal sample are determined by direct analytical 
methods. The percentage of ash is determined by the method used in making 
the proximate analysis. The sum of these components is subtracted from 
100 and the difference called the “per cent oxygen” in coal. This procedure 
does not give quite the true composition of the coal, for the sulfur may be 
largely in the form of FeS» or mineral sulfates which do not appear as such in 
the ash. Furthermore, the carbonates present in the ash are reduced to 
oxides and the water of hydration in the minerals driven off. The ash found 
is, therefore, not the true mineral content of the coal, and the undetermined 
error in the ash is reflected as an error in the oxygen (see typical analyses. 
Table 6).

Proximate Analysis of Coal. The proximate analysis is a set of numeri­
cal values obtained when a coal is subjected to a series of purely arbitrary 
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procedures which have been standardized by the A.S.T.M. The mois⅛urβ 
is determined by drying the coal at 105oC. for 1 hr. The ash is obtained as 
a residue on burning the coal. The loss of weight on heating the coal 7 
min. at 950oC., minus the moisture, is called the volatile combustible 
matter, and the coke residue, minus the ash, is called the fixed carbon. 
The total sulfur is usually determined in connection with the proximate 
analysis. The results obtained in each procedure depend to some extent on 
the details of the methods used, and the arbitrary standards adopted by the 
A.S.T.M. must, therefore, be followed carefully.

The proximate analysis is the most widely used procedure for evaluating 
coal, particularly when the general characteristics of other coals from the 
same district are known. The proximate analysis, however, falls far short 
of being a complete evaluation of the coal for any one of the uses to which 
coal is put.

In Table 6 are given the results of proximate and ultimate analyses of 
typical American coals of various ranks.

Table 6. Proximate and Ultimate Analyses of Typical American 
Coals*

All data on the ash-free and moisture-free basis

Rank
Volatile 

combustible 
matter

Fixed 
carbon

Sul­
fur

Hy- 
dro- 
gen

Car­
bon

Ni­
tro­
gen

Oxy- B.t.u. 
per lb.gen

Montana lignite............................ 52.9 47.1 1 5 5 1 70.5 I 5 21 4 12,160
Wyoming Subbituminous............. 40.5 59 5 0 5 4 8 76 6 1 1 17 0 13 030
Pennsylvania bituminous............. 30.2 69 8 1 1 5 9 87 1 1 4 4 5 15,560
West Virginia Semibituminous ... 19.5 80.5 0.8 4.7 90.7 1.6 2.2 15,670
Pennsylvania semianthracite....... 9.9 90.1 0.8 3.7 91.6 1.3 2.6 15,410
Pennsylvania anthracite............... 6.2 93.8 0.6 2.7 94.0 1.0 1.7 14,070

* Analyses selected from data of U. S. Bureau of Mines.

Ash Fusing Point and Clinker Formation. A standard procedure for 
determining the softening and fusing points of a coal ash has been adopted 
by the A.S.T.M. Ashes which fuse in the range 1900o to 2200oF. are con­
sidered low fusing; those in the range 2200o to 2600oF., medium fusing; 
and those from 2600o to 3100oF. or over, are considered as non-fusing. In 
general, low-fusing-point ashes cause trouble through clinkering, but several 
factors in addition to the ash fusing point affect the clinker formation.

Sufficient data are not yet available for predicting the fusing point of a 
coal ash from the chemical analysis of the ash except within wide limits.

Briquetting. Roll presses are used almost exclusively in American 
practice. Coal-tar pitch and petroleum asphalt are the two binders used most 
extensively. Pitch of about 170oF. melting point is usually specified, or 
asphalt of 50 to 60 penetration test. It requires 8 to 10 per cent pitch or 6 
to 8 per cent asphalt to give a satisfactory briquet. “ Sulfite pitch,” obtained 
by evaporating the black liquor from paper mills using the sulfite process, is 
used to a small extent as a binder, usually in admixture with asphalt or other 
binders. Starch is used as a binder for charcoal briquets. An emulsion of 
asphalt in starch paste (Hite binder) has been used successfully in two plants 
making anthracite culm briquets. The asphalt renders the briquet water 
resistant, and by replacing a part of the normally required asphalt with 
starch, a less smoky briquet is obtained.
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Coals differ considerably in tlie ease with which they can be briquetted, 

and this is particularly true of bituminous coals.
Tlie A.S.T.M. Standards on Coal and Coke. Inasmuch as nearly all 

the methods of testing coal are empiric, it is necessary to use specifically 
defined procedures. A compilation of standards relating to coal and coke has 
been published by the A.S.T.M. covering the following:

D 17-16 Specifications for Foundry Coke.
D 21-16 Method of Sampling Coal.
D 121-30 Definitions of Terms Relating to Coal and Coke.
D 141-23 Method of Shatter Test for Coke.
D 166-24 Specifications for Gas and Coking Coals.
D 167-24 Method of Test for Volume of Cell Space of Lump Coke.
D 197-30 Method of Test for Fineness of Powdered Coal.
D 271-37 Methods of Laboratory Sampling and Analysis of Coal and Coke.
D 291-29 Method of Test for Cubic Foot Weight of Crushed Bituminous CoaL
D 292-29 Method of Test for Cubic Foot Weight of Coke.
D 293-29 Method of Test for Sieve Analysis of Coke.
D 294-29 Method of Tumbler Test for Coke.
D 310-34 Method of Test for Size of Anthracite.
D 311-30 Method of Test for Sieve Analysis of Crushed Bituminous Coal.
D 346-35 Method of Sampling Coke for Analysis.
D 388-38 Specifications for Classification of Coals by Rank.
D 389-37 Specifications for Classification of Coals by Grade.
D 407-35 T Definition of the Terms Gross Calorific Value and Net Calorific Value of 

Fuels (Tentative).
D 408-37 T Method of Test for Grindability of Coal by the Ball-Mill Method (Tenta­

tive).
D 409-37 T Method of Test for Grindability of Coal by the Hardgrovo-Machine 

Method (Tentative).
D 410-38 Method of Test for Screen Analysis of Coal.
D 431-38 Method for Designating the Size of Coal from Its Screen Analysis.
D 440-37 T Method of Drop Shatter Test for Coal (Tentative).
D 441-37 T Method of Tumbler Test for Coal (Tentative).
D 492-38 T Method of Sampling Coals Classed According to Ash Content (Tenta­

tive) .
D 493-38 T Definitions for Varieties of Bituminous and Subbituminous Coals (Ten­

tative).
E 11-38 T Specifications for Sieves for Testing Purposes (Wire-Cloth Sieves, Round- 

Hole and Square-Hole Screens or Sieves) (Tentative).

Formation of Coal. The initial changes by which vegetable matter is 
converted into coal are presumably those occurring in every peat bog, the 
chief of which is the decomposition of the cellulosic and lignitic tissue of 
plants and their transformation into a class of amorphous substances known 
as ulmins. The ulmins in peat are soluble in caustic alkali, but after the 
peat has been buried and the subsequent coalification process proceeds, the 
ulmins become less and less soluble and in high-rank coals are quite insoluble 
in caustic. When a coal is subjected to mild but prolonged oxidation, the 
ulmins again become soluble in caustic alkali, the amount of oxidation 
necessary being greater the higher the rank of the coal.

Those parts of plants which are particularly resistant to decay, such as 
spore exines, cuticle, and cell walls, are not altered sufficiently to lose their 
structural identity, either by decay in the peat bog or in the subsequent 
transformation of peat to coal. Microscopic examination of coal reveals a 
great variety of such plant structures imbedded in a matrix of amorphous 
material. Coal also contains resins and other by-products of plant cells 
which have evidently passed through the coalification process unchanged.
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The Macrostructure of Coal. If a small lump of bituminous coal is 
examined, it will usually be found to consist of laminae. Across the faces of 
the lump at right angles to the original bedding plane of the coal, the cross 
sections, of these laminae appear as bands. The four ingredients of coal 
giving rise to these bands have been given distinctive names, although much 
confusion arose from attempts to correlate the terms used by different investi­
gators, particularly those in England and the United States. The brightest 
of the ingredients has been called vitrain by British investigators, and is to 
be correlated with the anthraxylon discussed by American writers. It is 
derived from single pieces of woody material. The Clairain of British writers 
is also a bright coal, although not so bright as vitrain, and it forms the slightly 
duller bands noted in American coals. It is an attritus of plant debris, and 
has been called transparent attritus in some recent American writings. 
The dullest ingredient in British banded coals has been called durain. It 
is also an attritus but is characterized by its opacity. It does not ordinarily 
occur in typical American banded coals but is the main ingredient of American 
splint coal. The fourth macroscopic ingredient of coals is mineral charcoal 
or fusain.

Rational Analysis of Coal. The fact that the ulmins in coal of any rank 
may be rendered soluble in caustic alkali by mild oxidation permits a resolu­
tion of the coal into its natural components. Wheeler [Engineering, 124, 
344 (1927)] and his coworkers have thus analyzed separately the bright, dull, 
and charcoal-like parts of a British banded coal with the following resulte.

Table 7. Rational Analysis of Component Bands of Hamstead Coal

Baiwl Ulmin 
compound

Organized 
plant 

entities
Hydrocarbons 

and resins
General character of 

the plant entities

Vitraln........................... 96 Nil* 4
Clarain........................... 92 5 3 O Ii -∣lr 1 ∙
Durain........................... 83 15 2 Cuticle, spore exines, and woody tissuesFusain...... ......... 20 80 Nil Woody tissues

* Vitrain does, however, show plant structure. Curtis.

Carbonization
When the temperature throughout a small mass of crushed bituminous coal 

is raised slowly, say at 2oC. per min., the following typical events occur. 
Gases are evolved almost from the beginning, the rate of evolution being 
very slow at first, with carbon dioxide, carbon monoxide, and water vapor as 
the principal components. As the temperature rises, the composition of the 
evolved gases changes continually. Traces of gaseous hydrocarbons, particu­
larly methane, appear early in the process. As the temperature exceeds 
100oC., there may be a more or less marked increase in the rate of water-vapor 
evolution. As the temperature continues to rise, liquefiable hydrocarbons 
appear in the volatile products, but the rate of evolution of gases and vapors 
continues low until the softening temperature of the particular coal is reached. 
A coal does not fuse at a well-defined temperature, but for each coal there is 
a short temperature range, characteristic of the coal, within which enough 
liquid products form to cause the whole mass of coal particles to coalesce 
more or less completely. The degree of fusion varies widely for different 
coals, from only a slight sintering together of the individual particles to a 
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fusion so complete that the coal liquefies and all trace of individual particles 
disappears.

The rate of evolution of volatile products formed by decomposition of the 
coal rapidly increases as the temperature rises above the softening point. 
If the coal is one which fuses sufficiently to become plastic, the evolved gases 
form bubbles which work their way out of the plastic mass, causing it to 
become spongy. As decomposition of the coal substances progresses, with 
continued evolution of volatile products, the plasticity of the coking mass 
grows less and less, until finally the bubbles are trapped and the mass takes 
on a fairly rigid cellular structure. Further evolution of gas can then occur 
only by diffusion through the cell walls or through cracks in the structure.

The temperature range during which fusing coals are in a plastic condition 
is relatively small, seldom more than 100oC. and often less than 50oC. Since 
most fusing coals soften below 410oC., it follows that in most cases the 
end of the plastic range lies below 500oC. The degree of fluidity, the rate of 
gas evolution, the rate of temperature increase, and probably several other 
factors combine to determine the lump or apparent specific gravity of cellular 
coke, which forms at the end of the plastic range. The true specific gravity 
of the coke substance remaining at 500oC. is always in the neighborhood of 
1.5.

Table 8. Softening Temperatures of Typical Coals*

* From Ball and Curtis, Ind. Eng., Chem., 22, 137 (1930). t Non-fusing coal.

Trade name Seam Locality Volatile combus­tible matter, per cent
Fixed car­bon, per cent

Ash, per cent
Volatile combus­tible matter (ash-free basis), per cent

Soft­ening temp. oC.
Island Creek.................... Island Creek Logan Co., W. Va. 39.4 55.3 5.3 41.6 390Brilliant............................... Black Creek Marion Co., Ala 38.3 59.0 2.7 39.4 tBlack Band....................... Winifred Kanawha Co., W. Va. 38.1 57.8 4.1 39.8 340Benham................................ Keokee Harlan Co., Ky. 37.2 60.4 2.4 38.1 390Pond Creek....................... Pond Creek Mingo Co., W. Va. 35.9 62.2 I 9 36.6 380Hazard................................ Hazard No. 6 Perry Co., Ky. 35.8 59.0 5.2 37.8 tBig Moshannon............ Moshannon Clearfield Co., Pa. 23.8 67.7 8.5 26.0 410Davis...................................... Pool 71 Tucker Co., W. Va. 23.1 70.0 6.9 24.8 395Beckley................................. Beckley Raleigh Co., W. Va. 17.3 81.0 1.8 17.6 430Stineman............................. Moshannon orLower Freeport Cambria Co., Pa. 17.1 76.1 6.7 18.4 425

Manor...................... Kittanning Garrett Co., Md. 16.3 75.1 8.6 17.9 435Rockhill............................... Fulton Broadtop field in east­ern Pa. 15.9 77.6 6.5 17.0 440Getrges Creek............... Big Vefa Allegany Co., Md 15.0 74.0 11.0 16.8 440

As the temperature of coke is carried still higher, several processes occur 
simultaneously. Volatile products continue to be evolved and the coke 
pieces shrink in volume, these two processes being opposite in their effect so 
far as the apparent specific gravity is concerned. Depending on the nature of 
the original coal, either may predominate, i.e., the apparent specific gravity 
may either increase or decrease. The true specific gravity of the coke sub­
stance, however, always increases, going from about 1.5 at 500oC. to 1.9 or 
higher at 1000oC. The reactivity of the coke decreases steadily during the 
devolatilization process, and for most cokes the hardness and the strength 
of the coke likewise increase with the devolatilization.
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The Plastic Stage in Coal Carbonization. Most coals below the rank of 
anthracite and above that of lignite undergo some degree of fusion when 
heated. Such coals do not have sharply defined fusing points, but for each 
coal there is a characteristic temperature within a few degrees of which the 
coal will soften. The method of Foxwell [Fuel, 3, 122 (1924)], as modified 
by Layng [Ind. Eng. Chem., 17, 165 (1925)] and later by Ball and Curtis 
[Ind. Eng. Chem., 22, 137 (1930)] for determining the plastic range of tempera­
ture, is based on the fact that, if a stream of inert gas is passed at a constant 
rate through a column of crushed coal while the temperature of the coal is 
slowly raised, a marked increase of the resistance to gas flow through the 
column may be observed when the coal softens.

Dilatometer methods of studying the plastic condition of coal have been 
used by Agde (JBrennstoff-Chem., 10, 1929) and by Damm [Fuel, 8, 163 
(1928)]. J. D. Davis of the U. S. Bureau of Mines has devised a successful 
plastometer and Giesler {Glückauf, 70, 178, 1939) has also described a 
plastometric method. The A.S.T.M. has not as yet adopted a standard 
method of characterizing the plastic condition of coal.

Products of Coal Carbonization. When coal is carbonized, a complex 
mixture of compounds passes off in the volatile fraction leaving coke as a 
residue. In a by-product coke plant, the volatile fraction is subjected to 
cooling and scrubbing operations which finally yield from a ton of coal:

1. About 12,000 cu. ft. fuel gas running approximately 550 B.t.u. per cu. ft.
2. Two to four gallons of crude light oil removed from the fuel gas by scrubbing 

with oil.
3. An aqueous liquor containing ammonia, ammonium salts, and various other water- 

soluble compounds. This liquor is usually heated with a slurry lime to remove all 
the ammonia and is then discarded.

4. Ammonia, recovered as indicated above and also scrubbed out of the fuel gas, the 
yield being about 5 lb. In most coke plants all the ammonia is converted to ammonium 
sulfate and sold as such.

5. Tar, amounting to about 12 gal., is collected from various points in the by-product 
train of equipment. The tar is composed of a large number of liquids and of crystalline 
substances, such as naphthalene, anthracene, and others, dissolved in the complex 
liquid mixture.

In the ordinary coke oven and gas retort, the volatile products liberated 
from the coal are subjected to subsequent cracking by the hot coke and 
hot walls, and the volatile products listed above are therefore not those 
initially liberated by the coal. In the various low-temperature carbonization 
processes, there is much less cracking of the initially liberated products, 
and the volatile products finally collected are therefore different both in 
character and in relative amounts. Typical yields for a low-temperature 
carbonization process operating on a high-rank fusing coal of 35 per cent 
volatile are:

Semicoke (12% volatile combustible matter)............................... 1500 lb.
Tar......................................................................................   30 gal.
Light oil...................................................................................................... 2 gal.
Ammonia......................................    2 lb.
Gas, 950 B.t.u. per cu. ft..................................................................... 3000 cu. ft.

The Agglutinating Power of Coal. Committee D-5 of the A.S.T.M. 
has proposed a method of determining the agglutinating value of coal. This 
method involves measurement of the crushing strength of buttons obtained 
.through carbonization of mixtures of coal and silicon carbide under specified 
conditions (see “A.S.T.M. Standards on Coal and Coke,” prepared by 
Committee D-5, October, 1938).
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Tar-forming Temperature of Coal. When the temperature of a mass 

of coal is slowly increased, say at the rate of lo or 2oC. per min., water vapor, 
carbon dioxide, and gaseous hydrocarbons are evolved almost from the 
beginning of heating, the rate of evolution being very slow at first but gradu­
ally increasing. Presently hydrocarbons or related compounds IiquefiabIe 
at room temperature begin to distill. The temperature at which this “tar”1 
is first observed will obviously depend somewhat on the method used to 
make the observation. As the coal passes into the plastic condition, the 
rate of tar evolution increases rapidly and presently passes through a maxi­
mum, after which it decreases rather rapidly with rising temperature and 
presently becomes zero. Berry (Un⅛. Wisconsin, Bull. 35, 1914) studied tar 
formation from 11 American coals of carbon-hydrogen ratio from 19.1 to 10.6. 
He records initial tar-forming temperatures ranging from 260o to 375oC., 
maximum rate of tar formation for all but two of the coals lying somewhere in 
the temperature range 350o to 500oC., and the rate of tar evolution decreasing 
to zero before reaching a temperature of 600oC. in all cases except one.

Using a different apparatus, and English coals, King and Willgren (British 
Fuel Research Board, Tech. Paper 16, 1927) observed liquefiable oils liberated 
from bituminous coals at temperatures in the range 215o to 245oC.

The Reactivity of a Solid Fuel. No generally accepted method of 
evaluating that property of a solid fuel called “reactivity” exists today. The 
British Fuel Research Board (Tech. Paper 18, 1927) has adopted a method 
which consists in heating a screened sample (10- to 20-mesh I.Μ.Μ.) to 
950oC. in a stream of nitrogen under standardized conditions and then 
measuring, at various intervals of time, the carbon monoxide formed when 
100 cc. carbon dioxide are passed over the sample at a rate of 5 cc. per min. 
Since the reactivity of most solid fuels decreases slowly at 950oC., the British 
Fuel Research Board defines three activities:

Reactivity I. The sample is heated to 950oC. in a stream of pure nitrogen during 
the course of an hour, nitrogen is then passed through the sample for another hour, 
followed by 100 cc. carbon dioxide and the determination of reactivity then made with 
a further 100 cc. pure carbon monoxide.

Reactivity II. The reactivity is determined in the same manner after nitrogen has 
been passed over the sample for 5 hr. at 950oC.

Reactivity III. If, after determining Reactivity I, the passage of carbon dioxide 
be continued at 950oC., and new measurements of reactivity be made from time to 
time, lower and lower values will be obtained until finally the reactivity becomes prac­
tically constant at a minimum value. This is called Reactivity III.

At 950oC., equilibrium in the system CO2: CO: C calls for 98.7 per cent CO 
(the equilibrium value varies somewhat for different kinds of carbon). The 
number of cubic centimeters of carbon monoxide formed from 100 cc. carbon 
dioxide, t.e., the reactivity value, is limited to a maximum of 197.4

Typical values for Reactivity ɪ, as determined by the British Fuel Research 
Board’s method (Tech. Paper 18, 1927) are:

Active carbon........................................................  192
Lo w-tempera ture briquet.....................  178
By-product coke...................................................................................................... 100
Beehive coke............................................................................................................... 43

It must be emphasized that the numerical values obtained depend on the 
method, and the procedure laid down by the British Fuel Research Board 
must be followed in detail if results comparable to its values are desired.

A number of methods other than that described above have been proposed 
for determining the reactivity of a solid fuel, particularly of coke. Most of 



2336 FUELS

Coking Temp., 
oC.
500
600
700
800
900

these depend on the rate of reduction of carbon dioxide to carbon monoxide, 
but the rate of reaction between the hot coke and steam has also been used. 
Parr [Ind. Eng. Chem., 19, 820 (1927)] has taken the ignition temperature in a 
stream of oxygen as a measure of the reactivity of a coke. Parr found that 
the ignition temperature of coke from a Franklin County, Ill., coal increased 
with the temperature at which the coke had been made in the following 
manner:

Table 9. Effect of Coking Temperature on Reactivity
Reactivity Temp.,

oC.
144
178
218
314
456

There is a rough correspondence between the ignition temperature of a 
coke, its reactivity toward.carbon dioxide, and its reactivity toward steam.

Burning of Coal on Grates. Most coal used as a fuel industrially is 
burned either on mechanically operated grates and stokers or in powdered

Table 10. Summary of Information on Stokers

Chain grates Overfeed stokers Underfeed stokers
Description...................... Fuel from hopper is car­ried horizontally into fur­nace on a continuous web. The web is cooled coming out through the ash pit and returns to coal hopper.

Grate extends from hopper into furnace at a rather steep incline, although coal only flows down if a rocking or plunger move­ment is imparted to grate bars.

Raw coal is pushed up through the fuel bed and cinder falls off onto cinder plate. Gases are dis­tilled in an oxidizing at­mosphere. Capable of high overloads.Fuel used........................... 1. Coke breeze, steam sizes of anthracite, or2. High-volatile mid-west­ern coals. In general, any non-coking, clinker- ing coal may be used, but preferably no mixtures.

All coals can be used. Good all-round stoker. Is mainly used on mid­west fuels. Coking coals can be used. Will burn refuse fuels.
High-volatile coals, coking coals, and slack or fines may be burned. Ash must not be easily fusible.

Draft..................................... Natural: 0.25 to 0.60 in. water.Forced: 1 - to 2-in. water pressure with coke.1 - to 4-in. water pressure with Illinois and similar coals.

Natural: 0.25 to 0.6 in. water.Forced: 1- to 3-in. water pressure.
All forced draft.Normal: 2- to 4-in. water pressure in wind box.Maximum: 5- to 7-in. water pressure in wind box.

Rate of combustion, lb. per sq. ft. per hr. Average: 30-35.Maximum: 45-60.10 lb. per 0.1 in. water, for natural drafts.
Average: 25-35.Maximum: 40-50. Average: 30-40.Maximum: 60-80.10 lb. per 1-in. 'water pressure.Means of r egulation. 1. Height of coal grate.2. Speed of grate. _3. Amount and distribu­tion of air.
1. Rate of plunger feeder.2. Rate of ash removal.3. Amount and distribu­tion of air.

1. Rate of feed.2. . Amount and distribu­tion of blast.
Miscellaneous................ Watch for live coals going over end of grate. Fireman needed for ash removal at times and fire must be cleaned. Air is admitted over clinker plate to burn out cinder. Fuel bed from 12 to 24 in. deep.
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Fig. 1.—Principal methods of feeding coal in industrial furnaces. (A) hand-πrcd; 
(B) over-feed stoker; (C) chain-grate stoker; (Z>) under-feed stoker. (From Haslam and 
Russellt itFuels and Their Combustion.”)

Fig. 2.—Cost of unit pulverizers vs. capacity. (From Haslam and Russellt iiFuels and 
Their Combustion.”)
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Fio. 3.—Cost of preparing powdered coal by the unit system. (From Haslam and
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Fiq. 4.—Relation between capacity, moisture, and fineness in pulverizing Pennsylvania 

bituminous coal.. (From Haslam and Russell, iiFuels and Their Combustion.")
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form. Hand firing of furnaces, except in locomotives and in very small 
installations, is obsolete. In Fig. 1 there is shown diagrammatically the burn­
ing of coal on a hand-fired grate and on grates mechanically fed with coal.

A summary of information on stokers is presented in Table 10 from Haslam 
and Russell, “Fuels and Their Combustion,” McGraw-Hill, New York, 1926.

Powdered Coal as a Fuel
Within the past decade the quantity of coal burned in powdered form has 

increased enormously. The high thermal efficiency of powdered-coal-burning

Pδr Cenf (200 tns&h)

Fig. 5.—Relation between power consumption, fineness, and moisture content in 
pulverizing Pennsylvania bituminous coal. (From Haslam and Russellt ttFuels and 
Their Combustion.,,y)

installations, their low cost of operation and maintenance, and their high 
flexibility under changing load conditions more than offset the cost of drying, 
pulverizing, and handling the coal.

Broadly speaking, there are two types of powdered-coal installations, 
namely:

1. The unit system, in which the coal is ground, mixed with part or all of the air 
required for combustion, and blown directly into each combustion chamber.

2. The storage system, where the coal is ground and sent to storage, being subse­
quently drawn from storage, mixed with air, and blown into the combustion chambers.
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In general, the unit system has been used for small furnaces burning only a 
few tons per hour, the storage system being used in large installations. The 
unit system enjoys the advantages of simplicity, low first cost, and small 
floor space, as compared with the storage system. The major item of cost 
in a powdered-coal system is in power consumption for grinding, and here the 
advantage lies with the large installation.

The cost of unit pulverizers vs. capacity is shown in Fig. 2 (from HasIam 
and Russell, loc. cit.) and the total cost of preparing coal in a unit pulverizer 
is given for various capacities in Fig. 3 (op. ctY.).

Fig. 6.—Cost of preparing powdered coal in storage systems. (From Haslam 
Russellt llFuels and Their Combustion."')

and

In storage systems the total cost of preparing the coal for burning will 
seldom run higher than 55 cts. per ton, and costs of about 45 cts. per ton are 
often reached, as against an average of about 65 cts. in unit eystems.

Fineness of grinding and moisture content of the coal greatly influence the 
capacity of fine grinders and therefore the cost of grinding coal. In Fig. 4 
(op. cit.) is given the relation of capacity to moisture and fineness of grinding 
for a Pennsylvania bituminous coal.

In Fig. 5 (op. cit.) is shown how power consumption in grinding is affected 
by the moisture and the fineness of the coal.

An approximation to the total cost of preparing coal in a storage system 
of pulverizing coal is shown in Fig. 6 (loc. cit.).

MISCELLANEOUS SOLID FUELS
Petroleum Coke. In several of the commonly used operations in petro­

leum refineries, a coke residue is obtained. Typical analyses of petroleum
coke are as follows:

Volatile matter.......................................................................................
Fixed carbon...........................................................................................
Ash..............................................................................................................
Sulfur.........................................................................................................  

Per Cent
5-20

80-95
Trace to 1.5
0.5-3
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Petroleum coke is used largely in the manufacture of dry cells, carbon elec­
trodes, and electric-furnace resistance elements.

Gas Cokθ. Gas coke is the residue remaining from the manufacture of 
coal gas. It is very soft and easily friable and is not suitable for use in metal 
foundries or furnaces. It is used mainly in the manufacture of water gas.

Peat. Peat is commercially unimportant as a fuel in the United States; 
no sales of peat for use as fuel were reported to the U. S. Bureau of Mines in 
1939.

Typical analyses of peat are shown in Table 11.
Table 11. Analyses and Calorific Values of Air-dried Peat*

* U. S. Bureau of Mines.

Wood. The fuel values of different woods (except resinous woods) are 
nearly proportional to their weights on a dry basis. The resinous woods 
possess higher heating values than the non-resinous ones. Table 12 gives 
pertinent data for various woods.

Charcoal. Charcoal is the residue remaining after the destructive distil­
lation of wood. It absorbs moisture readily, often containing as much as 
10 to 15 per cent water. In addition it usually contains about 2 to 3 per cent 
ash and 0.5 to 1.0 per cent hydrogen. The heating value of charcoal is about 
12,000 to 13,000 B.t.u. per lb.

Straw. Depending upon its moisture content, straw has a heating value 
of from 5000 to 6500 B.t.u. per lb.

Tanbark. Tanbark is the residue remaining after the bark has been 
used in tanning operations. It usually contains from 60 to 70 per cent water 
and has a heating value of 2500 to 3000 B.t.u. per lb. In using tanbark as 
a fuel a very large combustion space is required.

Bagasse. Bagasse is the solid residue remaining after sugar cane has 
been crushed by pressure rolls. It usually contains from 40 to 50 per cent 
water and has a heating value of 8000 to 9000 B.t.u. per lb. The fuel value 
of green mill bagasse is shown in Table 13 (from Marks, “ Mechanical Engi­
neers’ Handbook,” McGraw-Hill, New York, 1941).

Kind of peat Locality Water
%

Ash
%

Sulfur
%

Calorific value 
of air-dried 

peat, 
B.ku. per lb.

Brown, fibrous.........
Brown, fibrous..........
Light brown, fibrous . 
Dark brown..............
Brown, fibrous.........
Brown.......................
Brown, fibrous.........
Brown.......................
Brown, fibrous.........
Salt marsh................
Black.........................
Brown, fibrous.........
Brown, Bandy...........

Fremont, N. H..............
Hamburg, Mich............
Rochester, N. H...........
Westport, Conn............
Westport, Conn............
Kent, Conn....................
Cicero, N. Y..................
Black Lake, N. Y..........
La Martine, Wis...........
Kittery, Me...................
Greenland, N. H...........
Madison, Wis................
Kent·, Conn...................

6.34 7.93 0.69
7.50 6.55 0.28

H .64 4.06 0.22
12.70 4.12 0.24
19.69 3.23 0.19
12.10 7.22 0.83
14.57 7.42 0.25
8.68 16.61 0.99
9.95 16.77 0.79

13.50 12.04 1.94
6.62 24.11 1.01
6.99 18.77 0.38
9.06 36.06 1.46

9,2909,0909,0838,5907,6917,6847,5767,5227,46873197,1866,9435,924
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Table 12. Approximate Weights and HeatingVaIues per Cord of Fuel
Woods*

* U. S. Dept. Apr., Bull. TAA, The Use of Wood for Fuel.t Short ton (2000 lb.) of eoal having a heating value of 13,000 B.t,u.

Variety of wood Weight per cord, lb. Available heat units per cord, million B.t,u. Equivalent in heat value to tons of coalf
Green Air dry Green Air dry Green Air dry

Ash, white...................................................... 4300 3800 19 9 70 5 ∩ 77 0 79Beech...................................................... 5000 3900 19.7 JQ 4 20.920 ŋ 0 76 o RnBirchr yellow 5100 4000 ∩ 7ζChestnut......................................................... 4900 2700 12 9 15 6
V JJ
0 50

v.oU 
0 60Cottonwood.................................................. 4200 2500 12 7 15 0 0 49 0 58Elm, white..................................................... 4400 3100 15 8 17 7 0 61 0 68Hickory............................................................ 5700 4600 23 1 24 8 0 89 0 95Maple sugar................................................. 5000 3900 20 4 71 8 0 78 0 84Maple, red..................................................... 4700 3200 17 6 19 1 0 68 0 73Oak, red........................................................... 5800 3900 19 6 71 7 0 75 0 8^Oak, white..................................................... 5600 4300 72 4 73 9 0 86 0 97Pine, yellow................................................. 21.1 22.0 0Í81 0.85Pine, white.................................................... 12 9 14 7 0 50 0 55Walnut, black............................................ 18 6 20 8 0 77 0 80Willow............................................................... 46ÔÒ 2300 10.9 13 5 0.42 0 57

Table 13. Fuel Value of Green Mill Bagasse

Moisture in bagasse, % B.t∙.u. available for steam generation Lb. bagasse equivalent to1 lb. of 14.000 B.t.u. coalweight of cane,% (α) (α) (W (α) (W
75 42.64 51.00 4139 3294 3.38 4.2577 39.22 48.07 4475 3630 3.13 3.8679 35.15 44.52 4874 3976 2.87 3.5281 30.21 40.18 5359 4392 2.61 3.1983 24.12 35.00 5958 5005 2.35 2.8085 16.20 28.33 6716 5558 2.08 2.52

(ɑ) Based upon tropical eane of 12 per oent fiber and juice containing 18 per cent solid matter, (t) Based upon Louisiana cane of 10 per cent fiber and juice containing 15 per cent solid matter.
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Fig. 7.—Oil and gasoline consumption in the United 

States. Data from Mineral Resources or Mineral Year­
books. Dotted lines indicate data not tabulated.

BY H. Μ. WEIR AND W. A. MYERS
Source and Mode of Production of Fuel Oils. Except in unusual and 

relatively unimportant circumstances, the only commercial liquid fuels suffi­
ciently cheap for power generation are certain fractions of petroleum oil. 
The term fuel oil, as used hereafter, will refer to these materials only. Since 
most of the fuel oil purchased on the market today has passed through a 
manufacturing process in a refinery, a general knowledge of the methods used 
is helpful, if not necessary, to intelligent purchase.

The petroleum refiner is engaged in the production of several major classes 
of materials from the various types of crude oils which are tapped from 
nature’s underground res­
ervoirs. Products com­
monly manufactured from 
so-called “Mid-continent 
crudes” may be listed 
roughly in the order of in­
creasing boiling range as: 
gasoline, kerosene or lamp 
oil, gas oil, fuel oil, lubricat­
ing oil, petroleum wax or 
paraffin wax, asphalt, and 
coke. Crude oils obtained 
in Pennsylvania, West Vir­
ginia, etc., yield practically 
no asphalt and relatively 
large percentages of par­
affin wax. California, 
Mexico, Texas, or Louisi­
ana Gulf coast crude oils 
contain negligible amounts 
of paraffin wax and larger 
proportions of asphalt than 
the intermediate type 
(Mid-continent). The 
first step in the manufac­
ture of all of these products 
is a fractional distillation of the crude oil. The conditions maintained in this 
initial step suffice for separation but do not greatly alter the physical and 
chemical characteristics of any given fraction.

Figure 7 shows the indicated daily domestic consumption of all types of 
crude oil, most of which was “consumed” by refineries to make the products 
listed above. Figure 7 also shows the consumption (by ultimate consumer) 
of the two major refinery products: gasoline, and distillate and residual 
fuel oil listed together. It is evident from the graph (Fig. 7) that the demand 
for gasoline has advanced out of proportion to that for all other petroleum 
products. On the other hand, the natural composition of crude oils as a 
class has not changed during the last two decades. The refiner has met this 
situation by supplementing and, to a significant extent, replacing non- 
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destructive fractional-distillation processes by the installation of “cracking” 
processes, which convert a portion of the other naturally occurring fractions 
into the lower boiling gasoline. Liquid residues from these cracking processes 
are usually sold as fuel oil, because of their quality and because no other 
product offers the necessary large-volume outlet. As a result of this eco­
nomic situation, originating in and dominated by the demand for gasoline, 
very little American crude oil is now burned for fuel as such. Fuel oils of 
today are usually mixtures of residues from cracking processes, together 
with larger or smaller proportions of corresponding boiling-point fractions, 
separated in non-destructive fractional distillation of crude oil. The higher 
boiling and more viscous the oil, the less suitable it is as a source material fox­
refinery cracking units and therefore these “heavier'’ fuel oils are usually 
cheaper than the “lighter” (lower boiling) materials.

From the refiner’s standpoint, then, a fuel oil is that portion of crude oil 
and residues which cannot be economically converted to, and marketed as, a 
higher priced product, either gasoline or one of the other materials mentioned 
above. Under Purchase of Fuel Oil are given the specifications by which such 
fuel oils are sold. If these specifications are met, satisfactory operation of 
suitable types of burning equipment is insured irrespective of the previous 
history of the liquid.

Purchase of Fuel Oils >
Units of Sale. Fuel oil is sold in the United States in multiples of the 

42-gal. barrel, the contents being measured at 60oF. Measurements made 
at other temperatures must be corrected to the standard, using expansion 
coefficients oɪ` the tables cited below under Quality of Material.

Though fuel oil is purchased for its available heat, this factor is never 
specified noɪ- is it usually determined. As a matter of fact, the heat of com­
bustion per unit weight varies to a small extent only. However, since fuel 
oil is invariably purchased by volume, the differences in weight, hence in 
heating value, should be allowed for in considering price.

Checking Receipts and Testing Quality of Fuel Oils
In drawing contracts and in making acceptance tests, it is advisable to 

refer to Petroleum Products and Lubricants, A.S.T.M. Rept. Comm. D2. 
This report is issued annually and contains standard methods for determina­
tion of any physical property. The descriptions of tests given below are 
intended only to indicate the nature of the tests. Actual determinations of 
these empirical factors should be carried out precisely as described in the 
above publication.

Sampling the Oil and Determining Receipts. On receipt in con­
sumers’ tanks, the volume of oil should be measured and its average tempera­
ture (oF.) obtained immediately. Any recognized method of sampling fox­
laboratory inspection may be used under conditions dictated by the fact that 
heavy fuel oil, especially, may not be homogeneous but may contain con­
siderable water and salts in suspension or at the bottom of tanks.

Specific Gravity. This determination complements that of temperature 
of shipments in checking the volume of receipts. Determination can be 
made by a hydrometer graduated in terms of specific gravity, but it is pref­
erably made with a hydrometer- carrying an arbitrary scale termed Degrees 
A.P.I. The latter is defined by

Degrees A.P.I. = — 60°∕⅛⅛J - ɪɜl-ʒ
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If the measured temperature of the oil is 60 + 30oF., the true volume at 
60oF. can be determined with sufficient accuracy for most cases from the 
following coefficients of cubical expansion:

Up to 35oA.P.I. = 0.0004 per degree
35 to 50oA.P.I. = 0.0005 per degree

Abridged volume-correction tables of greater actual and recognized legal 
accuracy will be found in the publication named above, the same being based 
upon a complete table in Nat. Bur. Standards Circ. 154.

Specifications for Fuel Oils. The specifications described in Table 14 
are those promulgated by the Department of Commerce under the title of 
Commercial Standards CS12-38, issued May 31, 1938.

Water and Sediment. (For Grades 1 to 5, Inclusive.) Standard Method 
of Test for Water and Sediment in Petroleum Products by Means of Centri­
fuge, A.S.T.M. Designation: D 96-35.

Water by Distillation. (For Grade 6.) Standard Method of Test for Water 
in Petroleum Products and Other Bituminous Materials, A.S.T.M. Designa­
tion: D 95-30.

Sediment by Extraction. (For Grade ,6.) Sediment in Fuel Oil by Extrac­
tion, A.S.T.M. Designation: D 473-38T.

PourPoint. Standard Method of Test for Cloud and Pour Points, A.S.T.M. 
Designation: D 97-34.

Carbon Residue. Standard Method of Test for Carbon Residue of Petro­
leum Products (Conradson Carbon Residue), A.S.T.M. Designation: D 
189-36.

Ash. Procedure for Determination of Ash as Described in the Standard 
Methods of Analysis of Grease, A.S.T.M. Designation: D 128-37. Sample 
shall be thoroughly mixed to ensure that portion for ash determination is 
representative of the sample.

Distillation. Distillation of Grade 1 oil shall be made in accordance with 
the Standard Method of Test for Distillation of Gasoline, Naphtha, Kerosene, 
and Similar Petroleum Products, A.S.T.M. Designation: D 86-35; and of 
Grades 2 and 3 in accordance with the Standard Methods of Testing Gas 
Oils, A.S.T.M. Designation: D 158-28.

Viscosity. The standard test method designated as D 88-36 calls for 
i.he use of a Saybolt Furol or Saybolt Universal viscosimeter. The reading 
obtained is the time, in seconds, required for 60 cc. of oil at constant tempera­
ture to flow through the Furol or Universal orifice under its own (continually 
decreasing) head. On the other hand, if relative values of viscosity only are 
required, the expensive SayboIt instrument may be dispensed with and a 
pipette-type viscosimeter such as described by Ferris [Ind. Eng. Chem., 20, 
974 (1928)] may be used.

The Saybolt Furol orifice is to be used for viscous oils only and at a single 
standard temperature of 1220F. If the oil shows less than 25 sec. efflux time 
at this temperature, its viscosity is to be measured at 100°F. with the Saybolt 
Universal orifice. The application of viscosity values to the design and 
operation of plant fuel-burning equipment is discussed on p. 2352.

Flash Point. Special equipment is required for determining the flash 
point of fuel oil, according to the American standard method D 93-36 using 
the A.S.T.M. Pensky-Martens tester. The flash point has scarcely any con­
nection with the manner in which an oil behaves in an oil burner. However, 
it does bear some relation to safety in storage even though it be obscure. In 
general, the lower the flash point, the greater the possibility of fire in storage 
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tanks due to a spark or flame. The small consumer will not find it necessary 
to check the flash point of his fuel oils, but its value should be obtained 
from the refiner and provision made to keep storage tanks well below this 
temperature.

PerCent EfficienylBurninq Coal Per Cent. Efficiency, BumingOiI

Fig. 8.—Conversion chart. Number of barrels fuel oil equiva­
lent to 1 ton coal.

Fuel Oil vs. Coal
Fuel Costs. Figure 8 will be of assistance in making this basic calculation 

with any given set of data. The example indicates that 1 ton óf 9500 B.t.u. 
per lb. coal burned 
in a furnace with 80 
per cent efficiency is 
equivalent to 3.5 
bbl. of 148,000 B.t.u. 
per gal. oil burned in 
a furnace with 70 per 
cent efficiency. 
Whereas, the utiliza­
tion of 80 per cent of 
the heating value of 
coal is quite excep­
tional, this ratio of 
heat into steam vs. 
heat in the fuel is not 
uncommonly ob­
tained with oil-burn- 
ing equipment. 
The average coal­
burning boiler prob­
ably operates at 
something less than 
65 per cent efficien­
cy. On the other 
hand, an over-all 
boiler-furnace efficiency of 75 per cent should always be obtainable with fuel 
oil, providing the equipment is in reasonably good operating condition and 
firemen are alert and passably well informed.

The higher average efficiency of oil-burning equipment reflects the relatively 
lower percentages of excess air necessary for combustion and the absence of 
ashpit losses. Nevertheless, there is an unavoidable loss in fuel-oil firing 
which may be considered to correspond to ashpit loss in coal firing.

Complete combustion of oil involves the formation of approximately an 
equal weight of water—since oil is about one-eighth hydrogen. The flue 
gases thus carry out the stack not only the sensible heat in the other gases 
but also all the latent-heat equivalent of the water (steam) formed. Depend­
ing on the oil used and the stack temperature, this loss may vary from 7 to 
9 per cent, whereas the corresponding “hydrogen-steam” loss from anthracite 
coal is of the order of 2.5 per cent and from bituminous coal up to 4.5 per cent.

Labor. The oil-fired plant shows a great saving in labor cost over the 
hand-fired coal-burning plant, chiefly because of the elimination of ćóal 
passing and ash handling. Even the most modern stoker and ash-handling 
equipment, or powdered-coal-burning equipment, as installed in larger plants, 
requires more labor than oil firing. A few firemen can control a large number 
of oil burners efficiently and the labor connected with cleaning fires is obviated. 
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If the oil burners are properly controlled, it is not necessary to clean flues so 
often as with equally well-operated coal-burning equipment. Good-class 
firing labor can be retained for oil-fired installations due to the pleasant work­
ing conditions which obtain. As a matter of fact, only conscientious and 
intelligent firemen should be employed, for, though fuel-oil firing is capable 
of exact control, poorly informed or careless operators can easily waste several 
times their daily wage in the price of oil inexpertly burned.

Operating Cost. The cost of atomizing fuel oil depends more on the 
primary cost of power, steam, or air than it does on the size of the oil-burning 
equipment itself. This follows from the fact that large installations consist 
of a number of small atomizing units.

Haslam and Russell (“Fuels and Their Combustion,’* McGraw-Hill, 
New York, 1926) conclude from a questionnaire sent to 24 manufacturers of 
fuel-oil-burning equipment that the cost of steam, low-pressure air, or mechan­
ical atomization varies from about $2.00 to $4.00 per 1000 gal. oil. atomized. 
The cost of high-pressure air atomization (80 lb. per sq. in.) is given as from 
$6.50 to $8.00 per 1000 gal. These figures may be taken as good averages 
for preliminary calculation, but on account of the variation in primary power 
costs it is practically necessary to calculate each installation for itself. In 
general, the use of high-pressure air-atomizing burners can only be justified 
if special conditions obtain, such as on ships where high-capacity burners 
are imperative and boiler water is expensive.

The steam required for atomization of oil is, under the best circumstances, 
somewhat less than 1.5 per cent of the steam generated by the boiler, but 
many good burners require 2 per cent, a figure which may be taken as the 
average of good practice. Poor burners, poorly operated, may consume up 
to 5 per cent of the steam generated with otherwise efficient boiler equipment.

There is no corresponding cost of preparing coal for hand- or stoker-fired 
furnace since coal-passing costs are properly classed with labor, and crane 
or elevator operations are usually considered as a handling cost to be added to 
freight.

The cost of preparing powdered coal varies between $0.25 to $0.75 per 
ton, exclusive of fixed charges. The power used is 1.5 to 2 per cent of the 
output of the boiler equipment, hence is comparable to that required for oil 
burners using steam atomization.

Repairs, Maintenance, and Depreciation. The repair and main­
tenance cost of the oil-burning equipment itself is invariably small since 
the only moving parts in many installations are the pumps. Five to seven 
per cent of the total investment is usually ample allowance for repairs and 
fixed-rate depreciation of 10 per cent per annum is considered good practice.

Oil firing is synonymous with high-temperature combustion zones, hence 
high-grade refrac tories must be used if the repair cost of furnace linings is 
to be kept within reason. However, the same applies to powdered-coal- or 
stoker-fired-coal-burning furnaces. The expansion and contraction of furnace 
linings, due to opening firing doors in hand firing of coal, are obviated by 
any of the above alternatives. Proportional decreases in maintenance 
cost partly, if not wholly, offset the effect of inherently high-temperature 
operations.

Investment Costs. The investment required for oil-burning equipment 
is influenced largely by items of tankage and piping. Since the kind of tank­
age and its location are frequently prescribed by local ordinance, these factors 
are not entirely under the control of the engineer. The oil-storage volume 
advisable per unit of oil-burning equipment is also contingent on regularity 



LIQUID FUELS 2349
of delivery, which in turn usually reflects the distance from source of oil 
supply.

As a rough general figure, the investment may be assumed to vary from 
about $3000 per 1000 gal. of oil burned per day for small installations (150 to 
200 boiler h.p.) to about $1200 per 1000 gal. of oil per day for 5000 boiler-h.p. 
plants. These costs include tankage, piping, heaters, pumps, meters, etc., 
set up ready to operate.

The comparative installation costs of coal-fired equipment scarcely admit 
of any generalization. These costs may vary from almost negligible figures 
in the case of hand-fired coal furnaces to the very substantial investment 
entailed by overhead bunkers, coal hoists or elevators, stokers, ash-handling 
devices, etc. However, two items of investment, the fuel inventory and the 
ground area required, are almost always in favor of oil-burning equipment, 
even in comparison with hand-fired coal installations.

The wide distribution of fuel-oil supply points usually makes it feasible 
to carry a smaller oil inventory than coal. Even if large volume reserves of 
oil must be carried, the fact is important that oil does not deteriorate in stor­
age and is not subject to spon­
taneous combustion or slow oxida­
tion which reduces the heating 
value of stored coal.

Another advantage accruing to 
the use of oil fuels is that the fuel 
storage may be placed at a con­
siderable distance from the point 
of use without materially increas­
ing handling costs. Where 
ground space is at a premium, 
this, together with the fact that 
oil requires only about 60 to 70 
per cent of the volume of coal of 
equal heating value may present 
real advantages.

Properties of Fuel Oils
Under Purchase of Fuel Oils (p. 

2344), those properties which form 
the subject of buyers’ and sellers’ 
contracts are discussed. In this 
section, properties of fuel oils of 
interest to the engineers design­
ing equipment or to the users of 
fuel oil are presented. These include heat content of oils, air required for 
combustion, flue-gas analysis as conditioned by excess air, and oil viscosity as a 
function of the temperature.

The high heating value of an oil (hydrogen burned to liquid water) in 
terms of both B.t.u. per gallon and B.t.u. per pound is given as a function 
of the A.P.I. gravity of the oil in Fig. 9. The example, illustrated by dotted 
lines on Fig. 9, shows that an oil which indicates 19o A.P.I. gravity at 100oF. 
has a true A.P.I. gravity (measured at 60oF.) of 16.8. Furthermore, its high 
heating value is 151,000 B.t.u. per gal. or 18,900 B.t.u. per lb.

The air required for the complete combustion of an oil may be accurately 
calculated from the data of an ultimate organic analysis, using the formula:
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Pounds of air per pound of oil = 0.1152 C + 0.3456 + 0.04328

Fig. 10.—Relation, of carbon dioxide in flue 
gas to excess air used.

A fairly good approximation of the air required for combustion can, how­
ever, be made without recourse to an elementary analysis. This circumstance 
is due to the fact that fuel oils do not differ greatly in their elementary com­
position. As a matter of fact, such oils range from 83 to 87 per cent carbon 
content, together with 11 to 13 per cent by weight of hydrogen. The remain­
der consists, for the most part, of sulfur and water dissolved or mechanically 
mixed with the oil. Despite the similarity in the ultimate composition of 
such oils, their chemical constitution is very complex and includes rather 
large molecular weight hydrocarbons of the saturated, unsaturated, and cyclic 
types. Aside from these hydrocarbons, a few per cent of other organic 
compounds containing sulfur, together with occasional small amounts of 
oxygen or nitrogen, are usually pres­
ent. The varied arrangement of 
these few elements in the molecules of 
the mixture is not reflected in large 
differences in heat content or air re­
quired for combustion.

Thus the high heating value of the 
oil may be calculated by the formula 
or read from Fig. 9, and the air re­
quired for combustion may be ap­
proximated by dividing the heating 
value per unit of weight or volume by 
100. In making this calculation, an 
analytical determination of the heat 
content is, of course, preferable to a 
calculation from the formula or from 
Fig. 9, but either will serve for ob­
taining the size of furnace air ports, 
dimension of air preheaters, etc.

Table 15 is introduced to show the 
applicability and shortcomings of this 
rule. Low-molecular-weight com­
pounds representative of each of 
three principal series are tabulated, 
ɪt will be noted that in all cases the 
approximation given by the rule be­
comes better with higher molecular weight. Unfortunately, sufficient data on 
pure high-molecular-weight compounds do not exist to prove the point with 
fuel oils, but experience has shown that the rule works quite well for these 
mixtures.

Figure 10 relates the percentage of carbon dioxide in dry flue gases to the 
ratio of air theoretically required and to the air actually used. The com­
paratively small difference between the combustion characteristics of light 
and heavy oil is illustrated by the chart, which is useful in orienting an 
observer on the meaning of CO2 determinations in flue gases from oil-fired 
equipment. (Note that the usual Orsat gas analysis yields per cent of con­
stituents approximately on the basis of dry gas irrespective of the water 
content of sample.)
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The viscosity of fuel oil at the point of injection to the burner is of con­

siderable importance from the standpoint of efficient operation. This state­
ment is equivalent to stressing the importance of the temperature of the oil 
since the desired viscosity is obtained with power-plant fuels by raising the 
temperature. Different oils of the same A.P.I. gravity, or specific gravity,

Table 15. Heats of Combustion and Air Required to Bum 
Hydrocarbons

1 lb.-mol oxygen is contained in 1820 cu. ft. air (60oF., 29.92 in. Hg).
3 + ɪ

1 lb. paraffins (C7lH2n+2) require--------¿(1820) cu. ft. air to burn.
28 + - n

1 lb. olefins and cycloparaffins (CnH2n) require ⅜8 (1820) cu. ft. air to burn.

1 lb. acetylenes and diolefins (CnH2n-2) require —:----^∙(1820) cu. ft. air to burn.
28 — —n

1 lb. olefin acetylenes (CnH2n-4) require-------- 5(1820) cu. ft. air to burn.
28 — —n

Hence, as the molecular weight of these hydrocarbons grows larger (n increases), the 
air required per lb. for complete combustion approaches the constant-quantity char­
acteristic of the olefines, namely, ⅜8(1820) = 195 cu. ft.

Hydrocarbon Formula A, 
Mol. wt.

β*, B.t.u. per 
lb. on 

combustion

C, Cu. ft. air 
to burn 1 lb. 
completely. 
Calculated

Ratio B:C

Paraftins:
Methane CHi (gas)............................... 16 23,550 228 103
Ethane C2H6 (gas).............................. 30 21,950 212 103
Propane C3H8 (gas).............................. 44 21,390 207 103
Butane (i.) C4H10 (gas)............................. 58 21,000 203 IO24-
Pentane (n.) C5H12 (liquid)......................... 72 20,700 202 102
Hexane (n.) CeHu (liquid)........................ 86 20.580 201 102
Octane (n.) CsHj8 (liquid)......................... 114 20,400 200 102
Decane C10H22 (liquid)........................ 142 20,200 199 10∣4-

Olefines:
Ethylene C2H4 (gas).............................. 28 21.200 195 109-
Propylene CaHe (gas).............................. 42 20,800 195 107-
Butylene C4H8 (gas).............................. 56 20,600 195 1054-
Amylene CsHio (gas)............................. 70 20,500 195 105
Hexylene CεHi2 (liquid)......................... 84 20,250 195 104
Diamylene C10H20 (liquid)........................ 140 20,200 195 103.5

Acetylenes:
Acetylene C2H2 (gas).............................. 26 21,400 151 142
Trimethylene C3H4 (gas).............................. 40 20,400-21,200 176 116120--
Diallyl CeHio (liquid)......................... 82 20,300 182 111
Heptine C7H12 (liquid)........................ 96 20,300 190- 107

* Data from “International Critical Tables,” vol. 5, pp. 163-164, McGraw-Hill, New York, 1929.

do not necessarily have the same viscosity at any given temperature. This, 
together with the fact that routine laboratory determinations of viscosity 
are never carried out at the temperature at which the oil is used, forms a 
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problem conveniently solved by reference to the recently adopted A.S.T.M. 
temperature-viscosity chart for petroleum oils. A straight line drawn 
on this chart between points representing two viscosity determinations at 
different temperatures enables the observer to read the viscosity of the partic­
ular oil at any other temperature. (The chart is equally applicable to the 
determination of the viscosity-temperature relationship of lubricating oils.)

If only one viscosity determination is available a rough approximation 
to the change in viscosity with temperature can be determined by drawing a 
line through the point parallel to a line drawn on the chart to represent 
an oil of similar type, i.e., depending on whether the oil is made from a 
paraffinic, mixed, or naphthenic, base crude. As a general rule the type of 
the fuel oil is not well known by the user, hence the method is of limited 
application. In any case, if other than the roughest approximation is 
desired the actual determination of viscosity at two temperatures- is 
necessary.

The minimum temperature to which an oil must be raised for successful 
burning is conditioned not only by the oil chosen but also by the burner used. 
To get best results with mechanical burners, the viscosity should not exceed 
150 sec. Saybolt Universal. A higher viscosity oil (lower temperature) can 
usually be handled efficiently by steam atomizing burners. Since the oil 
must be brought to steam-atomizing burners at pressures from 10 to 70 lb. 
per sq. in. and to mechanical burners at from 100 up to perhaps 250 lb. per 
sq. in., the effect of viscosity on pumping costs requires consideration. While 
it is advantageous to locate the oil-feed pumps near the burners, this is not 
always possible. In such cases the choice of oil, the viscosity to which it 
must be reduced, and the kind of burners present a problem of economics 
involving the laws of fluid flow. The proper-size pumps can be shown 
by an analysis of the situation in the light of the discussion pp. 2244-2265. 
No oil burner operates with the regularity inherently possible if it is necessary 
to heat the oil much above the point where it begins to vaporize. Hence the 
feed pumps, piping, etc., should be chosen of such dimensions that the required 
volume and pressure of the oil supply do not demand viscosity reductions 
corresponding to excessive temperatures.

Details of Fuel-oil Burning Equipment

General. The National Board of Fire Underwriters publishes a pamphlet 
“Regulations . . . for the Installation of Oil-burning Equipments.” In 
order to make certain that the lowest insurance rates will apply, equipment 
should be designed to conform to these regulations, which are those recom­
mended by the National Fire Protection Association. While these regula­
tions ensure physically “safe” equipment, it sometimes happens that munici­
palities or other local districts have certain additional rules governing such 
installations. It is the part of wisdom, therefore, to obtain the approval of 
the local fire authorities before actually installing any proposed equipment. 
The details which are particularly subject to regulation are: location of tanks 
(with respect to property lines), strength of materials, arrangement of drains 
or gravity cross connections from one storage tank to another, etc.

The principal units necessary for oil-burning equipment are indicated 
diagrammatically in Fig. 11. These are the storage tanks, pumps, oil heaters, 
and burners. Probably the most generally satisfactory procedure to adopt 
in providing equipment for fuel-oil burners is to purchase a complete “fuel-oil 
set.” A number of manufacturers market these sets consisting of strainers, 
pump, steam heater, and pressure regulators for oil passing to the burners.
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All the equipment is frequently mounted on one base plate. Nevertheless 
it sometimes happens that a system can best be served by purchase or manu­
facture of the equipment in parts rather than as a whole; hence, a few notes 
may be of value.

Storage Tanks.* Division of storage tankage into at least two parts 
facilitates cleaning and simplifies gaging of receipts. If the latter advantage 
is to be fully real­
ized, each tank 
should hold at 
least one unit of 
delivery. A 
13,000-gal. tank 
will hold the con­
tents of any tank 
car; tank trucks 
ordinarily de­
liver less than 
3000 gal. The 
maximum size of 
tanks is a mat­
ter of judgment 
predicated on 
the regularity of 
supply and in­
fluenced by local 
regulation. It is usually not absolutely necessary to provide storage for more 
than 10 days’ supply of oil, but three weeks’ or more capacity should be provid­
ed if at all feasible. Storage tanks for heavy oils should be provided with steam 
coils to keep the oil fluid for the pump suction. A bottom draw-off or, in 
the case of underground tanks, a sump with separate suction line should be 
installed for drawing off water and sediment. If possible, tanks should be 
arranged for filling by gravity from tank car or truck. A steam hose con­
nection near the inlet to the system will be advantageous, especially for cold­
weather deliveries.

Tosump 
pump

Oburmr

Oil retυrn to tanks

uve steam line
Fig. 11.—Fuel-oil firing system.

Storage
tank

Strainer

Relief 
valve

A simple gage pole generally meets all measuring requirements for fuel-oil 
storage. Gage glasses are troublesome with heavy-oil installations and are 
not to be generally recommended. If a continuous indicator is desired, one 
of several float devices on the market may be purchased. However, it is 
doubtful if any of these will serve the purpose better for outside tanks above 
ground than the following home-made device. Pass a ⅛o-in. steel wire 
through a gland on the top of the tank and over an old bicycle rim and wheel 
arranged as a pulley turning on its original ball-bearing axle. Connect one 
end of the wire to a 2-ft. square wooden float in the tank and the other to a 
weighted indicator guided by, and registering over, a scale on the outside of 
the tank. If the gland is lightly packed with lead wool, there will be no dan­
ger of accidentally ignited gases striking back through the opening and all 
insurance regulations in this regard will be met. The device will operate 
over a period of years without attention.

Pumps—Piping. Almost any type of pump of the proper size and capable 
of producing the requisite pressure may be used. A horizontal duplex steam 
pump provided with an air chamber to reduce the pulsation on the outlet 
oil is the most generally satisfactory, though motor-driven rotary pumps are 
gaining in favor for this service. Strainers should be inserted before the

*See Sec. 20.
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OHortar
Fig. 13.—Steam-atomizing burner. {Courtesy of 

W, N. Best Corp.)

pump and a two-compartment-type strainer is advisable, since cleaning can 
be done without affecting operation. Pumps should be installed in duplicate, 
particularly where fire protection equipment is dependent on the continuity 
of fuel-oil (steam) supply. The pumps should be placed as close to the storage 
tanks and at as low a level as possible. Advantage should be taken of every 
possible opportunity to re­
duce resistance in the pump 
suction line. Piping from 
thé pumps to the oil heater 
and from the heater to the 
burners should be designed 
for oil velocities of the or­
der of 2 ft. per sec. or 
lower.

Fuel-oil Heaters. De­
sign or selection of the oil
heater should be made with the requirement of easy cleaning in mind. Well- 
designed tubular units are most advantageous from this standpoint alone, but 
the standard double-pipe unit is often attractive because it makes it possible 
to heat the oil almost to the burner tip itself. Elegance in design and most 
efficient heating units can be obtained only by applying heat-transfer formulas 
such as are discussed in detail in Sec. 7. Nevertheless, heaters for fuel-oil- 
burning equipment are generally so small that the investment savings from 
elaborate design scarcely compensate for the time consumed. Such heaters 
may be designed on the as­
sumption that the heat-trans- 
fèr coefficient from steam to 
oil is 80 B.t.u./(sq. ft.) (oF. per 
hr.), with an oil velocity of 3 
ft. per sec.; or 40 B.t.u./(sq. 
ft.) (hr. per oF.), with an oil 
velocity of 1 ft. per sec. The 
specific heat of the oil may be 
taken as 0.5. Enough surface 
should be provided to reduce 
the viscosity of the oil to the 
proper point for the particular 
burner when the surfaces are 
fouled sufficiently to reduce 
heat-transfer rates to about one-third the above values.

Burners. There are five types of fuel-oil burners in use at the present 
time, namely: (1) Steam atomizing; (2) high-pressure air atomizing; (3) low- 
pressure air atomizing; (4) spray nozzle (also called “mechanical atomizing”) ; 
(5) rotary mechanical atomizing.

There are at least 75 companies in the United States manufacturing fuel-oil 
burners. Furthermore, experience indicates that it is almost impossible for a 
mechanically minded individual to observe the operation of fuel-oil burners 
for any length of time without feeling the urge to design his own improvement 
thereof. As a result of this situation, there are a large number of satisfactory 
designs in each of the above types of burners as well as a host of very mediocre 
appliances. The figures which follow illustrate a few of the good burners 
which are on the market, although the choice of a burner for illustration does 
not necessarily mean it is considered as the most efficient in its class.
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Figure 12 shows the inside-
Figures 12 and 13 show two examples of the first class of burner, namely, 

burners using high-pressure steam for atomiziɪ 
mixing type where steam and oil form a mix­
ture inside the burner. Figure 13 shows the 
outside-mixing type. Both of the burners 
illustrated present advantages over certain 
other examples of this type in that there are 
no small orifices to become clogged. Further­
more both burners can be quickly and easily 
disassembled for cleaning whenever necessary.

With either of these burners, the primary air 
is drawn in around the burner, and secondary 
air is usually supplied through a checker­
work in the base of the furnace. The steam 
consumption of these burners may be as low 
as 1 per cent of that generated in the boiler. 
However, about 1¼ to 2 per cent is more 
usual, and with poor operation it is possible to 
use as much as 5 per cent of the total steam.

Proper adjustment of the steam quantities 
can be made by observing the character of the flame. A white flame indi­
cates too much steam, a smoky one too little, and a bright orange to yellow 
flame indicates the proper mixture. All of these observations are predicated 
on sufficient air for combustion being present.

Fig. 14.r—High-pressure 
atomizing burner. (Courtesy of 
Schutte and Koerting Co.)

Fig. 15.—Low-pressure air-atomizing burner. (Courtesy of IIauck Manufacturing Co.)

It is hardly necessary to state that the only function of the steam is to 
break up the oil into fine droplets so that it can quickly and thoroughly 
contact with air for combustion. Having effected this atomization, dry steam 
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However, if the steam

Air Inleft
Fig. 16.—Low-pressure air­

atomizing burner. (Courtesy of 
Schutte and Koerting Co.)

!

has practically no further effect on the combustion, 
is wet, combustion is slowed down, burners 
operate in an irregular fashion, and a portion 
of the heat of the oil is required to supply the 
latent heat of vaporization of water. To ob­
tain the most effective atomization of the oil, 
provision should be made so that only dry 
steam can reach the burner. A small coil in 
the fire box of the furnace can be used with 
advantage to superheat the steam before it is 
passed to the burners.

Figure 14 shows an example of the high- 
pressure air-atomizing burner. These burn- 
ers differ little in design'from the 
steam-atomizing burner and, in fact, are often 
used interchangeably. A drip tank should 
be installed on the air lines ahead of compressed-air-atomizing burners, sine© 
occasional slugs of water may extinguish the flame, particularly before the 
combustion chamber has 
attained full operating tem­
perature.

Figures 15 and 16 show 
two examples of low-pres­
sure air-atomizing burners. 
Burners of this type re­
quire air supply at pres­
sures from a few ounces up 
to 4 to 5 lb. per sq. in. 
Such burners may require 
atomizing air equal to 50 
or 60 per cent of the total 
necessary for complete 
combustion. Motor- 
driven blowers, and less 
frequently steam-turbine- 
driven blowers, are used 
to supply the air.

The mechanical or spray­
nozzle type of burner (Figs. 
17 and 18) depends upon 
special-shaped orifices to 
atomize the oil forced to 
the burner under a pressure 
of 100 to 200 lb. per sq. in. 
Some burners will operate 
fairly satisfactorily at low­
er pressure, but this type 
is essentially a high-pres­
sure, low-viscosity oil burn­
er. Heavy fuel oil can of 
course be burned with these appliances, but the temperature must be raised so 
that the viscosity of the oil ranges from 100 to 125 sec. Saybolt Universal for 
best results.

11 Quick detachable yoke
12 Mechanical atomizer
13 BoltfyrseitingupgroundJoint
14 Hinge
15 Center impeller
16 VHng set screw
∏ Headlesssetscrew
18 Flexible oil connection
19 RadiationguardorouterCrontplafe
20 CombinationHgIrtingandpeepdoor

. Hrebrtckmouidedhle
2 Cridfor holding tHe
3 Bladed cone
4 Register
5 Automatic air doors
6 Coverplate
Ί Spiderwithcams
8 Iiandleforoperatingairdoors
9 Distance piece

10 Quick detachable coupling
Fig. 17.—Mechanical atomizing burner. (Courtesy of

Babcock and Wilcox.)
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When mechanical spray burners are used, it is practically necessary to 

arrange to supply all air for combustion through openings around the atomizer. 
The best results can be secured only if the air is guided in proper channels 
with respect to the pattern of the oil spray. Air registers such as are shown 
in the illustrations are, therefore, always supplied with these burners. The 
size of air ports in these registers should be easily and accurately adjustable.

Mechanical spray burners are very popular for marine boilers when elimina­
tion of steam consumption and saving of space and power for air blowers or 
compressors are of importance. The two principal disadvantages of this type 
of burner are: (1) the necessity of removing practically all suspended matter 
from the oil, else the small burner orifices will clog up; (2) interdependence of 
quantity of oil burned and character of the atomization. As a matter of fact, 
variation of capacity over wide ranges can only be secured by changing the 
nozzles in these burners. Small changes in capacity can be effected by chang­
ing the oil pressure, though the procedure is less effective with small nozzles 
than with larger sizes.

The last of the five classes of burn­
ers, the rotary mechanical type, is 
finding extended application for 
household heating boilers. The in­
vasion of the power-plant field by 
this type of burner is improbable due 
to the difficulty of handling heavy 
fuel oil.

The selection of the proper type of 
burner involves many factors of 
purely local significance. Thus, if 
very heavy oil is to be burned under 
boilers upon which the load varies 
greatly, the mechanical spray burner 
is at a serious disadvantage and the 
tendency of steam jet burners to “blow out” with low fires must be considered. 
If medium- or light-gravity oil is to be used and the load is steady, either 
mechanical burners or steam burners will operate satisfactorily. The use of 
high-pressure air burners is becoming obsolete for boiler plants, but they are 
still used to advantage in some types of metallurgical furnaces.

Relative efficiencies of the various types of burners also admit of no general 
statement. Proper size of burners for the particular duty, and skill in 
firing, probably weigh more in the efficiency obtained than any differences of 
design.

A new fuel-oil installation should at first be under the scrutiny of an 
informed operator or engineer who can interpret flue-gas analyses and who 
can direct work to determine the optimum oil temperatures, burner adjust­
ment, draft conditions, secondary air regulation, etc. By following this 
procedure and by occasionally checking up intelligent and conscientious 
firemen with results of flue-gas analyses, the high efficiency inherent to oil­
burning equipment can be established and maintained.

Miscellaneous Liquid Fuels
Coal Tar. Coal tar is a by-product of the manufacture of coke and 

of coal gas. This tar is a viscous mixture consisting, for the most part, of 
aromatic compounds. Its heating value varies from 15,000 to 16,500 B.t.u. 
per lb. In order to burn coal tar in regular fuel-oil burners, the tar must be

Fig. 18.—Mechanical atomizing burner. 
(Courtesy of Bethlehem Steel Co.)
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-Vapor pressures of various 
substances. (From Marks, “ Mechanical 
Engineers' Handbook.”)

filtered and preheated to such a temperature that its viscosity is reduced to 
that of the oils for which the particular burner is designed.

Tar Oil. Tar oil is obtained by the distillation of coal tar and consists 
of so-called “ creosote oil,” “ anthracene oil” and other materials. Its heating 
value is about the same as that of coal 
tar, i.e., 15,000 to 16,500 B.t.u. per lb.

Gasoline. The composition of an 
average gasoline is: carbon, 83.5 to 85 
per cent; hydrogen, 15.0 to 15.8 per cent; 
nitrogen plus sulfur plus oxygen, 0 to 1 
per cent. The heating value is about 
20,000 B.t.u. per lb. and requires for 
combustion about 15 lb. air (about 200 
cu. ft.) per pound of gasoline.

Specifications for different grades of 
gasoline may be obtained from various 
departments of the U. S. Government, 
such as the U. S. Navy, the U. S. Army, 
etc.

Kerosene. The United States Gov­
ernment specification for kerosene to be 
used as a burning oil requires a distilla­
tion end point of not more than 625oF. 
and a flash point of not less than 115oF. 
The heating value of kerosene is from 
20,000 to 21,000 B.t.u. per lb. The 
average composition of kerosene is : car­
bon, 84 per cent; hydrogen, 15, to 16 per 
cent; sulfur should not exceed 0.125 per cent (U. S. Government specification).

Alcohol and Benzol. Table 16 gives pertinent combustion data for vari­
ous alcohol and benzol fuels.

Figure 19 shows the vapor pressures of a number of common liquid fuels: 
gasoline, hexane, methyl alcohol, ethyl alcohol, kerosene (three grades) 
(from Marks, “Mechanical Engineers’ Handbook,” McGraw-Hill, New 
York, 1941).
Table 16. Combustion Data for Various Alcohol and Benzol Fuels

Fuel

O2 
required 
for com­
bustion, 

lb. per lb.

Air 
required 
for com­
bustion, 

lb. per ɪb.

Products of 
combustion, 
lb. per lb. Approximate 

higher heating 
value, B.t.u.

per lb.
CO2 H2O N2

Ethyl alcohol (C5HsO).............................. 2.08 9.04 1.91 1 17 6.95 12,780
Methylalcohol(CH4O)............................. 1.5 6.50 1.38 1.12 5.0 9,550
Benzol (CeHe)............................................ 3.1 13.32 3 39 0 69 0 24 18,000
Denatured alcohol...................................... 1.81 7.83 1.66 1.15 6.02 11,600
50 per cent mixture of alcohol and benzol 2.45 10.60 2.53 0.92 8.16 14,200



GASEOUS FUELS
BY WILBERT J. HUFF 

DESCRIPTION OF VARIOUS FUEL GASES*
Acetylene. The use of acetylene as a fuel and illuminant is generally 

limited to cutting and welding operations requiring high flame temperature, 
to small isolated lighting plants, and to single “carbide” lights. It is made 
from calcium carbide and water. To avoid a dangerous rise in temperature, 
sufficient water (about ½ gal. per lb. carbide) should be present in the 
generator. The crude gas contains as impurities: ammonia, hydrogen 
sulfide, and phosphine, which must be removed before the gas can be used 
for indoor illumination. Acetylene forms explosive acetylides, particularly 
with copper, has wide explosive limits when mixed with air, and is explosive 
per se at pressures of 2 atm. and at 780oC. Its use as a liquid is therefore 
prohibited, and it is ordinarily dissolved in acetone under pressure. (Ful- 
weiler, chapter on Industrial Gases, in Rogers, “ Manual of Industrial 
Chemistry,” 5th ed., Van Nostrand, New York, 1931. Vogel, “Das Acety­
len,” Spamer, Leipzig, 1923.)

Blau Gas. Blau gas is a specially prepared cracked-oil gas, processed to 
permit the use of pressures as high as 100 atm. In America its use has been 
replaced by liquefied petroleum gases.

Blast-furnace gas is a by-product from the smelting of iron ore with 
coke and preheated air in the blast furnace. These furnaces, consisting 
of a cylindrical shaft charged to the height of some 70 ft., contain a col­
umn of coke from the hearth to the top of the bosh, and above this are 
placed coke and iron ore alternately, with an appropriate flux. About one- 
third of the exit gases from the top of the furnace is used for heating the blast 
stoves, and the remainder may be burned under boilers or cooled and cleaned 
for use in gas engines.

The gas is also used alone or in admixture with other gases for underfiring 
coke ovens. The practice was introduced in the United States from Europe, 
the first installation occurring at the South Chicago plant of the By-Product 
Coke Corp, about 1929. The gas is carefully cleaned and washed before use. 
The low B.t.u. value requires regenerative preheating, as with producer gas. 
[Camp and Francis, chapter on Blast Furnace Gas, in Bacon and Hamor, 
“American Fuels,” McGraw-Hill, New York, 1922. Wagner, “The Clean­
ing of Blast Furnace Gases,” McGraw-Hill, New York, 1914. Blast Furnace 
and Steel Plant, 17, 1048-52 (1929).]

Blue water gas (see pp. 2389-2390) is the product obtained by the inter­
action of steam and a highly heated low-volatile carbonaceous fuel. The 
gas is non-luminous, hence its name. The fuel, which may be an anthracite 
coal or a coke, is brought to a high temperature by blasting with air, after 
which the air supply is cut off and steam is injected. At first, this steam is 
admitted under the grates. As the lower portion of the bed cools rapidly, the 
steam injection is split to send a portion down through the bed, followed by 
a brief up-run purge to clear the ashpit of combustible gas. The blast of air is 
again admitted to restore the temperature, after which another steam run is 
made, and the alternate admission of air and steam is continued with brief 
cessations for the charging of more fuel. Usually the gases from the steam

* Analysis of typical industrial fuel gases will be found on pp. 2363-2368.
2359 
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runs only are sent to the gas holder. To balance the thermal conditions 
within the set, as in making carbureted water gas or to increase the gas 
volume and density, producer gases from the end of the blow are sometimes 
sent to the holder. After several hours, in machines not automatically 
clinkered, it is usually necessary to stop the operation to remove the clinker 
and to restore the gas-making capacity of the machine. In recent years 
bituminous coal, preferably of non-caking properties, has come into extensive 
use as a fuel, and the resulting gases from the generator may contain a small 
amount of gas obtained from destructive distillation. [Fulweiler, chapter on 
City Gas, op. cit. Meade, “Modern Gas Works Practice,” Benn, London, 
1921. Travers, Trans. Inst. Chem. Eng. (London), 2, 65 (1924). Morgan, 
“American Gas Practice” (privately printed), vol. I, Chap. 15, 1931. Ful- 
weiler, Proc. 1st Intern. Conf. Bituminous Coal, p. 472; U. S. Bur. Mines, 
Bull. 203; Tech. Papers 246, 274, 284, 335; Rept. Investigations 2183. Petty­
john, Am. Gas Assoc. Proc., 1930, p. 1535.]

Carbureted Water Gas (see pp. 2390-2394). As the thermal content 
of blue water gas is too low to meet present public requirements, the gas is 
carbureted with oil gas which is formed by the thermal decomposition (see 
p. 2392) of the oil usually in supplementary shells connected in series'to the 
generator shell of the water gas machine. These shells, designated (in order 
of sequence) the carburetor and the superheater, are filled with checkerwork 
surfaces of firebrick when gas oil is used and are heated by the sensible heat 
of the blue and the blast gases and by the combustion of the carbon monoxide 
and other fuel gases contained in the blast gases, using secondary air injected 
at the top or entrance of the carburetor, which receives the oil during the 
gasmaking periods. When heavy oil is used, much or substantially all the 
checkerwork may be removed from the carburetor, and some of the heavy 
oil may be thrown upon the top of the generator fire during the run, with 
the simultaneous admission of some air to burn off the carbon.

Coal gas (retort) (see p. 2397) is obtained by the destructive dis­
tillation of bituminous coal Of suitable characteristics, usually designated 
as a gaś coal, in a closed, highly heated retort of fire clay or silica. The retort 
may be placed in a horizontal, vertical, or inclined position. Other products, 
such as tar, ammonia, and water, are driven off at the same time and removed 
by subsequent cooling and other treatment of the gas stream. (Fulweiler, 
chapter on City Gas, in Rogers, “ Manual of Industrial Chemistry,” 5th ed., 
Van Nostrand, New York, 1931. Meade, loc. cit. Morgan, loc. cit. Also 
publications of the American Gas Institute and the American Gas Associa­
tion, particularly the Carbonization Committee of the latter. See also 
references under Coke-oven Gas.)

Coke-oven gas is a coal gas derived from the distillation of a bituminous 
coal generally known as a “coking coal,” which is somewhat lower in volatile 
content than the usual gas coal. The carbonizing chamber is very much 
larger than the coal-gas retort and is built up from silica forms. The pri­
mary object of the process generally is the production of a metallurgical coke 
with gas as a by-product. Tar, ammonia, and light oils are obtained from 
the gas. (Sperr, chapter on the Technology of Coke, in Bacon and Hamor, 
“ American Fuels,” McGraw-Hill, New York, 1922. See references under 
Coal Gas; also Haslam and Russell, “Fuels and Their Combustion,” chapter 
on the Carbonization of Coal, with bibliography, McGraw-Hill, New York, 
1926. “International Handbook of the By-product Coke Industry” by 
Gluud, Am. Ed. by Jacobson, Reinhold, 1932.)

Hydrogen. The use of hydrogen as a fuel is limited to certain spe­
cial industrial purposes, such as certain welding and cutting operations. 
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Because of its application in the synthesis of ammonia and methanol and 
in the hydrogenation of oils, it is of considerable importance, however. 
One of the methods of production at present favored involves the catalytic 
oxidation of the carbon monoxide in blue water gas to carbon dioxide with 
steam. Electrolysis and the low-temperature fractionation of coal gas are 
also used. (Taylor, “Industrial Hydrogen,” Reinhold, New York, 1921. 
Greenwood, “Industrial Gases,” See.. VI, Bailliere, Tindall and Cox, 1920. 
Pincass, “ Die Industrielle Herstellung von Wasserstoff,” Steinkopff, Dresden, 
1933. See also “Fixed Nitrogen,” Reinhold, New York, 1932.)

Natural gas is obtained by drilling through overlying strata to tap 
porous rocks, generally in sandstone of open texture or broken limestone, 
known as sands, above which a relatively impervious compact shale or cap 
rock has been folded in the form of a dome or inverted container. The 
gas is usually associated with petroleum or coal in carboniferous strata 
or more recent formations and is often trapped under high rock pressures. 
(Cross, “Handbook of Petroleum, Asphalt and Natural Gas,” 1928revision, 
Kansas City Testing Laboratory. Diehl, “Natural Gas Handbook,” Metric 
Metal Works, Erie, Pa., 1927. U. S. Bur. Mines, Bull., particularly 65, 82, 
134, 163, 232; and other publications of the same ,bureau. Bacon and Hamor, 
“American Fuels,” McGraw-Hill, New York, 1922. Dunstan et cd., “The 
Science of Petroleum,” Oxford University Press, London, 1938.)

Oil Gas. The oil gas manufactured for public utility distribution on the 
Pacific coast is made by the gasification of oil with steam in a chamber 
containing hot checker brick. The heat is obtained by burning oil in the 
same chamber, and the process is a cyclic one, as in the water gas process. 
[Pike and West, Ind. Eng. Chem., 21, 104-109 (1929). Morgan, op. cit.]

There are a number of other oil gas processes, none of which are, however, 
widely used in the United States. The gases from oil refineries, particularly 
from the operation of various cracking processes for the production of gasoline 
from higher boiling oils, are utilized to some extent, and this utilization for a 
time tended to increase. Recent developments in the production of synthetic 
gasoline by catalytic polymerization of the refinery gases has, however, 
provided an excellent outlet. (Cross, op cit., pp. 302 ff.; cf. p. 547. Leslie 
“ Motor Fuels, Their Production and Technology,” Reinhold, New York, 
1923.)

Petroleum Gases. The fractionation of gasolines, particularly those 
recovered from natural gas, has made available a large quantity of light hydro­
carbon liquids and vapors, chiefly propane and butane. These are available 
commercially for shipment under pressure for use as fuel gases and possess 
certain advantages, as in isolated situations where only a small quantity of 
gas is required, which may be serviced from pressure containers. In non- 
inflammable mixtures with air, the vapors, particularly butane, are distributed 
by pipe line from a central point for the servicing of small communities. 
Propane may be distributed directly without admixture. (Thomas and 
Setrum, Proc. Am. Gas Assoc., 1928, pp. 1284 ff. Odell, U. S. Bur. Mines, 
Rept. Investigations 2840, November, 1927. Oberfell, Gas Age-Record, Feb. 2, 
1929. Odell, U. S. Bur. Mines, Bull. 294. Repts. Am. Gas Assoc., Water-gas 
Committee. Dunstan et al., loe. cit. Morgan, op. cit., Chap. 20.)

Producer gas (see pp. 2386-2389) is generated by blasting a deep hot bed 
of coal or coke continuously with a mixture of air and steam. Because of the 
large percentage of nitrogen in the gas thus obtained, its heating value is low. 
Solid fuels of widely different characteristics, including wood waste, may be 
employed in the process, and the variations in the thermal value of the result­
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ing gas with the various volatile contents of the solid fuels are correspond­
ingly large. Gas having as much as 180 B.t.u. per cu. ft. is made with 
high-volatile coals, while low-volatile coke with poor operations may give 
110 B.t.u. per cu. ft. or lower. (Rambush, “Modern Gas Producers,” Benn, 
London, 1923. U. S. Bur. Mines, Bull. 7 and 13. Haslam and Russell, 
chapter on Producer Gas with bibliography in “ Fuels and Their Combustion,” 
McGraw-Hill, New York, 1926. Reports, Carbonization Comm, and Sub­
comm. on Producer Gas, Am. Gas. Assoc., Proc., 1927, 1928, 1929, 1930.)

Pintsch Gas. Oil may be cracked in closed iron retorts, externally 
heated. When this oil gas is compressed to 10 to 14 atm., it forms Pintsch 
gas, developed 60 years ago for the lighting of railway coaches. It is not used 
in America today.

Re-formed Gas. Although applicable to any gas transformed by 
suitable treatment, the term “re-formed gas” is ordinarily applied to lower 
thermal value gases obtained by the pyrolysis and steam decomposition of 
high thermal value gases, such as natural gas Or oil refinery gas. The steam 
minimizes carbon loss and possesses other advantages. (C/. Odell, U. S. 
Bur. Mines, Bull. 301; Tech. Paper 483; Rept. Investigations 2973 and 2991. 
Also Schlegel, Am. Gas Assoc, Proc., 1930, p. 1466. Morgan, op. cit., Chap. 19.)

Impurities and By-products
Sulfur Impurities in Gaseous Fuels. The chief sulfur impurity in 

gaseous fuels is hydrogen sulfide. Certain natural and petroleum gases 
are found free from this undesirable impurity, but its presence may otherwise 
be expected rather universally in raw fuel gases in amounts which may range 
from approximately 100 grains per 100 cu. ft. in blue and carbureted water gas 
to several hundred grains per 100 cu. ft. in coal and coke-oven gases. In 
refinery gases from sulfur crudes and natural gases from sulfur-bearing regions 
the concentration may be several thousand grains per 100 cu. ft. For public 
utility purposes laws generally forbid the distribution of gas containing any 
hydrogen sulfide. In manufactured gas practice this impurity may be 
removed by hydrated iron oxide masses or by certain liquid purification 
processes. The liquid processes ordinarily involve absorption in an aqueous 
alkaline solution made up with sodium carbonate or ammonia, although 
alkaline phosphates or strong organic bases are used. The absorbed hydrogen 
sulfide is expelled by a stream of air or by heat and vacuum or may be con­
verted to sulfur by the action of air and a catalyst in another stage of the 
process.

The other important sulfur impurity is ordinarily carbon disulfide, which 
may contribute as much as 80 per cent of the organic sulfur present in manu­
factured fuel gases. In such gases, however, the total organic sulfur is rela­
tively small, usually much less than the 30 grains per 100 cu. ft. of gas limit 
permitted by most states.

Other sulfur compounds, which may be present in small amounts, are 
the thiophenes, carbon oxysulfide, mercaptans, thioesters, and organic 
sulfides. [Repts. Am. Gas Assoc. Purification Committee. Morgan, 
“ American Manufactured Gas Practice,” 1931 ed., Chap. 23. “ International
Handbook of the By-Product Coke Industry,” by W. Gluud, Am. ed. by 
Jacobson, Chap. 9, Reinhold, New York, 1932. Huff and Milbourne, 
■Am. Gas Assoc.,Proc., 1930, p. 856; Ind. Eng. Chem., 22, 1213 (1930). Dotter­
weich and Huff, Am. Gas Assoc., Proc., 1938, p. 699. Huff and Holtz, Am. 
Gas Assoc., Proc., 1927, pp. 1431, 1436; Ind. Eng. Chem., 19, 1268 (1927), and 
22, 639 (1930). Denig and Powell, Liquid Purification, Am. Gas Assoc.,
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INDUSTRIAL FUEL GASES
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Table 18. Composition of Natural Gases in Various Parts of the
United States*

City
Little Rock, Ark.. Bartlesville, Okla. Cleveland, Ohio... Los Angeles, Cal... Palestine, Ill..............Buffalo, N. Ÿ...........Kansas City, Mo.. Charleston, W. Va. Olney, Ill........................

Constituents TotalCO2 CH4 C2H6 N2 H2S
1.0 96.7 0.0 2.3 100.02.8 89.1 4.2 3.9 100.00.0 83.6 15.7 0.7 100.025.1 59.1 14.5 1.3 100.00.5 95.6 0.0 3.9 100.00.0 88.1 11.5 0.4 100.00.8 84.1 6.7 8.4 100.00.0 76.8 22.5 0.7 100.00.0 37.5 59.6 ,.7 1.2 100.0* Burrell and Robertson, Compressibility of Natural Gas and Its Constituents, with Analyses of Natural Gas from 31 Cities in the United States, U. S. Bur. Mines, Tech. Paper 158, 1917.

Table 19. Typical Analyses of Gas from Koppers By-product Coke 
Ovens*

CO2 Illumi­nants O2 co H2 CH4 N2 B.t.u. perCU. ft. Sp. gr.
Straight gasBefore removing benzol.... ................... 2.2 3.5 0.3 6.8 47.3 33.9 6.0 591 0.44Straight gasAfter removing benzol............................ 2.2 2.6 0.3 6.9 47.8 34.2 6.0 562 0.42Enriched gasBefore removing benzol......................... 2.6 4.3 0.2 6.3 46.3 35.0 5.3 630 0.45Enriched gasAfter removing benzol............................ 2.6 3.2 0.2 6.4 46.8 35.4 5.4 605 0.42Lean gasBefore removing benzol......................... 2.1 2.0 0.3 6.0 57.0 27.0 5.6 531 0.38Jbean gasAfter removing benzol............................ 2.1 1.0 0.3 6.1 57.5 27.3 5.7 500 0.35

* These analyses are taken from different plants and consequently represent different coals and some­what different operating conditions.
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Table 23. Composition of Hydrocarbon Group in Different Types of 
Gas*

(Figures in per cent)

Constituent

Ethylene. Ethane... Propylene. Propane.. Butylene. Butane.................Liquid hydrocarbons (as vapor)Total.
Ethylene + ethane.. Propylene + propane Butylene + butane
Ethylene × 100 Ethylene + ethanePropylene × 100Propylene + propaneButylene × 100 ɪButylene + butane ʃLiquid hydrocarbons, per cent unsaturated Hydrogen, per cent in gas...........................................

Low-tern- Oil crack­ing
Carbureted water gas High-tem­perature carbon­ization. Koppers ovens

carbon­ization. Karrick retortt From coke From. anthraciteI II - III IV V10.3 63.4 56.6 66.0 48.840.3 6.5 11.1 10.0 26.39.8 16.4 12.8 8.4 5.714.7 0.5 2.2 0.8 2.17.6 9.0 6.2 4.3 3.55.2 0.2 0.0 0.0 0.812.1 4.0 11.1 10.5 12.8100.0 100.0 100.0 100.0 1 00.0
50.6 69.9 67.7 76.0 75.124.5 16.9 15.0 9.2 7.812.8 9.2 6.2 4.3 4.3
20.4 90.5 83.6 86.8 55.0
40.0 97.0 85.3 91.3 73.1
59.3 98.0 100.0 100.0 31.575.0t 100.0§ ιoo.on 100.0^ 1 10.010.1 19.0 I 37.4 38.4 >7.2* Yant and Frey, Ind. Eng. Chem., 19, 1359 (1927).t Per cent in total hydrocarbons excluding methane.j Separate determination; no aromatics detected.§ Roughly 25 per cent aromatic, 75 per cent olefinic; very little saturated. 

K Assumed; largely benzene.
Table 24. Comparison of Fractionation Analysis with Usual Orsat 

Analysis*
(Figures in per cent)

Constituent Low-temperature carbonization High-tempera­ture carboniza- tionf Carbureted water gasKarrick retort Koppers ovens V l From anthraciteSteam at 500oC. Steam at 850oC.
A B A B A B A B A I BCO2 ÷ H2S.............N2.................................... 11.50.6 11.50.0 2.40.9 2.40.5 0.96.8 0.96.9 3.34.2 3.33.6CC . J1.2 ZZ . J0.0O2..................................... 0.2 0.0 0.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0H2.................................... 3.3 3.3 43.1 43.0 56.4 56.5 37.4 37.2 38.4 38.6CO................................... 9.8 9.6 13.0 13.1 5.7 5.6 35.0 35.0 31.0 31.3CH4................................ 23.5 25.6 21.4 23.8 29.3 29.6 7.9 7 9 12.6 12.7C2H6.............................. 30.0 29.4 7.5 5.8 1.5 1.3 1.8 1.7 1.2 1.0Illuminants.............. 9.7 9.8 2.7 2.9 3.8 4.1 10.2 10.4 9.3 i).5Total........................ 100.0 100.0 100.0 100.5 100.0 100.0 100.0 100.0 100.0 100.0

A = fractionation analysis calculated into terms of Orsat analysis. 
B = actual Orsat analysis of same sample.* Yant and Frey, Ind. Eng. Chem., 19, 1360 (1927).t A different sample of unscrubbed gas from same ovens.
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Proc., 1933, p. 913. Denig, Am. Gas Assoc., Proc., 1933, p. 903. Sperr, 
Am. Gas Assoc., Proc., Tech. See., 1921, p. 282; 1923, p. 1200. Huff, Proc. '2d 
Intern. Conf. Bituminous Coal II, 1928, p. 814. Bottoms, Ind. Eng. Chem., 
23, 501 (1931).]

In the iron oxide process for the removal of hydrogen sulfide, as generally 
practiced in America, the oxide, which is ordinarily rusted iron borings, bog- 
iron ore, or a by-product from the refining of bauxite, is mixed with wood 
shavings. Ground corncobs also make an excellent support, although wood 
is to be preferred. About 25 lb. oxide are used per bushel of shavings. With 
boring oxides, the rusting may take place on the shavings and a prepared 
purifying material may be offered. The shavings serve as a fluffing agent, 
permitting the ready passage of gas through the material and serving to 
expose the oxide to the gas stream. Oxides vary enormously in their purify­
ing properties and this property is not dependent upon the iron content but 
upon the chemical and physical state of the oxide. Humidity effects play a 
most important part in the reaction. Data developed by Huff and Milbourne 
[loe. cit.^) indicate that the fouling reaction is best maintained at a humidity 
of about 65 per cent. The fouled oxide is revivified by the action of oxygen 
in air in the presence of moisture; the study above mentioned showed that 
high humidities, just sufficiently under saturation to avoid the precipitation 
of liquid moisture, are best. Spent oxide may be revivified in situ simul­
taneously with fouling by admitting a small quantity of air with the gas, 
about 0.5 per cent more oxygen (on total volume basis) than is required for 
the reaction 2H2S + O2—>2S + 2H2O. The reaction is, however, more 
complex than this equation indicates. The revivification process is relatively 
slow and, when practiced simultaneously, humidity conditions favorable to 
it must prevail. The oxide may be revivified by removal from the box or by 
by-passing the box and passing air through it, but care must be taken to 
avoid overheating and explosions.

The oxide is placed in cast-iron or steel boxes of large cross section in order 
to effect contact with a minimum of pressure drop. Wooden trays are placed 
in the boxes and the oxide-shavings mixture is placed in two or three layers 
usually from 18 to 30 in. deep. If only a single layer is used, it may be about 
4 ft. deep. The oxide is distributed over at least three or four boxes in series, 
and suitable valve arrangements make it possible to change the order to 
permit the placing of a badly fouled box out of the line or in a position where 
it may not receive much hydrogen sulfide and so be revivified.

A formula which allows for the several factors in calculating the area of 
the boxes is known as the Steere formula [Bull. 37, Steere Engineering Co., 
Detroit, Mich, or Gas Age, 43, 227 (1919)]. This is

3000 X (D + C) XA

G XS
3000 X (D + C)

S

WhereG is the maximum amount of gas in cubic feet corrected to 60oF., to be 
purified per hour; D is the total depth in feet of oxide through which the gas 
passes consecutively. When a single catch box is used for two or more 
parallel sets of boxes, disregard the catch box in obtaining D; A is the cross- 
sectional area in square feet of oxide through which the gas passes in any one 
layer in the series; C is the factor: 4 for a two-box, 8 for a three-box, and 10 
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for a four-box series. Where a single catch box is used for two two-box 
sets, C = 6; $ is the factor for grains hydrogen sulfide per 100 cu. ft. ga3 
entering the purifiers as follows:

Grains HaS per
100 Cu. Ft. Factor

Unpurified Gas S
1000 or more 720
900 700
800 675
700 640
600 600
500 560
400 525
300 500
200 or less 480

By-products in Gas Manufacture. In the carbonization of coal for 
the production of gas and coke, there are obtained as by-products: ammonia, 
light oils of the aromatic-hydrocarbon series, and tar. Other by-products, 
such as cyanides, are sometimes obtained.

Ammonia. The ammonia yields may vary from 20 to 26 lb. ammonium 
sulfate equivalent per ton of coal carbonized. In the distillation of the coal, 
there is condensed generally from 10 to 14 gal. gas liquor per ton of coal 
carbonized. This may contain about one-half the ammonia, of which 75 
to 80 per cent will probably be in the free form and the remainder in the form 
of “fixed salts.” The free form consists of ammonium salts such as the 
carbonate, the bicarbonate, the carbamate, the sulfide, the hydrosulfide, the 
cyanide, and the polysulfide. Some of these salts exist only in very small 
quantities if at all. The free ammonia in the liquor is chiefly carbonates and 
sulfides. All these decompose with heat and ammonia may be recovered by 
steam distillation. The fixed ammonium salts must be decomposed by the 
action of a base, such as lime. These salts may consist of the chloride, the 
sulfocyanide, the sulfate, the thiosulfate, the sulfite, the ferrocyanide, and 
the acetate. In addition there are phenols, amines, and other nitrogenous 
substances in the liquor. The fixed salts are largely the chloride, with some 
sulfocyanide and sulfate, but the composition depends upon the heating of 
the liquor in which chemical changes tending to build up fixed compounds 
occur.

The ammonia which remains in the gas is recovered by water scrubbing or 
by washing with a dilute solution of sulfuric acid in a lead-lined saturator. 
Today, the greater part of the ammonia recovered from the carbonization of 
coal is fixed as the sulfate. Free-ammonia and aqueous-ammonium solutions 
of commerce are more conveniently prepared in high purity by synthetic- 
ammonia processes. (Lunge, “Coal Tar and Ammonia,” Van Nostrand, 
New York, 1916. Calvert, “The Manufacture of Sulfate of Ammonia and 
Crude Ammonia,” Benn, London, 1917. Parrish, “Design and W’orking of 
Ammonia Stills,” Van Nostrand, New York, 1924. Meade, “Modern Gas 
Works Practice,” Benn, London, 1921. Gluud, “International Handbook 
of the By-Product Coke Industry,” Am. ed. by Jacobson, Chap. 10, 1932. 
Morgan, op cit., Chap. 22.)

The Recovery of Light Oils. The light oils, chiefly benzene, toluene, 
and xylene, existing in certain industrial gases, particularly coal gas and 
carbureted water gas, may be recovered by scrubbing these gases with wash 
oil and subsequently distilling the oil solution to volatilize the light oil dis­
solved therein
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The wash oil generally used in America for absorbing the light oil is a 
petroleum product usually known as' straw oil, of which at least 90 per cent 
should distill between 250o and 350oC. It should have a specific gravity of 
less than 0.88 at 15oC. and be readily fluid at 4oC. This oil is circulated 
countercurrent to the gas flow through high slat-filled towers, and the quan­
tity used is sufficient to keep the light-oil volume absorbed to between 2 and 
3 per cent of the absorbing oil. In European practice, heavy tar oils are used 
SS the absorbent.

From the absorbing towers the oil is sent to a continuous, direct-contact- 
type steam still where it is substantially stripped of its light-oil content, after 
which it is cooled and ultimately returned to the circulating system to be 
again pumped over the absorbing towers. Heat exchange between incoming 
oil and exit vapors and oil is practiced in order to secure good steam economy.

In earlier American practice, the light-oil vapors from the stripping still 
were condensed and charged into a so-called “crude” still. This was usually 
of the intermittent type, and of large capacity to give good fractionation. 
Here it was broken into fractions, and from the still bottoms a certain amount 
of entrained wash oil, together with naphthalene and polymerized unsaturated 
hydrocarbons, was obtained. The still was of the indirect-steam type, 
equipped with column and dephlegmator. For “ pure ” products the fractions 
from the crude still were washed with acid and soda and redistilled.

More recent American practice prepares the pure products such as “pure” 
benzene, “pure” toluene, and motor fuel directly without passing through an 
intermediate crude still. Various treatments for the removal of undesirable 
gum-forming materials have been proposed, but the industry apparently 
usually depends upon agitation first with 66°Be. commercial sulfuric acid in a 
lead-lined container, followed by caustic soda [Sperr, Trans. Am. Inst. Chem. 
Engrs., 9, 169 (1917). Gas Age, 41, 393-397. Gluud, op. cit., Chap. 11]. It 
is possible to conserve space and investment requirements by the use of stills 
and agitators of the continuous type. Consequently, there has recently been 
some interest in the development of such apparatus for benzol recovery.

Table 26. Average Composition of Coke-oven Light Oil

Light oil, % Coal, gal. per ton

Benzene..........................................................
Tolnene..........................................................
Xylene...........................................................
Other substances (principally hydrocarbons)

Total..........................................................

In 1000 gal. of crude light oil from one source there were obtained: 680 gal. 
crude benzol, 140 gal. crude toluol, 50 gal. crude xylol, 55 gal. solvent naphtha, 
and 75 gal. residue containing entrained wash oil, polymerized hydrocarbons, 
naphthalene, and other materials.

Certain resin-forming hydrocarbons found in the solvent naphtha fraction 
of coal-tar light oils have recently received considerable attention. These 
are styrene, indene, and coumarone. The residue from the final distillation of 
certain chemically washed light-oil fractions boiling from 160o to 180oC. 
consists of coumarone resin. It is possible to manufacture this in various 
degrees of color and hardness. It finds use in lacquers, paints, printer’s ink, 
paper sizing, and electrical insulation (cf. Gluud, op. cit., p. 758).
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Such resin-forming compounds, if not removed from manufactured gas, 

may lead to the deposition of gums and so cause stoppages at important 
points, such as pilots and regulators.

Vapor Pressure — Wash-oil Composition Relations — Light-oil 
Scrubbing. In the scrubbing operations involved in the solution of light 
oils in wash oil and in the consequent stripping operations, the aromatic 
hydrocarbons in solution in the wash oil follow Henry’s law and Dalton’s law. 
The application of these laws is somewhat complex, as may be expected from 
the complex nature of the mixtures. For ordinary design and operations 
it is usually sufficiently exact to assume that the aromatics obey Raoulfs law; 
i.e., p = Px, where p is the vapor pressure of the aromatic hydrocarbon (for 
example, benzol) in the solution; P is the vapor pressure of the pure hydro­
carbon at the temperature in question; and x is its mol fraction. To evaluate 
X it is necessary to know not only the molecular weight of the other dissolved 
hydrocarbons but also, and particularly, the molal weight of the wash oil 
used. Since this is of petroleum origin, in the absence of direct determination, 
the molal weight may be approximated from the boiling point at atmospheric 
pressure by means of the relationships corresponding to those of the normal 
aliphatic hydrocarbons.

Specific Heat of Wash. Oil. The specific heat of the wash oil is an 
important factor in the design and operation of light-oil scrubbing systems. 
In general, the specific heat of petroleum products is given by the expression

c = —'--(0.388 + 0.00045i) 
V d

where c = specific heat, B.t.u./(lb.) (oF.) 
d = specific gravity at 60oF∕60oF. 
t = temperature, oF.

This formula applies well for intermediate-base crude oils, is about 2 per cent 
high for oils from paraffin crudes, and is about 2 per cent low for oils from 
naphthene-base crudes. For highly cracked oils the values are not more *than 
4 per cent high {Nat. Bur. Standards (JU. S.), Mise. Pub., 97, Table 12, 1929).

For the vapor pressures of the more important constituents in light oils 
from gas-making processes, namely: benzol; phenol; toluol; o-, m-, and p- 
xylene; and naphthalene, see pp. 368 to 389 of Sec. 3.

Removal of Gasoline from Natural Gas. The removal of the lighter 
gasoline hydrocarbons from natural gas by oil scrubbing can be achieved on 
the same principles as are applied to the recovery of light oils from manu­
factured gas, due consideration being given to the partial pressures of the 
various constituents. Absorption is greatly favored by the elevated pres­
sures sometimes available.

Tar. The pyrogenetic changes in the decomposition of coal during car­
bonization and in the conversion of oils to gas in oil and carbureted water gas 
making give rise to hydrocarbons of low vapor pressure which are deposited 
by the cooling gas stream and recovered as tar. The time of contact and 
temperature determine the nature of the hydrocarbons obtained. In coal- 
gas tar, they are ring hydrocarbons and their derivatives, and the higher 
temperatures now favored in carbureted water gas manufacture also produce 
a tar largely of the aromatic type.

With recent developments in the use of heavy oil as a carbureting agent, 
involving the throwing of oil upon the fire, there have appeared heavy water- 
gas tars of high free-carbon content. Some of these cause difficulty because 
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of the stability of the emulsions created in their condensation. Under some 
conditions of operation, water gas tars made with bituminous coal as the 
generator fuel also give emulsion troubles.

For tar refining, as in the recovery of intermediates, tar acids, creosotes, 
and pitches, coal tar is used. Water gas tar in general lacks the nitrogenous 
bases and the phenols present in coal tar, and does not ordinarily give creosote 
oils and pitches of satisfactory quality, although it is widely used for blending 
with coal tar.

The usual yield of water gas tar is from 10 to 15 per cent of the oil used. 
Coal-tar yields vary with the mode of carbonization and the coal used. Coke 
ovens may yield from 6 to 11 gal., vertical retorts from 12 to 16 gal., and 
horizontal retorts from 10 to 14 gal. per ton of coal carbonized.

In the handling of tars, the change of the viscosity with temperature is 
very important. For typical coke-oven tars, this may be expressed as follows:

log z = log K — n log Tc
where z is absolute-viscosity centipoises; log K is the constant varying from 
6 to 11; n is the constant varying from 2 to 5; Tc is the temperature in degrees 
centigrade. [Huff, Ind. Eng. Chem. 15, 1026 (1923).]

An examination of coal tar on a large scale has been made by Weiss and 
Downs [Ind. Eng. Chem., 15, 1022 (1923)]. Water gas tar has been examined 
by Downs and Dean [Ind. Eng. Chem., 6, 366 (1914)]. A recent extensive 
study of the composition of coal tar and light oil has been made by Fisher 
(U. S. Bur. Mines, Bull. 412). A bibliography of 255 references is appended.

Further sources: Warnes, “Coal Tar Distillation,” 3d ed., Benn, London, 
1923. Lunge, “Coal Tar and Ammonia,” Van Nostrand, New York, 1916. 
Huff, Chem. & Met. Eng., 26, 113 (1922). Weiss, “ Recent Progress in Science 
in Relation to the Gas Industry,” Chap. 8, Am. Gas Assoc., 1926. Gluud, 
op. cit., Chap. 12.

Table 27. Coke-oven Tar and Coke-oven Pitch
Characteristics of a Typical 
By-product Coke-oven Tar

Characteristics of By-product 
Coke-oven Pitch

Moisture................................. ......... 1.50% Melting point.................. .................. 85oC.
Specific gravity (15oC.). . . ......... 1.165 Specific gravity (15oC.) ....................... 1.25
Lb. per gal.............................. ......... 9.70 Flash point....................... .... 160o-232oC.
Coefficient of expansion per

loC....................................... .... 0.000685 B.t.u. per Ib.................... . . . 15,500-16,000
B.t.u. per lb. (gross)........... ......... 16,200 Free carbon..................... ................ 20-25%
B.t.u. per gal. (gross)......... ......... 157,140 Fixed carbon................... ................ 30-35%
Flash point.............................. . . 90o-100oC. Ultimate Analysis:
Free carbon............. ............. Carbon...
Sulfur....................................... ......... 0.60% Hydrogen......................... ................ 3-5 %
Ash............................................ ......... 0.05% Nitrogen........................... .............. 0.6-1%
Distillation: Oxygen.............................. .............. 0.0-2%
Light oils (to 170oC.)......... ......... 0.50% Sulfur................................. .............. 0.5-1%
Middle oils (170o-270°C.). ......... 19.50% Ash..................................... ......... 0.05-0.4%
Heavy oils (270o-350oC.).. ........ 20.00%
Pitch......................................... ......... 60.00%
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Following is the distillation record* for a typical tar from a by-product coke 
oven [excerpt from The Distillation of Coke-oven Tar and the Recovery of 
Some of Its Products by Huff, Chem. & Met. Eng., 26, 113 (1922)]:

Weight of residue, 57 per cent of original tar.

Fraction No. Temperature, oC. GaL per 1000 gaL tar % by volume ref erred to the original tar volume
1 Atmospheric, 170 Oil, 14.5 1.45Water, 15.5 1.552 170-235 122 12.23 235-270 123 12.34 270-315 133 13.35 315-355 98 9.8Residue and losses..................... 494 49.4

The following products may be obtained from such tar:

Gal. per 1000 gal. tar % by volume
Ammonia water............................................................................................. 14.5 (0.6 lb. NH3 est.)Light oil................................................................................................................. 1.5Tar acids*......................................................................................................... 26 2.6

* The exact composition of these tar acids was not determined. The probable composition is crude phenol approximately 1 part cresylic acid approximately 2 parts.
Crude naphthalene Lb. per 1000 gal. % by weight

Π0o-235oC. fraction.......................................................................................... 200 2 1235o-270oC. fraction.......................................................................................... 48 0.5Total...................................................................................................................... 248 2.6

* The exact percentage of anthracene was not determined.

Crude anthracene cake* Lb. per 1000 gal. Weight, %
Without chilling Additional recovery due to chilling Without chilling Additional recovery due to chilling

270o-315oC.............................................................. 46.5 9.4 0.48 0 098315o-355°C............................................................. 93.0 9.4 0.97 0.098Total................................................................. 139.5 18.8 1.45 0.196
Vapor Densities and Latent Heats of Vaporization of Coal-tar Frac­

tions. The vapor densities of typical coal-tar fractions have been determined 
[Huff, Ind. Eng. Chem., 10, 1016 (1918)]. The mean-molal weights of the 
vapors approximate those of the important aromatic hydrocarbons found in

* In interpreting tar analysis, it should be remembered that it is not possible to attain 
in tar analyses the high precision of most chemical analyses. Moreover, from time to 
time the composition of the tar changes somewhat due to variations in the operating con­
ditions and the coal supply.
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the fraction, thus the 200o to 250oC. fraction has a vapor density approximat­
ing that of naphthalene. While the experimental values did not form a 
smooth curve, the following equation relating the molal weights with the 
corresponding boiling points under atmospheric pressure in degrees Kelvin 
(i.e., oC. + 273) is sufficiently accurate for engineering purposes: 

logio M = —2.058^1ogi0 “ 3.476

From the molal weights, the latent heats of vaporization can be calculated 
by relations such as Trouton’s rule or the Hildebrand function (see p∙. 638), 
which last for non-associated liquids (to which the class of coal-tar hydro­
carbons appears to belong) may be expressed by the relationship:

ɪ = -7.105^1oglo ɪɔ +2.395 

where L is the molal latent heat of vaporization in gram-calories per gram, 
and P is the pressure in atmospheres.

The following equations were derived by the writer from the experimentally 
determined vapor densities and give the latent heats of vaporization υ in 
gram-calories per gram from the boiling point in oC. (¿) at atmospheric 
pressure:

logio V = 2.062 — 0.000568i
and Fin B.t.u. per lb. from the boiling point in oF.(77) at atmospheric pressure: 

logio V = 2.328 - 0.00031577
The Thermal Conductivity of Tar and Oil Films. (Calculated from 

data of Ernst in Royds, “Heat Transmission,” p. 221, Van Nostrand, New 
York, 1921.) Range from 0.070 to 0.078 B.t.u./(sq. ft.) (hr.) (ft. thickness 
per oF.).

Specific Heats of Coal Tar and Tar Distillates. In calories per gram 
per oC.( = B.t.u. per pound per degree Fahrenheit).

Specific Heat of Pitch. (From Report of Fuel Research Board for year 
ending Mar. 31, 1928.)

Coal tars:
0.35 + 0.05 at 40oC.
0.45 + 0.05 at 20oC.

Tar distillates:
0.34 + 0.04 at 15-90oC.

(From “International Critical Tables.”)

That the mean value for pitch C between 20o and 85oG. is lower than the value between 20o and 50oC. is 
explained as being due to the fact that this pitch has a softening point below 50oC. and latent heat is 
absorbed in the lower range of temperatures in melting the pitch. In the case of the first two samples the 
latent heat of fusion is supplied at a temperature higher than 50oC.

Softening 
point, ball 
and ring 

method, oC.

Mean specific heat, 
g.-cal.∕g.∕0C.

20o-50oC. 20o-85oC.

A. From vertical retort tar from Durham coal carbonized in 
Glover-West retorts. Tar distilled to 360oC. without steam

B. Medium-soft pitch from horizontal retort tar from Durham 
coal. Tar distilled and distillation completed with steam at 
300o-320oC.

C. Pitch from low temperature tar. Tar distilled to 310oC. with­
out steam

53

60

44

0.32s

0.333

0.41-

0.34a

0.34ι

0.40s



2378 FUELS

Table 29. Gas Com-

Ne. Gas Formula Molec­ular weight* Lb. per CU. ft.f Cu. ft. per lb. t Sp. gr. air = 1.000+
Heat of combustion +

B.t.u.per cu. ft.
Gross Net§C 12.012 Hydrogen H2 2.016 Ô.ÒÒ5327 187.723 0.06959 325.0 275.0

3 Oxygen O2 32.000 0.08461 11.819 1.10534 Nitrogen (atms.) N2 28.016 0 0743911 13.443H 0.971811
5 Carbon monoxide CO 28.01 0.07404 13.506 0.9672 321.8 321.8
6 Carbon dioxide CO2 44.01 0.1170 8.548 1.5282Paraffin series CnEhn ÷ 2
7 Methane CH1 16.041 0.04243 23.565 0.5543 1,013.2 913. ɪ8 Ethane C2He 30.067 0.08029H 12.45511 1.0488211 1,792 1,64!9 Propane C3H8 44.092 0.1196^ 8.36511 1.561711 2,590 2,385

10 n-Butane C4Hio 58.118 0.15821[ 6.321⅛ 2.06654lΓ 3,370 3,118
Il Isobutane C1Hio 58.118 0.15821Γ 6.32m 2.06654If 3.363 3,10512 n-Pentane CδH12 72.144 0.19041 5.25211 2.4872H 4,016 3,70913 Isopentane CsH12 72.144 0.19041 5.25211 2.4872H 4,008 3,716
M Neopentane CsHi2 72.144 0.19041 5.2521F 2.487211 3.993 3,69315 n-Hexane CgH14 86.169 0.22741[ 4.398If 2.9704H 4,762 4,412Olefin series CnHan16 Ethylene CaH4 28.051 0.07456 13.412 0.9740 1,613.8 1,513.217 Propylene C3Ho 42.077 0.111011 9.0071f 1.45041Γ 2,336 2,18618 n-Butene (Butylene) C1H8 56.102 0.14801Γ 6.7561∣ 1.993611 3,084 2,88519 Isobutene C4H8 56.102 ). 1480Î 6.75651 1.933611 3,068 2,86920 n-Pentene CsH10 70.128 0.1852’1 5.400H 2.419011 3,836 3,586Aromatic series CnHan —621 Benzene C<B≈ 78.107 0.206011 4.8521∣ 2.6920H 3,751 3,60!22 Toluene C7IIs 92.132 0.243111 4.11311 3.1760H 4,484 4,28423 Xylene C8Hio 106.158 0.2803∣ 3.56711' 3.6618H 5,230 4,980Miscellaneous gases24 Acetylene C2H2 26.036 0.06971 14.334 0.9107 1,449 1,44825 Naphthalene CioH8 128.162 0.3384H 2.9551f 4.420811 5,854** 5,654«26 Methyl alcohol CH8OH 32.041 0.084611 ll.8201f 1.10521Γ 867.9 768.027 Ethyl alcohol CaH3OH 46.067 0.121611 8.221V 1.58901f 1,600.3 1,450.528 NH3 17.031 0.045611 21.91411 0.5961H 441.1 365.1?Q Sulfnr S 32.0630 Hydrogen sulfide H2S 34.076 0.O91O91∣ 10.9791Γ 1.189811 647 596

31 Sulfur dioxide SO2 64.06 0.1733 5.770 2.26432 Water vapor HaO 18.016 0.0475811 21.0171Γ 0.6215H33 Air 28.9 0.07655 l3.063 1.0000From “Fuel-Flue Gases” published by the American Gas Association, New York, and reproduced by AU gas volumes corrected to 60oF. and 30 in. Hg dry. For gases saturated with water at 60oF., 1.73 % of * Calculated from atomic weights given in J. Am. Chem. Soc., February, 1937.t Densities calculated from values given in grams per liter at 0oC. and 760 mm. in the “International was not available, the assumed value was taken as 0.0037 per 0C. Compare this with 0.003662 which is the Some of the materials cannot exist as gases at 60oF. and 30 in. Hg-pressure, in which case the values are these materials are present, their partial pressure is low enough to keep them as gases.t Converted to mean B.t.u. per pound (¼so of the heat per pound of water from 320 to 2120F.) from§ Deduction from gross to net heating value determined by deducting 18,919 B.t.u. per lb.-mol of water Osborne, Stimson, and Fiock, Nat. Bur. Standards (U. S.), Research Paper 209.11 From 3d ed. of Combustion, published by American Gas Association.∣∣ See data for Carbon, Nat. Bur. Standards, Research Paper 1141.** The asterisk denotos that either the density or the coefficient of expansion has been assumed.
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bustion Constants

Heat of 
combustion J Cu. ft. per cu. ft. of combustible Lb. per lb. of combustible

Required for Flue Required for FlueB.t.u. ρ∣√r lb. combustion products combustion products

Experi- 
mental 
error in 
heat of 
com­
bus­
tion

permission.
the B.t.u. value must be dedui,*-ed.

Critical Tables,” allowing for the known deviations from the gas laws. Where the coefficient of expansion 
coefficient for a perfect gas. Where no densities were available the volume of the mol was taken as 22.41151. 
theoretical ones given for eas° of calculation of gas problems. Under the actual concentrations in which

data by Frederick O. Rossini, National Bureau of Standards, letter of Apr. 10,1937, except as noted, 
in the products of combustion. Osborne, Stimson, and Ginnings, Mech. Eng., p. 163, March, 1935, and



2380 FUELS

The coefficients of cubic expansion of tar and tar products have been examined 
in the Barrett Co. laboratories and are reported by Weiss in the Am. Gas 
Assoc. Monthly, 3, 501 (1921). The following summary is taken from that 
paper:

Water-gas tar................
Vertical-retort tar........
Coke-oven tar................
Horizontal gas-work tar. 
Pitches...........................
Creosote oils..................
Carbolic oils...................
Gas drip (holder oils)... 
Phenol (liquid)..............

0.000655 .000640 .000575 .000550 .000460 .000730 .000800 .00100 .000850

0.000365.000355.000320.000300.000255.000410.000444.000555.000470
Ortho-cresol (liquid)...........................................................................
Meta and para cresols and xylenols...................................................
Crude tar acids...................................................................................

.000875.000815.000785 .000485.000450.000435
Pure benzol.........................................................................................
Pure toluol..........................................................................................
Pure xylol............................................................................................

.001280.001140.001060 .000710.000690.000570
Refined solvent........................................... .......................................
Heavy naphtha (crude)......................................................................
Crude naphthalene (solid)..................................................................

.001025.000880.000440 .000515.000490.000245
Refined naphthalene (solid)................................................................
Tar paints...........................................................................................

.000310 .000170.000630 .000370
Except for the naphthalene, all the above values apply exclusively to the 

liquid phase. The naphthalene values apply exclusively to the solid. The 
figures cannot be applied to a mixture of liquid and solid as unusual expan­
sions or contractions may occur due to the change of state.

Gas Sampling and Storage for Analysis. While it is beyond the scope 
of this treatise to deal with methods of gas analysis, engineering operations 
frequently require the taking of gas samples and the storage of such samples 
for transportation and while awaiting analysis. Because of the ease with 
which gases diffuse, the taking of samples is not generally deemed difficult 
and frequently is given insufficient attention. Care must be exercised to 
ensure that the sample lines and sample containers are adequately purged. 
If the gas is under pressure, it is desirable to provide a tee which will permit 
the wasting of some excess past the container. Where the cross section from 
which the sample is to be taken is large as in chambers or some mains, a 
suitably designed perforated sample tube should be extended into the main 
or chamber. The holes should be drilled at regular intervals not exceeding 
6 in., and the diameter of the tube should be at least 12 times the diameter 
of the holes in the side. To ensure substantially equal pressure upon all 
perforations, the offtake from the perforated tube should be taken from its 
mid-portion by a smaller inner tube. If the perforated tube is 1-in. pipe, 
this inner tube can conveniently be ⅝-in. pipe. The sampling tube must be 
non-reactive and non-catalytic; and, if the gas concentrations are shifting, 
provision should be made for freezing immediately the equilibriums involved. 
Thus in sampling gases from high-temperature reactions, it is frequently 
desirable to sample at a high velocity with adequate water cooling.
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Table 31. Properties of Various Grades of Commercial Paraffin 

Hydrocarbons*

Propanes Butanes Pentanes Hexanes
Vapor pressure, lb. per7fsgb∙ in∙ (gagɑ)................ G-3 G-4 G-5 G-6120 33 9.5 lb. abs. 3.0lb. abβ.90oF............................................ 165 53 14.3 lb. abs. 4.4 lb. abs.IOOoF.......................................... 195 65 2.6 5.4 lb. abs.105oF.......................................... 210 71 4.0 6.0 lb. abs.130oF.......................................... 300 110 14.0 9.7 ɪb. abs.Temp, at which pressure is 0 lb. per sq. in. gage, oF.................................... -44 15 95 150Specific gravity of liquid(water = 1 )........................ 0.509 0.576 0.630 0.663A.P.I. gravity of liquid,0A,P.L 60∕60oF............... 146.4 114.2 93.2 82.3Initial boiling point, 0F. -45 12 82 145Final boiling point, oF.. -40 30 100 165Weight per gal. of liquid,Ib................................................... 4.24 4.8 5.25 5.5Mean coefficient of ther­mal expansionFrom 0° to 50oF............ 0.001316 0.000908 0.000766 0.000764From 50° to 100oF... 0.00174 0.00118 0.000940 0.000792Specific gravity of gas(air = 1)................................ 1.523 1.95 2.49 2.97Specific heat of vapor at60oF. (Cp)............................ 0.475 0.458 0.448 0.442Dewpoint at 14.7 lb., absolute, oF........................ -44 26 90 140Cu. ft of gas per lb. of liquid......................................... 8.49 6.7 5.17 4.21Cu. ft. of gas per gaL of liquid......................................... 36 32 27 24Limits of inflammabilityGas % in gas-air mix­ture for lower explo­sive limit.......................... 2.25 2.0 1.5 1.1Gas % in gas-air mix­ture for maximum rate of flame propa­gation.................................. 4.7 3.6 1.28 2.0Gas % in gas-air mix­ture for upper ex­plosive limit................. 7.4 6.6 5.5 4.2Maximum rate of flame propagation, cm. per sec. in 2,5-cm.-diame- ter tube................................... 82.4 82.5 83.0 83.5Heating valueB.t.u. per cu. ft............... 2,550 3,200 4,090 4,830B.t.u. per Ib........................ 21,650 21,420 21,130 21,010B.t.u. per gal..................... 91,800 102,400 110,500 116,000Latent heat of vaporiza­tion at boiling point B.t.u. per Ib........................ 186 170 155 143B.t.u. per gal..................... 788 830 811 788

These properties are approximate only and can be readily varied to meet exact specifications by slight changes in the composition of the various grades. Intermediate grades can be readily prepared by blending the basic grades indicated above.* From Proc. Am. Gas Assoc., 1928, Table II, p. 1296, by permission of the American Gas Association.
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In general, for accurate work, samples should not be taken or stored over 
water as this frequently manifests undesirable differential solubility effects. 
Where mercury does not react with the constituents, it makes an excellent 
confining liquid. A sample container satisfactory for many purposes is made 
from a magnesium citrate bottle to which some mercury has been added. 
After the sample has been taken and the bottle is clamped shut, it is inverted 
to bring the mercury over the stopper, thus sealing this. Such sample 
bottles can be packed in a carrier designed to prevent tilting and can be 
shipped long distances.

An excellent discussion of gas sampling and handling will be found in 
Chap. II, Part 1, Sec. 2 of the “Gas Chemists’ Handbook” (1929 ed.), pub­
lished by the American Gas Association.

Errors in Gas Analyses Due to Deviations from the Simple Gas 
Laws. The assumption that all gases obey the simple gas laws may lead to 
a source of errors relating to the determination of gas composition. Such 
errors may arise in calculating the composition of high-therm al-content 
gases from combustion determinations if the partial pressure of the carbon 
dioxide in the combustion products is high (c/. U. S. Bur, Mines, Tech. 
Paper 54). The following data are taken from this paper.

Corrected equations indicate the magnitude of such errors when the partial 
pressures of the combustible gas and of the carbon dioxide produced by the 
combustion are 95 to 100 per cent of the total pressure. If the partial pres­
sures differ from these, different molecular volumes, depending upon the 
partial pressures, are used. Tables showing molecular volumes of carbon 
dioxide and of ethane are subjoined. As the partial pressures diminish, the 
molecular volumes are seen to approach unity, i.e., the volume of a perfect gas.
Table 32. Molecular Volumes of Carbon Dioxide at 20oC. and Various

Partial Pressures

Pressure, mτn. Molecular 
volume

Percentage of 
total pressure

100 0.999 13.1200 0.999 26.3300 0.998 39.5400 0.997 52.6500 0.997 65.8600 0.996 78.9700 0.995 91.9760 0.995 100.0
Table 33. Molecular Volumes of Ethane at 00C. and Various Partial

Pressures

Pressure, mm. Molecular volume

100200300400500600700760

0.9990.9970.9960.9950.9940.9920.9910.990
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Theoretical and Corrected Equations for Combustion of Certain Gases

Methane: CH4; theoretical equation, CH4 + 2O2 = CO2 + 2 H2O.
CH4; corrected equation, 0.999 CH4 + 2.000 O2 = 0.994 CO2 + 2 H2O. 

0.999*volumes + 2.000 volumes — 0.994 volumes = 2.005 volumes = contraction 
0.498 contraction = CH4 

1.005 CO2 = CH4
Ethane: C2H6; theoretical equation, C2H6 + 3.5 O2 = 2 CO2 + 3 H2O.

C2H6; corrected equation, 0.990 C2H6 + 3.5 O2 = 1.988 CO2 + 3 H2O.
0.990 volumes + 3.5 volumes — 1.988 volumes = 2.502 volumes = contraction

0.396 contraction = C2H6
0.497 CO2 = C2H3

Carbon monoxide: CO; theoretical equation, 2 CO + O2 = 2 CO2.
CO; corrected equation, 2.000 CO + 1.000 O2 = 1.988 CO2.

2.000 volumes + 1.000 volumes — 1.988 volumes = 1.012 volumes = contraction
1.976 contraction = CO

1.006 CO2 = CO
Ethane: C2H4; theoretical equation, C2H4 + 3 O2 = 2 CO2 + 2 H2O.

C2H4; corrected equation, 0.983 C2Hi + 3.000 O2 = 1.988 CO2.
0.983 volumes + 3.000 volumes — 1.988 volumes = 1.995 volumes = contraction

0.493 contraction = C2H4
0.494 CO2 = C2H4

Acetylene: C2H2; theoretical equation, C2H2 + 2.5 O2 = 2CO2 + H2O.
C2H2; corrected equation, 0.992 C2H2 + 2.5000 O2 = 1.988 CO2 + H2O.

0.992 volumes + 2.500 volumes — 1.988 volumes = 1.504 volumes = contraction
0.659 contraction = C2H2 

0.499 CO2 = C2H2

Compressibility of Natural Gas at High Pressures. Deviations from 
the simple gas laws may be important in many engineering operations involv­
ing fuel gases. This deviation has been studied by a number of workers 
(Burrell and Robertson, U. S. Bur. Mines, Tech. Papers 131, 158. Johnson 
and Berwald, U. S. Bur. Mines, Tech. Paper, 539. American Gas Assoc., Gas 
Measurement Committee, Report 1, Natural Gas Dept.). As natural gas is 
more compressible under usual high pressures at ordinary temperatures than 
is called for by the simple gas laws, gas purchased at an elevated pressure 
gives a greater volume when the pressure is reduced than it would if the gas 
were ideal. Burrell and Robertson (pp. cit., Tech. Paper 158) give the follow­
ing formula for calculating the compressibility of natural gas:

P = aP 1 + ZλP2 + cP3 + dP4 -∣-, etc.

where P expresses the percentage deviation from Boyle’s law, Pi; P2; P3; Pi; 
etc., represent the partial pressures of the respective constituents expressed 
in atmospheres under the conditions in question, and a, b, c, d, e, and f are 
characteristic factors for constituents of natural gas having the following 
values:

Methane..........
Ethane............
Propane...........
Carbon dioxide.
Nitrogen..........
Air...................

a 0.228
b 0.90
c 1.9
d 0.67
e 0.01
f 0.05

The work of Johnson and Berwald (Zoe. cit.) extends the study and give* 
deviation curves for characteristic natural gases. Contrary to the assump­
tion implicit in the work of Burrell and Robertson, Johnson and Berwald 
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found that the deviation curves were not always straight lines. For details, 
their work should be consulted.

This deviation may be of importance in measurements of natural gas with 
respect to (1) variations in pressure base, (2) gas measurements by∙orifice 
meter, (3) gas measurements by positive meter, (4) gas measurements by 

non-critical flow provèr,” (5) gas measurements by critical flow prover, 
(6) in the estimation of gas reserves.

These are discussed by Johnson and Berwald.
For a discussion of equations of state and critical constants, see Physical 

and Chemical Calculations, pp. 618-623.
Gross and Net Heating Values. ɪn the application of gases, there some­

times occurs some confusion on the subject of the gross and the net heating 
values, and it therefore appears desirable to clarify these.' The gross heat­
ing value is the maximum utilizable heat in the products of combustion and is 
obtained only under such conditions that the steam is actually condensed 
to water. This is possible only if the products are cooled to the starting 
temperature, and even then there may be loss as the entering air may have 
been partially dry, and the flue gases must leave saturated.

In the usual applications, the excess air and the failure to cool the products 
of combustion generally render none of this latent heat available, and the 
reduced value obtained is designated the net heating value. When either 
value is used in calculations it should be properly designated at all times.

Proper definitions of the terms gross and net heating values and the use 
of 970 or 1040 B.t.u. as the latent heat of condensation of water [c∕. Lichty 
and Brown, Ind. Eng. Chem., 23, 1419 (1931); and Porter, Ind. Eng. Chem., 
23, 1433 (1931)]. The A.S.T.M. prescribes 1040.

The net heating values of gases at 60°F. and 29.92 in. of mercury may be 
calculated from the following relation:

859 Wp
T

where Hn = net heating value of gas, B.t.u. per cu. ft.
Ha — gross heating value, B.t.u. per cu. ft.
W = cu. ft. of water vapor formed in the combustion of 1 cu. ft. of 

dry gas.
P = pressure of dry gas, in. of mercury.
T = temperature of gas in oR. (0F. + 460). For 60oF. and 29.92 in. 

of mercury the relation becomes
H,, = Ha - 49.4 W

The density of moist gases is treated under Humidification (p. 1080) 
and Drying (p. 1479).

Data on Gas Manufacture
The Manufacture of Producer Gas. Producer gas is made by blowing 

humidified air into a deep ignited bed of solid fuel, usually coal or coke. 
The primary reaction is the combustion of the fuel, first giving CO2 and Ni. 
As the gases progress, the CO2 first formed is reduced to CO, and the water 
vapor is partially decomposed yielding CO, CO2, and H2. The thermo­
chemistry of the various producer-gas reactions may be expressed as follows:

C + O2 = CO2 + 174,600 B.t.u. (1)
CO2 + C = 2CO - 70,200 B.t.u. (2)
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There is some divergence of opinion concerning the exact mechanism of the 
reactions and their relative velocities, which cannot be considered here in 
detail. There is, however, evidence to show that the thin oxidation zone, 
immediately above the ash zone, gives predominatingly reaction (1). As 
the partial pressure of the free oxygen reaches a low value or is practically 
gone, carbon monoxide appears and rapidly increases. Shortly above this 
point, steam decomposition begins and free hydrogen appears rapidly at 
first and then increases only very slowly. This zone is sometimes designated 
the primary reduction zone and is relatively thin. In the higher or secondary 
reduction zone, no reduction of steam by carbon occurs. This secondary 
reduction zone serves chiefly as a heat interchanger, the hot gas serving to 
heat the incoming fuel. Above the secondary reduction zone is the distilla­
tion zone which is relatively unimportant with low-volatile fuels such as 
coke and anthracite, but which may contribute a very considerable quantity 
of thermal energy in the form of gaseous hydrocarbons from high-volatile 
fuels. Indeed, it may represent as much as 40 per cent of the heating value 
of the gas.

Above the fuel bed, the heating value of the gas may drop somewhat due 
to the Neumann reversion [Stahl u. Eisen, 33, 394 (1913) and T. V. deut. 
Ing., 58, 1481, 1501 (1914)],

i 2CO → CO2 + C
and to the leakage of CO2 and steam around the edges of the fuel bed and 
through blow holes.

The capacity of a producer is a variable quantity, depending chiefly upon 
the quality of the fuel supplied, the method of operation, the design of the 
producer, and the character of the demand for gas with respect to quality 
and quantity. With hand-firing conditions, gasification rates for short 
periods as high as 15 lb. fuel per square foot grate area per hour have been 
attained with gas coals having a low percentage of high-fusing ash. About 
8 to 9 lb. per sq. ft. per hr. is obtained with good-quality bituminous coal, and 
with lower grade fuels the gasification rate may not exceed 6 to 7 lb. The 
limitations are imposed by the clinker conditions and the necessity of avoiding 
both the blowing over the fuel and the extension of the oxidizing and primary 
reducing zones to such heights that the relatively slow reduction of carbon 
dioxide to the monoxide does not have time to proceed sufficiently, and the 
gas discharged is consequently too high in CO2 and too low in heating value. 
While this last disadvantage may be overcome to some extent by the use of a 
deeper fuel bed, and the excessive oxidizing temperatures may be reduced 
somewhat by the addition of more steam to the air blast, the blowing over of 
fuel presents a practical limitation on velocity conditions for any given grade 
of fuel. To avoid this with high gasification rates it is necessary to use 
mechanical operations which ensures uniform fuel-bed condition free from 
zones of excessive gas velocity. The fuel should also be carefully sized. 
Observing suitable precautions, American gas producers may average gasifica­
tion rates of 15 lb.; and 25 lb. are possible with good coals. It is claimed that 
with mechanical poking and continuous ash removal, gasification rates as high 
as 50 lb. have been attained by some producers.

Increasing the depth of the fuel bed raises the temperature of the primary 
reduction zone and affords a longer time of contact. This gives better decom-
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position of the steam. According to Haslam [Ind. Eng. Chem., 16, 782 
(1924)], the constituents of the producer gas come to an apparent equilibrium 
constant dependent upon the thickness of the fuel bed alone, and independent 
of gas velocity (rate of firing), ratio of pounds of steam to pounds of coal, or 
temperature of the exit gas. In this 

(CO2)(H2)
(CO)(H2O) = 0.096Ó

in which L is the depth of the fuel bed in feet.
Excessive amounts of steam should be avoided, as these, in accordance 

with equilibrium considerations, raise the CO2 concentration and produce 
steam in the exit gases, an inert diluent which removes heat from the fuel 
bed. On the other hand, the use of some steam is desirable, as its endothermic 
decomposition prevents excessive clinker formation, and serves to convert 
some of the sensible heat developed from the carbon-oxygen combustion 
into potential energy in the form of CO and H2. The most desirable value 
is usually about 0.4 lb. water in the air blast per pound of coal gasified.

The importance of a satisfactory size and uniform space conditions in the 
producer bed has already been indicated. The coal should be spread uni­
formly, the fuel bed should be constantly poked, and the ash continuously 
removed to avoid channeling, and attendant unequal temperature and contact 
conditions.

Blauvelt [Trans. Am. Inst. Mining Eng., 18, 614 (1890)], discussing soft- 
coal producer-gas practice, emphasizes the importance of placing the producer 
so as to lose as little as possible of the sensible heat of the gas and to prevent 
the condensation of the hydrocarbon vapors. He recommends a high fuel 
bed, keeping the producer cool on top, thereby preventing the breaking down 
of the hydrocarbons and the deposit of soot and also reducing the CO2 con­
centration. He advises the use of as much steam with air as will maintain 
incandescence.

For many purposes a clean producer gas must be used. As it is difficult to 
clean a hot gas, it is necessary to cool and scrub. The sensible-heat losses 
can, however, be greatly diminished by the use of water-jacketed side walls 
and waste-heat boilers, if the capacity and demand will warrant the necessary 
investment.

In addition to precautions indicated in the foregoing, it is important to 
avoid mixing the ash with hot coal in the poking; a good distribution of the 
entering air steam should be secured, and the steam control should be such 
that a constant air-steam ratio is maintained under constant load.

Practically any solid fuel can be used in producers, provided the density­
surface conditions are such that the fuel will form a satisfactory combustion 
bed under reasonable velocities. Economic considerations, therefore, play 
a primary part in the choice of the fuel. For the higher B.t.u. producer gaseə 
it is necessary, of course, to use a fuel high in volatile combustible, and it 
should preferably be closely sized, non-coking, low in ash, with the ash non- 
clinkering, and low in sulfur. The fuel should also be low in moisture.

It is impossible to deal extensively with the action of different types of 
fuels, and different types of producers. The reader is referred to texts such 
as Haslam and Russell on “Fuels and Their Combustion,” McGraw-Hill, 
New York, 1926, and Rambush, “ Modern Gas Producers,” Van Nostrand, 
1923. Considerable valuable data are contained in publications of the U. S. 
Bur. Mines, such as Bulls. Ί and 13. The use of the net hydrogen-volatile- 
matter ratio of coals in certain gas-producer calculations is discussed in Ind. 
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Eng. Chem., 20, 1371 (1928). Such calculations are, however, limited by 
difficulties in securing true average gas samples.

As an illustration of results which maya be obtained in large coke-fired 
mechanical producers of the Kerpley type, the extensive data of Morris, 
Am. Gas Assoc., Proc., 1922, pp. 39-45, may be consulted. His heat balance 
shows that 79 per cent of the input appeared in the calorific value of the gas 
and about 7⅝ per cent as useful high-pressure steam. The chief heat losses 
occurred in the scrubbers, cooling water, and radiation, totaling over 13 per 
cent.

The Manufacture of Water Gas. For public service distribution the 
water gas is generally carbureted with oil gas and is known as carbureted gas, 
the use of blue water gas being confined to certain industrial conditions and 
as a diluent for peak-load demands on natural gas, oil gas, or coal-gas dis­
tributing systems.

Since the manufacture of carbureted water gas involves necessarily the 
manufacture of blue gas, consideration of blue gas logically comes first. 
The blue-gas machine consists primarily of a generator which is a steel shell, 
lined with insulation and fire brick, and may vary in free internal diameter 
from about 3 to about 10 ft. This generator is equipped with an iron charging 
door at the top, ground to prevent leakage, and suitable clean-out doors at 
the side near the bottom. Connections at the top are made to lead away the 
hot gases, and, to admit steam for down run, air-blast, steam, and gas-outlet 
connections are provided at the bottom of the generator. The fuel is ordi­
narily charged to a depth of from 7 to 9 ft.

Solid fuels, properly sized, are employed. Anthracite coal and, later, 
coke have been favorite fuels and are still widely used; particularly, coke. 
Since the World War led to a shortage of these fuels, the use of certain bitumi­
nous coals was necessary and this has led to an extensive development with 
attending economies. Not all bituminous coals are satisfactory. Certain 
chemical and physical properties must exist which are, however, as yet not 
well defined. A non-coking coal which will not shatter on heating has obvious 
advantages.

The fire is lighted and blown with an air blast until the fuel bed attains 
satisfactory incandescence. The chemical reactions of the heated bed under 
blasting correspond to those of an air-blown producer. However, no water 
vapor, beyond that ordinarily present in the air, is admitted, and the velocity­
contact conditions established seek to store the maximum amount of heat in 
the generator at the highest possible rate, while the combustion products are 
maintained high in carbon dioxide. Carbon monoxide in the blast products 
may represent an energy which cannot be economically used. The blast 
products may be used to heat checkerwork for oil cracking and for raising 
steam in a waste-heat boiler, or they are discharged to the atmosphere through 
a stack valve. i

When the bed has attained a satisfactory temperature, and before the 
carbon monoxide production becomes excessive, the air supply is shut off and 
steam is admitted to produce the desired blue gas. The steam reacts with 
the carbonaceous fuel to produce carbon monoxide and hydrogen with some 
carbon dioxide, but the velocity, contact, and temperature conditions are so 
chosen that only low percentages of the dioxide are obtained. Under these 
conditions some small amounts of nitrogen, methane, and organic sulfur 
compounds are also present.

According to the reactions given for the gas producer, the endothermic 
decomposition of the steam rapidly reduces the fuel-bed temperature, which 
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reduction favors the production of carbon dioxide rather than the desired 
monoxide; therefore it is necessary to discontinue the steam admission and 
subject the bed to air blastipg until a satisfactory temperature is again 
attained. The gas making and blasting thus go on in cyclic fashion, with 
pauses for fuel charging and clinkering. The gas-making time lost for these 
two later operations has, however, been very greatly reduced, in fact almost 
eliminated, by the recent development of automatic grates and chargers.

It will be seen that blue-gas manufacture involves the balancing of the 
temperatures of the fuel bed, which must not be allowed to get too hot, thus 
giving excessive carbon monoxide losses in the blast; nor too low, involving 
carbon dioxide losses in the gas-making period.

If the steam is admitted solely from the bottom of the fuel bed, this rapidly 
grows too cold and may not again ignite when blasted. Moreover, the top 
of the bed grows excessively hot, involving higher sensible-heat losses. To 
overcome these difficulties, the steam run is divided, part up and part down 
through the bed. To prevent explosions, the steam flow just preceding and 
immediately after the air blast is upward, thus avoiding the mixing of air and 
combustible gas. To secure fires which are readily cleaned, it is customary to 
use a considerable excess of steam. Often 50 per cent of the steam used may 
not be decomposed.

The efficiency of blue water gas manufacture is necessarily low. Some of 
the heat losses include:

1. Losses as sensible heat in the gases and combustion products which leave the 
generator at high temperature.

2. Losses as sensible heat in clinker and ashes, and unconsumed fuel which may be 
removed from the generator.

3. Radiation and convection losses from the generator.
4. Losses due to the vaporization of water in the fuel.
5. Stand-by losses when the machine is under heat but idle.
6. Combustion losses during fire-cleaning periods.
7. Losses due to the use of excessive amounts of steam during the steam run.

The preparation of a heat and material balance upon a blue water gas 
machine is a difficult matter, and no standard practice has been developed. 
Some of the shortcomings of some published tests have been discussed by 
Travers [Trans. Inst. Chem. Eng., 2, 65 (1924)]. Recently the Water Gas 
Committee of the American Gas Association has been engaged in the develop­
ment of a test code for public utility use with carbureted gas {Proc. Am. Gas 
Assoc., p. 1507, 1930).

Some conception of heat and material balances which may be secured in 
blue water gas manufacture may be obtained from the data of Morris {Am. 
Gas Assoc., Proc., 1922, pp. 39-45). Coke consumption amounted to about 
36.2 lb.per 1000 cu. ft. of blue water gas, calorific value 287 B.t.u. per cu. ft. 
(gross) ; correspondingly, 2,230 cu. ft. of air and 51.9 lb. of Steamwererequired. 
The calorific value of the gas made represented 62.7 per cent of the thermal 
value of the coke. The set was equipped with a waste-heat boiler and 
produced more steam than was used under the grate. The highest heat loss 
occurred in the form of unburned carbon in the ash, amounting to 12.9 peí- 
cent.

Carbureted Water Gas. Carbureted water gas consists largely of a 
mixture of a rich oil gas and blue water gas. The production of the latter 
has already been discussed, and from the principles mentioned it was shown 
that the gases leaving the generator at the end of the blast must of necessity 
carry a very considerable quantity of potential heat, as carbon monoxide, in 
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addition to the sensible heat due to the high temperatures at the top of the 
fuel bed. „This heat is utilized in part by the maintenance of a satisfactory 

cracking” temperature in two succeeding shells of approximately the same 
diameter as the generator. The shells are designated the carburetor and 
superheater in the order in which the blue gas passes through. The first 

' or carburetor is about as high as the generator, but the superheater is much 
higher in order to maintain a satisfactory natural draft thus permitting 
generator charging from above.

Ordinarily the carburetor and superheater are filled with checker brick 
in order to provide extensive heat-transfer surfaces thus assisting in the 
cracking of the oil.

In the normal operating cycle, the generator and checker chambers are 
first brought to the requisite temperatures by air-producer operation with 
combustion of the producer gas by admitting secondary air between the 
generator and carburetor. The machine is then placed on the run, i.e., 
during part of the cycle, steam is admitted and blue gas formed. This passes 
■over to the top of the carburetor and downward, here meeting a fine spray of 
oil which is carried through the checker chambers and cracked to an oil gas 
•and some tar. As the fire cools and the steam decomposition falls off, the 
generator is again blasted with air and the carburetor ignited with the second­
ary air blast until satisfactory temperatures are again attained, when the 
steam run is again begun.

■i With automatic opening and closing of the valves, these cycles can be 
arranged to follow one another after intervals of only a few minutes, and this 
is now generally done.

When extremely heavy petroleum oils are used, the quantity of checker 
surface in the carburetor is greatly reduced in order to avoid stopping the 
interstices with heavy carbon deposits. In addition, some oil may be thrown 
■directly on the top of the fuel bed during the down-stream run. {Cf. Dashiell 
Am. Gas Assoe., Proc., 1930, p. 886. Also see Gas Production Committee 
Beport at 1932 Convention of the Am. Gas Assoc., “Use of Heavy Oil for 
Carburetion” by Hartzel and Lueders.)

The carbureted water gas apparatus as well as the Pacific coast oil gas 
apparatus has been used for reforming natural gas and oil refinery gas 
(for references of. Description, p. 2362). Carbureted water gas apparatus 
has also been converted for use in the manufacture of oil gas by replacing the 
generator fire with a refractory screen. Oil alone, suitably treated with air 
and steam, is used as the fuel in this process (Johnson, Am. Gas Assoc., Proe 
1932, p. 892).

Following the introduction of bituminous coal as a fuel in water gas 
manufacture, important modifications were introduced into the fundamental 
water gas cycle. One of these is the back run in which the down-run steam 
is admitted at the top of the superheater, whence it pąsseę b^ęjęwąrd i-η ι 
the lower part of the carburetor, thence to the top of the fuel bed The blue­
gas produced is led directly to the wash box by a by-pass or back-run pipe 
Th18 arrangement does away with the hot valve between the carburetor Ind 
lower portion of the generator and uses instead a valve in the wash box The 
Process cools the top of the superheater and preheats the down-run steam and ‘ 
avoids unduly hlgh temperatures in the checkers, thereby miniml√ „ 
objection often encountered in soft-coal operation due to the eomSΓol of 
VOlatde matter during the blow. The gas leaving the bottom of the generator 
has a relatively low temperature because of heat interchange with ∙⅛ 1
and clinker cooled by the blast. By passing the check≡θgX ^irecdj 
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to the wash box, it decreases waste-heat losses from the checkers. Important 
thermal economies are claimed for it. The carbureting oil is added during 
the up-run. The process is discussed in the Annual Reports of the Water Gas 
Committee of the American Gas Association for 1924 and 1925. A very 
similar process, save that the steam is admitted at the top of the generator, 
is the Chrisman down-run process. This is described in the 1925 Report.

To bring the fuel bed to temperature in bituminous-coal operation while 
avoiding the overheating of the checkers, the blow-run operation is some­
times used. In this, during the latter part of the blow, the carburetor air is 
cut off and the stack valve through which the combustion products are wasted 
is closed, thus forcing the air-producer gas from the generator into the 
holder.

The reversed air-blast process is related to the blow run and the back 
run. The reverse blast is admitted to the top of the superheater at the por­
tion of the cycle generally used for the blow run and follows the path of the 
back run. It is described by Howard [Am. Gas Assoc. Monthly, 7, 579-584 
(1925)].

American practice in water gas making has recently tended toward auto­
matic grate operations which greatly reduce the labor charges and stand-by 
losses for cleaning and clinkering. The first of these to be successfully used 
was the A.B.C. grate of the Western Gas Construction Company described 
by Ramsburg at the First International Coal Conference {Proc., 1926, pp. 
514#.). Automatic grates are now offered by the Semet-Solvay Company, 
the United Gas Improvement Company, and the Gas Machinery Company, 
and the operations of some of these have been discussed in Reports of the 
Water Gas Committee of the American Gas Association {Am. Gas Assoc., 
Proc., 1929, p. 1245; 1930, p. 1573; 1931, p. 1172).

The Cracking of Oil in Gas Making. The cracking of oil to hydro­
carbons of low molecular weight is of very considerable importance to the gas 
manufacturer who relies upon oil gas or carbureted water gas. The literature 
relating thereto is very extensive as cracking is an old art. The manufacture 
of gas from oil was discussed in England as early as 1792. The considerations 
involved are many and complex and have been dealt with at some length in 
recent books among which may be mentioned those of Leslie, of Gruse, and of 
Hurd. Experimental data directly applicable to problems of the carbureted 
water gas maker will be found in a paper by Downing and Pohlman {Am. Gas 
Inst., Proc., 1916, p. 587). A résumé of some of the important reviews and 
findings was given by Huff {Am. Gas J., October, 1929, p. 47).

Temperature and time of contact are important variables in the cracking 
and are, in certain measure, interdependent. Actually, the operator of the 
water gas machine is usually obliged by load considerations to maintain 
adequate capacity, and consequently the most important variable at his 
command is the temperature of the cracking chambers. In U. S. Bur. Mines, 
Bull. 203, are summarized various prior investigations on temperature as 
follows:

1. The candles per gallon reach a maximum between 1300o and 1350oF.
2. The percentage of illuminants reaches a maximum between 1300 and 1400oF.
3. The percentages by volume of methane and hydrogen increase with increasing 

temperature.
4. The volume of gas increases with the temperature.
5. The percentage of carbon formed from the cracking of the oil increases with the 

temperature.
6. The percentage of tar formed decreases with increasing temperature.
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ethane, octane, ethylene, acetylene, benzene, toluene, 
cyclohexane, and has plotted the equations with the
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Fig. 20.—Stability relations of various hydrocarbons. [From 
Francis, Ind. Eng. Chem., 20, 281 (1928).]

7. The B.t.u. per gal. oil increases with the temperatures and quite often the maxi­
mum is not reached under 1500oF.

The above conclusions apply, in general, to temperatures up to 1600oF., which is 
about the upper limit of the experiments made, so far as data are available.

The control of the process of cracking involves not only thermodynamics 
but also chemical kinetics, and equilibrium is not reached in practice. Never­
theless, a graphical summary of thermodynamic relationships in cracking, 
as developed by Francis [Ind. Eng. Chem., 20, 281 (1928)] is of considerable 
interest. This author has studied the data for the free energies of the forma­
tion of methane, 
naphthalene, and 
ordinates reduced 
to the free energy 
of formation per 
carbon atom as 
ehown in Fig. 20. 
This shows stabil­
ity relations be­
tween the various 
hydrocarbons at 
various tempera­
tures. In using 
the chart it should 
be remembered 
that only those 
compounds are 
stable whose free 
■energies of forma­
tion are negative. 
Thus it will be 
noted that only the 
paraffins and the 
higher olefines 
have any thermo-­
dynamic stability,
and that above 260oC. methane is the only stable hydrocarbon. Francis 
points out that this seems to be inconsistent with the ordinary cracking reac­
tions in which large quantities of olefines and some aromatics are produced 
from the paraffin hydrocarbons. Actually, however, this contradiction is not 
present because thermodynamics does not show the mechanism by which the 
reaction proceeds, and the formation of intermediate products is more a matter 
of kinetics than thermodynamics. Thus, while at equilibrium conditions, 
all of these compounds whose free energies of formation are positive give car­
bon and hydrogen; under the commercial conditions of cracking, true equi­
librium is not obtained and intermediate products are instead obtained. The 
quantity and composition of these are determined by relative-reaction veloc­
ities. Francis points out that no paraffin hydrocarbons should be capable of 
direct condensation to a higher hydrocarbon; but if lower ones are formed 
simultaneously with the higher ones, there is no change in free energy of gase­
ous reactions.

The chart may be used for a number of interesting observations: thus it 
will be seen that if it is proposed to make benzene from methane the tempera­
ture of 850oC. must be exceeded if a substantial yield is desired.
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The theory and art of oil cracking has advanced markedly in recent years. 
In the theory the more notable advances have occurred in developments 
involving the conception of free radicals and chain reaction kinetics. As yet, 
however, such theories have not reached a stage where they contribute 
directly to oil gas or carbureted water gas practice.

The chemical composition of the oil used for carbureting has, of course, 
some considerable importance but commercial oils are in general so complex 
chemically that the evaluation from its chemical composition is not con­
venient or certain. In general, a saturated paraffin may be said to rank 
highest in carbureting efficiency, with olefines somewhat less efficient. Naph­
thenes are better than aromatics, and asphaltics have been given the lowest 
value. Others place the asphaltics above the aromatics and place unsaturates 
at the bottom of the list. In general, the value of a hydrocarbon fraction 
increases with its boiling point. Holmes [Ind. Eng. Chem., 24, 325 (1932)] 
has proposed a method of evaluating the carbureting power of a gas oil, 
based on the specific gravity, average boiling point, etc. Chief reliance in oil 
testing for carbureted water gas use is ordinarily placed upon small-scale 
cracking tests such as was described by Dick before the 1933 Production and 
Chemical Conference of the American Gas Assoc., [Am. Gas J., 138 (No. 6), 
32-34] or in the “Gas Chemists’ Handbook” (1929 ed., p. 66). Analytical 
methods and interpretation have been considered, conspicuously by Mighill 
(Am. Gas Assoc., Proc., 1927, pp. 1093, 1454).

A low content of sulfur is desirable because this simplifies the purification 
problem.

Modern carbureted water gas practice has grown so involved (embracing 
anthracite, coke, and bituminous coal fuels, gas oil, and heavy oil operations, 
reforming, with back run or Chrisman down run or reversed air blast, and 
with blow run) that material and heat-balance considerations have become 
exceedingly complex, and a truly typical carbureted water gas operation can 
scarcely be said to exist. Valuable data on various combinations of the 
elements which may enter into carbureted water gas operation may be found 
in reports of committees of the American Gas Assoc, and in the annual pro­
ceedings of that association. An informative and complete analysis of a 
carbureted water gas operation in Great Britain is presented in the 7th 
Report of the Research Sub-committee of the Institute of Gas Engineers 
of Great Britain [Gas J., 158, 800—827 (1922)].

Where gas oil is employed for carbureting, oil is not thrown on the fire, and 
reforming is not practiced, it is possible to follow the oil efficiencies obtained 
by a procedure known as the Providence modification of the Pacific coast 
method.

This is described by the Subcommittee on Uniform Oil Efficiency of the 
Water Gas ,Committee of the American Gas Assoc, in the 1926 and 1927 
Proceedings of that association.

Oil Gas. Pacific Coast Methods. On the Pacific coast, except in the 
state of Washington, manufactured gas for city distribution has generally 
been made from California residuum oils. The processes used are somewhat 
akin to the water gas process. There is a heating period in which oil is 
burned to bring the generator to temperature, and the products of combustion 
are wasted. This is followed by a making period in which heated steam, 
carbon, and oil interact to yield stable gas together with some tar and lamp- 
black. The make is followed by the blow in which carbon deposits are burned 
off by air. The length of the cycle varies but is ordinarily much longer than 
the water gas cycle.
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One of the major units is the large two-shell Jones oil-gas generator. 

Heat and material balances on such a generator have been reported by Pike 
and West [Ind. Eng. Chem., 21, 104 (1929)]. Because of the widespread 
distribution of natural gas, oil gas has become of relatively less importance 
on the West coast, and the introduction of a development of the Jones 
process, in which the lampblack was gasified, waa halted in consequence 
(Am. Gas Assoc., Proc., 1930, p. 1349).

In the Pike and West tests the regular two-shell Jones oil gas generator 
gave about 53 per cent of the input heat in the form of purified gas. ɪn 
addition, lampblack accounted for about 18.5 per cent and tar about 3.3 
per cent of the thermal input.

The oil gas made had the following analysis:

H2
CH<
CO
C2H4
C6He
CO2
O3
N2

Per Cent 
by Volume 

45.9 
26.2 
13.2
3.2
1.2
6.5 
0.5
3.3

100 % (B.t.u. per cu. ft. 579.)

Single-shell Oil Gas Methods. For smaller loads recourse is had to the 
single-shell oil gas machines, which may be further classified, according to 
methods of operation, in the heat up and make down or straight shot 
and the heat and make down types. One drawback possessed by these 
machines is the relatively large amount of lampblack produced.

References on Pacific Coast Oil-gas Methods. Further information 
on the above methods will be found in the treatise on the Production of Oil 
Gas by the Educational Committee of the Pacific Service Employees’ Associa­
tion under the direction of Cowles, Henderson, and Yard (1922); Yard in 
the Am. Gas Assoc. Monthly, 7, 741-743 (1925), and in the section on Oil 
Gas Machines in the 1925 Report of the Water Gas Committee, the American 
Gas Association (Am. Gas Assoc., Proc., 1925, p. 1278).

The Dayton Process. While thé foregoing oil gas methods have been 
very successful on the Pacific coast, owing no doubt in large measure to the 
ready availability of suitable oil supplies, they have not been widely used 
elsewhere. For small plants in other parts of the country the Dayton process 
has been proposed. This utilizes small cast-iron retorts which are first 
brought to temperature by combustion of oil in the refractory setting about 
the retort. The supply of combustion oil is then greatly decreased, and a 
mixture of oil and air is admitted to the retort through an atomizer. Partial 
combustion and cracking follow. Continuous production of gas having any 
desired heating value between 300 and 560 B.t.u. per cu. ft. is said to be possi­
ble without the use of much combustion oil in the setting. For gases above 
560 B.t.u., a considerable amount of heating oil is required as the air supplied 
for these higher B.t.u. values is insufficient to maintain the retort at the requi­
site temperature.

The oil consumption is said to be about 4 gal. per 1000 cu. ft. of 450 B.t.u. 
gas. In addition about 0.3 gal. tar is recovered. The heat economy is high, 
82.7 per cent of the input appearing in the potential heat of the gas and 7 
per cent in the tar.
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Following is an analysis of the gas made (450 B.t.u.):

CO2..................................................
Unsaturated hydrocarbons.... 
O2......................................................
CO....................................................
Saturated hydrocarbons...........
H2.....................................................
N2.....................................................
Specific gravity............................
Theoretical flame temperature

Per Cent 
by Volume 
. 6.1
. 14.7
. 0.9
. 5.6
. 7.8
. 1.7
. 63.2
. 1.02
. 3700oF.

This gas possesses so high a gravity that it cannot conveniently be used 
for stand-by or peak equipment in systems distributing mixed coal and water 
gas.

The original Dayton process has been improved to increase the capacity and 
eliminate the provisions for external heating, but with means for heat

Table 34. Comparison of Principal Operating Results, Coal-gas 
Tests*

Proximate analysis (dry basis):
Volatile.......
Fixed carbon.
Ash.............
Sulfur............

Moisture as charged (wet basis)

Coal gas:
Cu. ft. at 30 in., 60o satur., per ton dry coal 
Cu. ft. at 30 in., 60o satur., per lb. dry coal. 
Heating value, B.t.u. per cu. ft 
B.t.u. in gas, per lb. dry coal

Dry coke produced as % dry coal carbonized.
Gal. dry tar per ton dry coal......
Ammonia per ton dry coal, lb....
Producer fuel, lb. per ton coal....
Producer fuel, % coal carbonized...
Waste-heat steam from and at 212oF. per lb. producer 

fuel, Ib..................................
Steaming based on dry coal, %

Am. Gas Assoc., Proc., 1928, p. 1118.

Average analysis, %: 
CO2.........
illuminants

Utica 
Koppers 

gas ovens

Rochester
U.G.I. 

verticals
Lowell 

horizontals

Stamford 
Glover- 

West con­
tinuous 
vertical 
through 
retorts

35.2 35.8 35.1 34.3
57.7 57.6 58.4 58.4
7.1 6.6 6.5 7.3
0.9 1.0 0.9 0.9
2.1 2.5 1.67 2.2

11,315 11,347 12,110 14,300
5.66 5.67 6.06 7.15

573 540 542 530
3,245 3,065 3,280 3,790

2.2 1.7 2.40 3.0
4.0 3.1 3.05 2.8
0.8 0.5 0.75 0.2

46.5 49.7 47.95 54.5
6.3 6.9 7.35 10.9

32.1 29.9 27.15 24.2
8.1 8.2 11.35 4.4

70.2 70.7 68.6 70.0
12.4 11.4 11.6 14.6
6.4 5.9 5.0 3.4

292 318 229 275
14.6 15.9 11.5 13.7

0.59 1.96 1.14 5.74
1.0 12.0
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exchange. Such generators may have capacities of 1,000,000 cu. ft. of gas 
a day. Heating values greater than 500 B.t.u. cannot be made from oil, 
and the usual output may have values from 300 to 500 B.t.u. Such gas can 
be mixed with natural gas to replace a high specific gravity, high B.t.u. 
manufactured gas and may be used to some advantage to meet peak demands 
on natural gas systems.

A modification of the Dayton process, known as the Faber process uses as 
raw material natural gas, refinery gas, or liquefied hydrocarbon gases obtained 
from natural gas. This is essentially a gas re-forming process.

Further information will be found in an article by Binnall [Ind. Eng. Chem., 
13, 242 (1921) and in Am. Gas Assoc., Proc., 1930, pp. 1361, 1482].

Coal Gas. Coal gas is produced by the pyrogenetic decomposition of 
suitable coals in externally heated refractory retorts. As the potential heat 
of the gas made usually represents only about 20 per cent of the total heat 
input, the economic success of this means of gas production is largely deter­
mined by the form value of the other products, particularly the coke, which 
usually represents some 50 or 60 per cent of the heat input. Considerable 
attention is therefore given to the selection of proper coals in order to secure 
cokes of salable quality. While in certain localities very important domestic 
markets have been developed, the great markets lie in the metallurgical 
industries. Consequently, recent coal-gas production has tended to follow 
by-product metallurgical practice.

In general, three types of carbonizing processes may be said to be in opera­
tion in the American gas industry: (1) horizontal and (2) vertical retorts; and 
(3) coke ovens. Comparative heat and material balances have been made 
upon certain units representing such processes by a committee of the American 
Gas Assoc. (Proc., 1928, p. 1115). The operating results shown in Table 34 
have been taken from this report.

Combustion Data
Ignition Temperatures. The term “ignition temperature” is sometimes 

used as a characteristic property of a substance. Any such implication is, 
however, in error. A system ignites when the rate of gain of heat due to 
the oxidation reaction is greater than the rate of loss of heat. It follows 
therefore that ignition temperatures are dependent upon the properties of 
the particular system in question and are not characteristic of the igniting 
substance alone. The term as ordinarily applied is used to signify the tem­
perature at which rapid combustion occurs in ordinary air.

In ignition temperature measurements two methods are used to avoid 
error due to slow combustion prior to ignition: (1) by exploding the gaseous 
mixture by adiabatic compression and (2) by preheating independently each 
stream of gas and air before mixing.

Limits of inflammability are dependent in part upon the conditions of 
determination. When a weak source of ignition is used, certain mixtures 
near the limits may not inflame. The limit is lower for upward propagation 
of flame, and the limits are wider as the tube diameter is increased, although 
usually not markedly wider above diameters of 5 cm. except in certain cases, 
such as acetylene whose upper limit is much increased by enlarging the tube 
diameter above 5 cm. In closed tubes the length of the tube may also affect 
the results.

Normal variations of atmospheric pressure do not appreciably affect the 
limits of inflammability. The effect of larger variations in pressure is neither 
simple nor uniform but is specific for each inflammable mixture. Reduction
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Fig. 21.—Limits of inflammability of ammonia-air mixtures.

Table 35. Ignition Temperatures (at Atmospheric Pressure) of 
Gases, Liquids, and Solids*

Substance

Ignition temperature in air Ignition temperature oxygen

Hydrogen (H2)..................................Carbon monoxide (CO)............Methane (CIL)................................
Ethane (C2H6)...................................
Propane (CsHs)................................Ethylene (C2H4)..............................Acetylene (C2H2)............................Hexanef (C6H14).............................Decane (CwH22)...............................Benzol (C6H6)....................................Toluol (C6H6CH3)..........................Phenol (C6H5OH)...........................Aniline (C6H5NH2).......................Methylalcohol (CH3OH)... Ethylalcohol (C2H6OH).... Propylalcohol (C3H7OH)... Isopropyl alcohol (C3H7OH) n-Butyl alcohol (C4H9OH).. Amylalcohol (C5Hi1OH).... Ethyl ether ((C2H5)2O)............Glycerine (C3H5(OH)3).............Acetone ((CH3)2CO)....................Sugar (C12H22On)...........................Cylinder oil...........................................Pennsylvania crude.......................Gas oil........................................................Kerosene...................................................Acetaldehyde (CH3CHO).... Benzaldehyde (C6H6CHO)..

1076-10941191-12161202-1382968-1166
580-590644-658650-750520-6301008-1018 542-547763-824 406-440909 487865 4631364 7401490 8101319 7151418 7701036 558941 5051094 590842 450768 409649 343932 5001292 700725 385783 417601 367637 336563 295365 185356 180

oF. oC.
1076-1094 580-5901179-1216 637-6581033-1292 556-700968-1166 520-630914-1058 490-570932-966 500-519781-824 416-440514 268396 2021224 6621026 5521065 574986 5301031 555797 425833 445954 512725 385734 390352 178777 4141054 568712 378608 320468 242518 270518 270284 140334 168

* From Haslam and Russell “Fuels and Their Combustion,” McGraw-Hill, New York, 1926.t Ignition temperatures for hexane and for other substances in the remainder of this table are for dry airand dry oxygen.
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Table 36. Approximate Limits of Inflammability of Single Gases 

and Vapors in Air at Ordinary Temperature1 and Pressures’

Gas or vapor

Limits in air, % Limits in oxygen, %
Oxygen percent­
age below which 

no mixture is 
inflammable

Lower Higher Lower Higher
Nitro­
gen as 
diluent 
of air

Gartxra 
dioxide 
as dil­
uent of 

air

Hydrogen.................
Ammonia.................
Hydrogen sulfide.... 
Carbon disulfide.......
Carbon monoxide.... 
Methane. 
Ethane... 
Propane.. 
Butane... 
Jsobutane. 
Pentane.. 
Jsopentane 
Hexane.. 
Heptane. 
Octane... 
Nonane.. 
Decane.. 
Ethylene. 
IVopylene, 
Butylene.. 
Amylene.. 
Acetylene. 
Benzene.. 
Toluene... 
O-Xylene.. 
Cyclopropane..............
Cyclohexane..................
Methyl cyclohexane.... 
Methyl alcohol..............
Ethyl alcohol................
PropyI alcohol...............
Iso-propyl alcohol.........
Butyl alcohol................
Iso-butyl alcohol..........
Amyl alcohol.................
Isoamyl alcohol.............
AlIyl alcohol..................
Methyl ethyl ether.......
Ethyl ether.......
Vinyl ether..... 
Ethylene oxide. 
Propylene oxide. 
Dioxan.................
Diethyl peroxide.... 
Acetaldehyde...........
Croton aldehyde.... 
Furfural...................
Paraldehyde............
Hydrocyanic acid...

4∙0 
. 16

74
27

4-0
15

94
79 '

5.0 5.9. 4-55 ............ 44 45.5
5074 5.6 5.9

(.s.o) 14 15 .5.4 59 12.1 14.612.5 i-1 50 11.0 -43.49.5 11.4 14.3
..... 8.48.4 12.1 14.5
1.3

7.8 12.1 34.4
1.0

0.8
0.7

6.9
6.0

11.9 34.5
2.75 29 3.1 2.9 80 10.0 11.7
2.0
1.7
1.6 

(S. S)

1.3
1.0
2.λ
1.2

6.7
8.3

11.1
9.080
6.7
6.0

10.3

2.1

245

53

63

11.5 14. f

6.7
' 3.8

2.5
2.6
1.7
1.8
1.2
1.2
24
2.0
1.85
1.7

2.0
2.35 4.0 
2.1

1.3
5.6

488021.5

36*19*

10.1

27

22↑

57 
15.5↑

40

2.1
1.8

82
85

10.3 13.5



2400 FUELS

Table 36. Approximate Limits of Inflammability of Single Gases 
and Vapors in Air at Ordinary Temperature1 and Pressures2— 

(.Concluded)

1 Except as noted.
2 Coward and Jones, Limits of Inflammability of Gases and Vapors, U. S. Bur. Mines, Bull. 279, 1938 

p. 125.
Values in italics were obtained in closed apparatus. Values in parentheses are for turbulent mixtures.
* At 60oC.
IAt 100oC.
JAt 125oC.
§ At 30oC.

of pressure below 760 mm. narrows the range of flammability by raising 
the lower limit and decreasing the higher limit. At a suitably low limit the 
limits coincide; below this point there is no propagation of flame. Increase 
of pressure above atmospheric does not always widen the limits. In some 
mixtures this increase narrows the limits and a mixture which can propagate 
flame at atmospheric pressure may not be able to do so at higher pressures. 
The flammability of hydrogen-air and carbon monoxide-air mixtures 
(downward propagation of flame) is narrowed at both limits by a moderate 
increase in pressure above atmospheric. Under analogous conditions the 
range of each gas in the paraffin series is narrowed on the lower limit side and 
widened at the upper limit side.

Gas or vapor

Limits in air, % Limits in oxygen, %
Oxygen percent­
age below which 

no mixture is 
inflammable

Lower Higher

•

Lower Higher
Nitro­
gen as 
diluent 
of air

Carbon 
dioxide 
as dil­
uent of 

air

Acetone.........................
Methyl ethyl ketone.... 
Methyl propyl ketone... 
Methyl butyl ketone.... 
Methyl formate.............
Ethyl formate...............
Methyl acetate..............
Ethyl acetate................
Propyl acetate........... . .
Isopropyl acetate..........
Butyl acetate................
Ethyl nitrite..................
Methyl chloride............
Methyl bromide............
Ethyl chloride...............
Ethyl bromide.. ............
Ethylene dichloride.......
Dichloroethylene..........
Propylene di chloride.... 
Amyl chloride...............
Vinyl chloride...............
Diethyl selenide............
Tin tetramethyl............
Lead tetramethyl..........
Pyridine........................

5
2

2
2

i
ÎÔ

’4

6
9

0

0 2.55
1.8

11 13
10

1.5 8.5↑
1.2 at
5.0 20 23↑
2.7 13.5 16.5f
3.1 15.5f
2 2 8.5 11.5↑
1.8 8.Ot
1.8 7.8f

3.0
8.0 17.4 19

13.5 14.5
4-0 14.3 U.8
6.7 11.2

3-4

15.9f
12.8

14-SÏ
1.4

2.5
1.9
1.8
1.8

22.0

124

13.5 15.63

4
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Table 37. Approximate Limits of Inflammability of Some Industrial 

Mixtures of Gases and Vapors in Air at Ordinary Temperatures 
and Pressures, Per Cent

Gas or vapor
Lower 

limit, by 
volume

Higher 
limit, by 
volume

Gas or vapor
Lower 

limit, by 
volume

Higher 
limit, by 
volume

Benzene .................................... 1.1 Natural gas.............................. 4.8 13.5
Gasoline..................................... 1.4 6.5 Illuminating gas....................... 5.3 31
Water gas................................... 6-9 55-70 Blast-furnace gas..................... 35 74

The above was taken from U. S. Bur. Mines, Bull. 279, 1938 ed., p. 126. The lower 
limit for blast-furnace gas was obtained in a small or closed vessel. The limit figures 
apply only to particular samples; analytical data will be found in the bulletin cited. 
By the use of Le Chatelier’s law the limits of similar mixtures ,can be calculated.

Limits of Inflammability of Various Fuel Gases (from U. S. Bur. 
Mines, Bull. 279, 1938 ed., p. 118).

The limits of “explosibility” or inflammability of various fuel gases in air were 
determined in a tube 4 cm. in diameter and 79.6 cm. in length, one end being permanently 
closed and the other sealed with a diaphragm of thick, varnished paper. Ignition was 
obtained by a coil of iron wire that was caused to glow by a 10- to 15-amp. current. 
The results were:

Table 38. Limits of Inflammability of Various Fuel Gases

Composition Coal CoaI 
gas (?) gas (?)

Town 
gas (?)

Water 
gas (?)

Semi­
water 

gas (?)
Producer 
gas (?)

Carbon dioxide................................................
IJnsaturated hydrocarbons..............................
Oxygen.............................................................
Carbon monoxide............................................
Hydrogen.........................................................
Methane...........................................................

Nitrogen.......................................................

Lcwer limit, %................................................
Higher limit, %...........................

3.2
4.4
1.0
9.0

47.8 
27.0
7.6

8.5
25.0

2.0
3.6
0.4
8.8

52.4 
27.0
5.8

9.5 
29.0

3.6
2.6
0.4

17.6
45.4
18.6
11.8

10.4
30.5

4.2

0.4
40.4 
43.0

12.0

13.5
68.5

4.4

0.4
34.2
34.4

26.6

16.0
70.5

3.6

0.4
29.2
10.0

56.8

31.0
74.0

Limits of Inflammability of Mixtures of Inflammable Gases and
Vapors (from U. S. Bur. Mines, Bull. 279, 1938 ed., pp. 7#.).

A simple formula, of additive character, was advanced by Le Chatelier to connect 
the lower limits of single gases with the lower limit of any mixture of them. It is 

in which Ni and Nz are the lower limits in air for each combustible gas separately and 
m and nz are the percentages of each gas in any lower-limit mixture of the two in air.

The formula expresses the fact that, for example, a mixture of air, carbon monoxide, 
and hydrogen, which contains one-quarter of the amount of carbon monoxide and three- 
quarters of the amount of hydrogen necessary to form a lower-limit mixture, will be 
a lower-limit mixture. If the formula expresses experimental facts, the lower limits 
of inflammability form a series of inflammability equivalents for the individual gases 
of a mixture.
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The formula also leads to the deduction that lower-limit mixtures if mixed in any 
proportions give rise to mixtures that are also at their lower limits; or, vice versa, the 
formula may be deduced from the latter statements as a postulate.

The formula may be generalized to apply.to any number of combustible gases, thus: 

and, so far as it expresses experimental results truly, may be applied to high-limit 
mixtures, with the appropriate rewording of the definition of m . . . and Ni . . . .

A small algebraic transformation gives a more useful formula for calculating the 
limits of any mixture of combustible gases which obeys it, as follows:

100L sc -------------------------------
pi ι⅞ ∣
Ni + Nz ^r N⅛ + ' ' '

in which pi, p2, p3 are the proportions of each combustible gas present in the original 
mixture, free from air and inert gases, so that

An example of the use of the formula will make its application clear: To calculate 
the lower limit of a “natural gas’’ of the composition

Methane.............................................. 80 per cent (lower limit, 5.3 per cent)
Ethane...................................  15 per cent (lower limit, 3.22 per cent)
Propane............................................... 4 per cent (lower limit, 2.37 per cent)
Butane................................................. 1 per cent (lower limit, 1.86 per cent)

gives
100

l _ gɑ-ɪ----ɪ-ɪ ≡ 4∙5s Per ee∏t
5.3 + 3.22 + 2.37 + 1.86

The accuracy of the formula has been tested carefully for many mixtures. The 
results are discussed separately in the appropriate sections later. In general, it may be 
said that, while the formula is often correct or very nearly so, there are some marked 
exceptions. It seems that the limits (lower and higher) of mixtures of hydrogen, carbon 
monoxide, and methane taken two at a time or all together and of water gas and coal 
gas may be calculated with approximate accuracy. The same is true for mixtures 
of the simpler paraffin hydrocarbons, including “natural gas.” Sometimes, however, 
ihe differences between the calculated and observed values are very large; . . . Many 
of the greater discrepancies are found with upward-propagating flames, especially when 
one of the constituents is a vapor, such as ether or acetone, capable of giving rise to the 
phenomenon known as a “cool flame.” Le Chatelier’s law is useful when its applica­
bility has been proved, but it must not be applied indiscriminately.

An extension of the law to apply to other atmospheres than air . . . is that when 
limit mixtures are mixed the result is a limit mixture, provided that all constituent 
mixtures are of the same type; that is, all are lower-limit mixtures or higher-limit 
mixtures. This law holds, for example, for methane in a range of oxygen-nitrogen mix­
tures and in air-carbon dioxide, air-argon, and air-helium mixtures, except near the 
point at which lower and higher limits meet, where the proportion of inert gas is large, 
it holds also for mixtures of hydrogen, methane, and carbon monoxide, in a wide range 
of mixtures of air, nitrogen, and carbon dioxide, and may therefore be used to calculate 
the limits of inflammability of mine-fire gas and of the atmospheres after a mine explo­
sion, of blast-furnace gas, of automobile-exhaust gas, and of the gases from solid 
explosives.

A brief account of the method of calculating limits of complex industrial gases, such 
as those just mentioned, follows; greater detail will be found in the original account 
(U. S. Bur. Mines, Tech, paper 450).
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The chief gases in these mixtures are hydrogen, carbon monoxide, methane, nitrogen, 

carbon dioxide, and oxygen. The procedure is as follows:
1. The composition of the mixture is first recalculated on an air-free basis; the amount 

of each gas is expressed as a percentage of the totàl air-free mixture.
2. A somewhat arbitrary dissection of the air-free mixture is made into simpler mix­

tures, each of which contains only one inflammable gas and part or all of the nitrogen 
or carbon dioxide.

3. The limits of each mixture thus dissected are read from tables or curves. (See 
Fig. 22.)

monoxide, and methane 
(From Coward and Jones,

Fig. 22.—Limits of inflammability of hydrogen, carbon 
containing various amounts of carbon dioxide and nitrogen. 
Limits of Inflammability of Gases and Vapors, U. S. Bur. Mines Bull. 279, p. 9, 1938 τeυj

4. The limits of the air-free mixture are calculated from the figures for the dissected 
mixtures obtained in (3), by means of the equation: 

where pi, pi, p3 . . . are the proportions of the dissected mixtures, in percentages, 
and A7ι, Λ7^2, and Ns . . . are their respective limits.

5. From the limits of the air-free complex mixture thus obtained the limits of the 
original complex mixture are deduced.

The following is an example of the calculation applied to a mine-fire atmosphere. It 
contained:

Constituent Per cent Air free, 
per cent Constituent Per cent Air free, 

per cent

Carbon dioxide.......................... 13.8 15.9 Methane. ... .. 3 3 3 8
Oxygen....................................... 2.8 0 Hydrogen.............<.................. 4.9 5.7
Carbon monoxide...................... 4.3 5.0 Nitrogen................................... 70.9 69.6

1. The composition on an air-free basis, also given above, is found thus: The amount 
of air in the mixture is 2.8 × 100/20.9 = 13.4 per cent. The air-free mixture is there­
fore 86.6 per cent of the whole. When the original amounts of carbon dioxide, carbon 
monoxide, methane, and hydrogen are divided by 86.6 and multiplied by 100, the “air­
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free” percentages are obtained. The nitrogen figure is the difference between 100 and 
the sum of these percentages.

2. The inflammable gases are paired off with the inert gases separately to give a series 
of dissected mixtures, as shown in the following table:

Combustible
Ratio of 
inert to 
combus-

CO2, 
per cent

Limits from

Lower

a fair latitude ofSome discrimination is needed to choose appropriate quantities, but 
choice usually is available.

3. The limits of the dissected mixtures from Fig. 22 are shown in the last two columns 
above. For example, the first mixture contains 5.0 per cent of carbon monoxide 
and 17.5 per cent of nitrogen; the ratio between its nitrogen and carbon monoxide 
is 17.5/5.0 = 3.5; and the limits from the curve for carbon monoxide-nitrogen mixtures 
are 61 per cent (lower) and 73 per cent (higher).

4. The values in the last two columns and in the column “Total, per cent,” sub­
stituted in the equation, give the two limits of the air-free complex mixture, calculated 
to 0.5 per cent:

Lower limit 43 per cent

22.5
73Higherlimit =

The range of inflammability of the air-free complex mixture is therefore 43 to 61 per cent.
5. As the air-free mixture is 86.6 per cent of the whole, the limits, in air, of the mine­

fire atmosphere are 43 × 100 ÷ 86.6 and 61 × 100 ÷ 86.6, or 50 and 70 per cent, 
respectively.

The novice’s difficulty with such calculations is in stage 2, where an appropriate 
amount of inert gas has to be chosen to pair with each combustible gas in turn. The 
ratio of inert to inflammable gas must not be so high that the mixture falls outside the 
extreme right of the corresponding curve in Fig. 22. A little practice will soon enable 
this difficulty to be overcome.

It need only be added that if the amount of inert gas is so great that a complete series 
of inflammable mixtures cannot be dissected the air-free mixture is not inflammable. 
Moreover, the air-free mixture may be inflammable, but when its limits are multiplied 
by the appropriate factor in the final stage of the calculation the result may be greater 
than 100 for each limit; the original mixture is then not capable of forming an explosive 
mixture with air because it contains too much air already. Finally, if the lower limit 
of the original mixture is less than 100 and the higher limit greater than 100, the mixture 
is inflammable per se and would explode if a source of ignition were present.

About 20 examples, which cover a wide range of industrial gases, have been tested by 
experiment. The calculated and observed limits agree within 2 or 3 per cent, excepting 
one higher-limit figure for a mixture that contained an unusually large amount (nearly 
24 per cent) of carbon dioxide.

Speed of the Propagation of Flame. Flame speeds are of importance 
in certain problems of gaseous combustion. Thus in questions of inter-
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Per Cent Gosin Primory Air-Gos Mixture
Fig. 23.—Flame velocities of various gas­

air mixtures. Data on individual gases from 
Bur. Standards J. Research, 17, 7-43 (1936). 
Data on natural gas, coke-oven gas, and 
carbureted water gas from “Combustion,” 
Am. Gas Assoc., 1932. (As compiled by 
Μ. A. Elliott and A. R. T. Denues of the 
Bureau of Mines for Marks, tt Mechanical 
Engineers’ Handbook,” McGraw-Hill Book 
Company, Inc.)

changeability it is usually difficult to substitute a major quantity of a slow- 
burning gas for a fast-burning gas. The same holds for problems in burner 
design where flash back and blowoffs must be considered. In heat transfer, 
questions of combustion intensity or flame output are related to flame 
speeds. Mixture compositions below or above which flame speeds are zero 
determine the lower or upper limits 
of inflammability.

Payman has proposed the use of 
the Le Chatelier mixture calculation 
for the estimation of certain flame 
speeds in certain complex mixtures. 
Whenever the law holds true, the 
percentage amount of a mixed gas of 
known composition which gives a 
certain speed of flame can be calcu­
lated from the observed amounts of 
constituent gases which, separately, 
give the same flame speeds. The 
formula is the same as that used for 
calculating the dilution limits. 
There are many marked exceptions 
and the application cannot be 
deemed general enough to consti­
tute a law. Natural gas mixtures, 
however, give results in fairly close 
agreement with those calculated 
(U. S. Bur. Mines, Tech.Paper 427).

Checking Flame Propagation. 
Flame propagation is impossible in 
a coal gas + air mixture when the 
tubes are smaller than 0108 in. or 2 
mm. in inside diameter. Methane 
fl- air mixtures will not propagate 
flame through tubes whose internal 
diameter is smaller than 0.142 in. or 
3.6 mm. Hydrogen, however, 
has been found to flame through 
tubes whose internal diameter was 
0.035 in. or 0.9 mm.

Specific Flame Output or Intensity of Combustion. A conception 
known as specific flame output, or intensity of combustion, is sometimes 
used in comparing gaseous fuels. This is expressed by the relation J = 
(u × H) /K, where J = specific flame output, B.t.u. per square foot of port 
area per second; u = flame velocity in feet per second; H = heat developed 
per cubic foot of air-gas mixture as will be further explained; and K = ratio 
of the port area to the area of the inner cone. The result may be expressed 
as primary flame output when based on the heat developed in the primary 
combustion or as total flame output when based upon the total heat developed 
in both primary and secondary combustion.

The calculation of primary flame output involves the relationship

hxt(∖ — x)
(1 - Xι)



2406 FUELS

where h
X

xt

= the net B.t.u. value of the gas.
= the decimal fraction of combustible gas in the primary mixture.
= decimal fraction of combustible gas in the stoichiometric mixture

for complete combustion.
Assume that the primary air-gas mixture contains 15 per cent methane 

whose net B.t.u. at 60oF. and 30 in. of Hg = 914 and that the stoichiometric 
mixture contains 9.5 per cent methane. From Fig. 23 the flame speed of 
a 15 per cent mixture is 0.27 ft. per sec. Therefore

914 × 0.095(0.85)
= ol.40.905

Assume a value of 0.5 for K, and
y 0.27 × 81.4 ,λ ʌ τι ɪ ,ɪ c ,j —---------------- = 43.9 B.t.u. per sq. ft. of port area per second

0.5
The evaluation of the total flame

H = hx. The total flame output 
would be
0.27 × 914 × 0.15

output is made similarly except that
0.035
0.034

1600 τ,m 5200 4000 4800 
Temperature Deg-H

Fin. 24.—Mean specific heats from 600F. 
to 7loF. (B.t.u. per cubic foot per degree 
Fahrenheit). The cubic foot is measured 
at 60oF. and 29.92 in. Hg.

y*> V

∕/
'X∙

/ VMOT bpecιf∣(Γ" eat From 60Deg. .+oTDeg∙F.Γ •F

co

0.5
74.1 B.t.u. per sq. ft. of port area 

per second
An examination of the above re­

lationship will show that materials 
such as hydrogen which have high 
flame speeds can be burned to give 
high flame outputs and that the max­
imum intensity for any gas lies be­
tween the theoretical mixtures and ε 0.023 
the mixture having the maximum 
flame velocity [Gas u. Wasserfach, 14, 
1012 (1931); 79, 17 (1936). Z. Ver. 
deut. Ing., 80, 1275 (1936)].

Flame Temperatures. In many 
industrial processes using combustion 
systems, the flame temperature is 
of considerable importance. Thus, it 
may largely determine the tempera­
ture gradient and hence the character 
and efficiency of the heat transfer. 
It is, however, exceedingly difficult to 
determine the temperature of the flame with accuracy, and it is therefore 
customary to compare fuels on the basis of their theoretical flame tempera­
tures. This is found by suitable substitution in the following:

heat of , sensible heat . sensible heat 
_T , combustion ' in fuel ^r in air
I heoretιcal flame temperature =

(total quantity of ] χ[ 
combustion products / ∖

their mean ʌ 
specific heat/

The calculation of theoretical flame temperatures is most simply made on 
a trial-and-error basis, i.e., a· probable temperature is assumed and correspond-
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ing mean specific heat values are chosen. If the sum of the heats divided by 
the chosen heat capacities gives a temperature higher than that assumed, it 
is necessary to make a new trial by assuming a new and higher temperature 

Fig. 25.—Mean heat capacities from 60oF. to given temperature. The cubic foot is 
measured at 60oF. and 29.92 in. Hg.

% Dissoctahon of CO2 and H2O at Various Partial Pressures
C02-*tC0+'∕202

Where ∕Oθ(l-X)=% diss ociar!

4571 ⅛Kp=i⅛ri'+4.MY∕7/ ∕X∣LogloT+Q.2lxlO" J7/X 4∙'
~0.03x10^6T⅛ 'T-O.47I αbov i¼

!Üí

.βi⅛A,m.Ι
:≡ : HjO- 
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Fig. 26.—Dissociation of carbon dioxide and water at various partial pressures.

and choosing again a corresponding specific heat value, and so on, until values 
of flame temperature and mean specific heat are found to correspond. It is 
always necessary to use the low or net heating value of the gas as the latent 
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heat of condensation of the water formed is not available to raise the tempera­
ture of the products of combustion in the flame.

The flame temperatures thus found are the uncorrected theoretical tem­
peratures. If these temperatures are low, no further correction is necessary,

Fig. 27.—Dissociation of carbon dioxide and water vapor at various partial pressures.

but at temperatures approximating 3000oF. or higher the dissociation of 
water vapor and of carbon dioxide sets in with a corresponding lowering of 
the flame temperature.

For convenience in the solution of such problems there is presented a curve 
showing the sensible-heat content per cubic foot of the ordinary combustion 
products and curves showing the dissociation of carbon dioxide and water 
at high temperatures. These are from the booklet “Combustion,” 1932 
edition, and are reproduced by the courtesy of the American Gas Assoc.
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A more detailed discussion of the calculation of flame temperatures will 

be found in an article by Jones et al., J. Am. Chem. Soc., 53, 869 (1931), on 
the flame temperature of hydrocarbon gases.

Fig. 28.—Heat content of carbon dioxide, above 60oF., corrected for dissociation. The 
cubic foot is measured at 60oF. and 29.92 in. Hg.

Calculated flame temperatures, even when corrected for dissociation, 
are usually higher than those measured. This difference may be as much 
as 100oF.

A problem will render the calculation of a corrected flame temperature clear.
Example. Methane (CH⅛); calculate the uncorrected flame temperature. One 

cubic foot of methane at 60oF. and 29.92 in. Hg gives a net heating value of 916 B.t.u. 
(from Thomsen’s data), and the following combustion products (measured at 60oF. 
and 29.92 in. Hg): CO2, 1.00 cu. ft,; H2O, 2.00 cu. ft.; N2, 7.565 cu. ft.

From Fig. 25 giving various mean specific heat values and an assumed flame tem­
perature, 3800oF., the following comparison is made:
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Heat in

B.t.u.
CO2 = 1.00 × 0.0345 × (3800 - 60) = 129
H2O = 2.00 × 0.0287 × (3800 - 139* *) = 210

In table, column 1, are shown the theoretical (calculated) flame temperatures of various gases, including that of carbon monoxide, as given by Haslam (Haslam, “Fuels and Their Combustion,” p. 279, New York 1926), without allowance for radiation. Similar computations, according to Bone and Townend (Bone, and Townend, “Flame and Combustion in Gases,” p. 199, London, 1927), using allowances for radiation according to Helmholtz and CallendaFs experiments and mean specific heats after Holborn and Henning, are shown in column 2.β Values according to Haslam.i, Values according to Bone and Townend.c Lewis and von Elbe, “ Combustion, Flames and Explosions of Gases” Macmillanf New York, 1938.d Jones, Lewis, and Seaman, J. Am. Chem. Soc., 53, 3992 (1931).*Jones, Lewis, Friauf, and Perrott, Ind. Eng. Chem., 53, 869 (1931).ʃ Loomis and Perrott, Ind. Eng. Chem., 20, 1004 (1928).
Methane (CH4), corrected flame temperature: However, the value calculated above 

makes no allowance for the heat lost by the dissociation of the carbon dioxide and the 
water, which, as is shown in Fig. 27, is appreciable at these temperatures. From the 
statement of the flue-gas composition it will be seen that 9.5 per cent of the flue products 
are CO2, and 19 per cent are water vapor. From Fig. 27 it will be seen that the dis­
sociation of CO2 at 3600oF. and 0.095 atm. amounts to 12.85 per cent; and of H2O

N2 = 7.57 × 0.0207 × (3800 - 60) = 586
925

* Water vapor is figured above 139oF. not 60oF.

This value is too high by 9 B.t.u., so a lower temperature is chosen and the theo­
retical uncorrected flame temperature is found by interpolating between the values 
graphically.

Table 39.

Computed theoretical (maximum) flame temperatures of various gases
1

Theoretical flame tempera­ture (computed maximum temperature)0 oF.

2
Computed maximum flame temperatures, with allowance for radiation loss6 oF. 

Experimentally determined flame temperatures in air
(Sodium-line reversal method)

% combus- Flame tempera- Refer-tibie ture, oF. en ce
Carbon monoxide (CO) ....∙,..............................Hydrogen (H2).................................................................Methane (CH4)................................................................Ethane (C2Hβ)..................................................................Propane (CsHs)...............................................................Butane (C4Hxo)................................................................Methyl ether (CHs)2O..............................................Ethylene (C2H4).............................................................PropyIene (CsHe)...........................................................Butylene (C4Hs).............................................................Acetylene (C2H2)...........................................................Blue water gas (310 B.t.u. per cu. ft.)... Carbureted water gas (578 B.t.u. per cu.ft.)..........................................................................................Natural gas (1047 B.t.u. per cu. ft.).... Producer gas (136 B.t.u. per cu. ft.)...........

44754010375038203840387042504090403047704167409037403050

309234883038
3452
4208

32.031.610.05.84.153.27.04.53.49.0

3812371334073443349734433587351535064217
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at 3600oF. and 0.19 atm. to 3.13 per cent. The net heating value must be lowered by 
the respective amounts of CO and H2 produced:

1.00 × 0.1285 × 323 = 41.5
2.00 × 0.0313 × 273 = 17.

58.5 = B.t.u. lost
857.5 B.t.u.Heat available for flame

The combustion products, corrected for dissociation, are:

CO2.
CO.
H2O

Cu. Ft.
0.8715 H2
0.1285 02.
1.9374 N2

Cu. Ft. 
. 0.064 
. 0.096 
.7.565

The heat in the flue products is balanced against the heat available.
The calculations are much simplified by the use of Figs. 28 to 30, which give directly 

the heat lost by dissociation and the heat contained in the dissociated products. Thus, 
it is merely necessary to subtract from the 
net uncorrected heating value (916) the di­
rect readings 41.5 plus 17 and balance the 
result against the appropriate readings for 
the sensible heats lost as shown in the sensi­
ble-heat curves, which are given in Figs.
28 to 30.

Formula for calculating the 
number of cubic feet of air re­
quired to burn 1 cu. ft. of an industrial 
fuel gas (varying in composition from > 
blast furnace gas to natural gas) :

(Gross B.t.u.)1,06 - 52
100

For coal gas, and carbureted water gas jɔ 
and natural gas, a convenient approxi­
mation is

(Gross B.t.u.) — 50
100

2 34 5. 6a78 9i0
Per Cen+ Djssocicibzd

Fig. 29.—Heat content of water vapor 
above 60oF. corrected for dissociation - 
The cubic foot is measured'at. 60oF. and

Combustion Calculations from 
Fuel-gas Analyses. In most com­
bustion calculations involving fuel 
gases, the thermal content and the 
carbon and hydrogen contents of the 

,gas are estimated from the analysis. 
In all such estimations there arise two 
sources of possible error, namely, the 
determination of the chemical composi- 29.92 in. Hg. 
tion of (1) the illuminants and (2).the 
paraffin hydrocarbons. The illuminants are ordinarily estimated by absorp­
tion in bromine water, or in fuming sulfuric acid, and may vary widely in 
composition. In plants running repeated analyses, it is customary to ascer­
tain the composition of the gas by analysis, and the thermal content by 
a gas calorimeter. Since the simple constituents of the gas have definite 
thermal values, these are subtracted from the calorimeter reading and the 
difference assigned to the illuminants and paraffins.
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By the use of a slow combustion over copper oxide, carbon monoxide and 
hydrogen may be estimated independently of the paraffin hydrocarbons,

which may then be burned over a platinum spiral and some knowledge 
of the composition of the paraffins obtained. From repeated determina­
tions of such information it is usually possible to assign an approximate com­
position and heating value to the illuminants.
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In the case of isolated analyses, such a procedure is not available. The 

matter has been considered by Watson and Ceaglske [Ind. Eng. Chem., Anal, 
ed. 4, 70 (1932)] who use a “triple-combustion” scheme of fuel-gas analysis 
with the Bureau of Mines apparatus. The two combustions above men­
tioned are extended to include an additional total combustion with oxygen, 
and from the data obtained the complete average composition and heating 
values of both the paraffins and the illuminants may be calculated to an 
accuracy of within 2 per cent, using equations developed by the above-men­
tioned authors. An exception occurs when the gas contains an appreciable 
percentage of acetylene, for which the equations do not apply.

If Δb is the contraction in volume accompanying the second combustion 
(of the paraffins over the platinum spiral), n is the number of carbon atoms 
in the average paraffin formula (CnH‰+2), and V is the volume of paraffins 
in the sample; then

Δ® - 0.5 CO2
1.5

CO2

For the third combustion, the CO2 in the original gas is first removed 
and the entire residue burned over platinum with oxygen. The CO2 produced 
by the combustion of the illuminants can readily be calculated from the 
preceding steps in the analysis which has been conducted as usual. If the 
illuminants are CoH6, the CO2 produced by a volume V' of illuminants 
is V a, and the value of i> can be calculated from Λv', the contraction due 
to the combustion of the illuminants and the volume of CO2 produced, thus

The following equations are used by Watson and CeagIske for calculating 
the heating values:

The heating values of the lower paraffin-hydrocarbon gases are represented by the 
following equations with errors of less than 0.5 per cent.
Total heating value:

Gram-calories per gram-ɪnol = 156,700» + 56,100
B.t.u. per cu. ft. at 60°F., 30 in. satur. H2O .≈ 732n + 262

Net heating value:

Gram-calories per gram-mol = 146,200» + 45,500
B.t.u. per CU. ft. at 60°F., 30 in, satur. H2O = 683» + 212

The heating values of the lower unsaturated hydrocarbon gases of average formula 
CaIl6 are satisfactorily represented by the following formulas: 
Total heating value:

Gram-calories per gram-mol = 98,200α + 28,2006 + 28,800
B.t.u. per cu. ft. at 60oF., 30 in. satur. H2O = 459α + 1326 + 135

Net heating value:

Gram-calories per gram-mol = 98,200α + 22,9006 + 28,800
B.t.u. per cu. ft. at 60oF., 30 in. satur. H2O = 459α + 1076 + 135 

The above values are not valid for acetylene.
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31.—Flow of gas in commercial pipes.
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Tho Flow of Gas through Pipe Lines*
Where conditions permit the application and the necessary data are avail­

able, the flow of gas in pipe lines can be most logically dealt with in accordance 
with Reynolds criterion as discussed in Sec. 6 of this handbook. The 
application has been limited because quantitative values of the viscosity rela­
tionships in commercial 
gas mixtures are general­
ly not available. An­
other difficulty arises 
because gas flowing in 
long lines under high pres­
sure may undergo a 
marked change in 
density.

The problem presented 
by the application of 
Reynolds criterion to flow 
problems such as are 
handled by simple gas 
engineering flow formulas 
has been considered in a _j 
paper by Huff arid Logan <υ 
(Am. Gas Assoc., Proc., c 
1935, p. 687). Í

These authors sh o w ψ 
that at ordinary tempera- ¿ 
tures a function of the 
specific gravity of a gas 
referred to air can be sub­
stituted for the absolute 
viscosity of common fuel 
gases. The density vis­
cosity r e 1 a ti o n ship is 
13.8s0∙129 = z × 103, where 
« is the specific gravity of 
the gas referred to air as 
1 and z is the absolute 
viscosity of the gas in 
centipoises. With this 
simplification for low- 
pressure flows, in which the change in density of the gas is not important 
and in which the flow is turbulent, it is possible to derive a flow formula 
resembling former formulas, but resting upon the firm foundation of Reynolds 
criterion and consequently applicable to a wide variety of conditions. This 
formula is

λ 1281Λ0∙543d2∙β31
0 = ^53(^)0.543 <5"' ft∙ pβr hr∙

where h = the pressure drop, in. of water.
d = the diameter of the pipe, in.

* See Sec. 6.
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,S = specific gravity of the gas at the temperature and pressure in 

question relative to air at room temperature and 30 in. of mercury. 
L' = the length of the pipe, yd.

If it is desired to express this formula in feet of pipe L, the relationship 
becomes:

2331⅛0∙543d2∙6sl
χg0.46S∕j0.543

cu. ft. per hr.

A nomograph for the convenient graphical solutions of the above is given 
in Fig. 31.

Many other low-pressure formulas have been suggested. One such a 
formula is that developed by Spitzglass [Armour Engineer, March and May, 
1917; also cf. Am. Gas J., 96, 274 (1917)]. This formula is

= ,1910
________ D<∙H________
TΓz(l + ɪ + θ∙θ3Z> <

where Q = discharge of gas, cu. ft. per hr.
D = diameter of the pipe, in.
H ≈ frictional drop of pressure, in. of water.
W = specific gravity of gas (air = 1).
L = length of pipe, yd.

Figure 32 (from U. S. Bur. Mines, Tech. Paper 310, p. 23; see also Am. 
Gas Light J., April 22, 1912) shows a diagram computed by Spitzglass to 
cover this formula.

Problem. To illustrate the use of this diagram, assume that the gas volume is 48,000 
ft. per hr., the source of the gas is 100 yd. from the exhauster, the gas has a specific 
gravity of 1.1, and it is desired to keep, with the exhauster maintaining a vacuum of 
20 in. water, a vacuum at the source of the gas of 5 in. water. Then, to find the diameter 
of pipe required, start with 48,000 in column 2, follow the dotted line horizontally to the 
line indicating the length of pipe (100 yd.), vertically to the line representing the specific 
gravity of the gas (1.1), and then horizontally across the diagram to the vertical line 
representing drop in pressure (15 in.); read the intersecting line, representing the 
diameter of the pipe, which falls in the column corresponding to that in which the 
volume of gas was shown. The diameter of the pipe required is 6 in.

Within recent years, the distribution of gas at moderately high pressures 
has become very important. In such systems, the gas pressure is measured 
in pounds per square inch, and a somewhat different formula applies:

D0PA ■

pel(1 +∣7 + 0.03d)
where Q = discharge of free gas, cu. ft. per hr. 

D = diameter of the pipe, in.
P = friction drop in pressure, lb. per sq. in.

(initial + final ∖ 11---------- --------- I, lb. per sq. ιn., gage.average pressureA

W = specific gravity of gas (air = 1).
L = length of pipe, miles.

Figure 33 for the convenient solution of problems involving this formula 
is given. Its use is similar to that illustrated for the low-pressure problems. 
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The factors are read in the order Q, L, A, W, D, P, turning at right angle· 
at the termination of each projected line to project to the intersection corre­
sponding to the next factor.

Recently the U. S. Bureau of Mines in cooperation with the Natural Gas 
Department of the American Gas Association has been studying the flow of 
natural gas through high-pressure transmission lines. In this important 
work, sometimes involving lines hundreds of miles in length, the choice of 
an accurate formula is very desirable. The reported results obtained favor 
the use of a formula developed by Weymouth [Trans. Am. Soc. Meeh. Eng.,
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34, 1091—1104 (1912)] (cf. Berwald and Johnson, U. S. Bur. Mines, Rept. 
Investigations, 3153, December, 1931). This is:

where Qc — number of cubic feet of gas flowing per hour, corrected to 60oF., 
and base pressure (14.4 lb. per sq. in.).

Pi = absolute inlet-line pressure, lb. per sq. in.
Pz = absolute outlet-line pressure, lb. per sq. in.
T = absolute flowing temperature, oF., i.e. (To + tz).
L = length of line, miles.

To ~ absolute temperature, 460oF.
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Po = absolute pressure base (14.4 lb. per sq. in., as generally adopted 
in natural-gas engineering practice).

ti = 60oF.
Í2 = observed flowing temperature, oF.
G = specific gravity of gas (air = 1).

Weymouth’s treatment more nearly approaches the flow treatment based 
on Reynolds number (see pp. 799#. on Flow of Fluids). However, the prac­
tical application of Reynolds number has been handicapped by the fact that 
the data required are usually not readily available to the operating gas 
engineer. A nomograph for the graphical solution of the Weymouth formula 
has been developed by Mathis (Gas Age-Recordi Apr. 30, 1932, pp. 536-538).

Extensive studies of Johnson and Berwald on the flow of natural gas have 
been compiled in Monograph No. 6 issued jointly by the U. S. Bureau of 
Mines and the American Gas Assoc., entitled “Flow of Natural Gas through 
High Pressure Transmission Lines.” This considers simple and complex 
piping systems, including the design of parallel lines, the storing of natural 
gas in pipe lines, and the chemical composition, compressibility, and viscosity 
of natural gas.

Th© Design of an Atmospheric Gas Burner
For certain industrial and illuminating purposes, gases containing hydro­

carbons may be burned without premixing with air. Such combustion gives 
a luminous flame and, under some conditions, some carbon or smoke. For 
many purposes, however, such luminous combustion is not desired, and the 
gas is ordinarily premixed with a cer­
tain amount of air, usually considerably 
less than is required for combustion. 
When this primary air is aspirated by 
a jet of gas at low pressure, the burner 
is said to be an atmospheric gas burner.

In the design of burners for such 
combustion, the first consideration is 
the volume of gas required; the next 
is the flame characteristics; thus, if a 
sharp, hot flame must be had, a high 
primary air-gas ratio is necessary. 
The minimum gas pressure available

10 20 30 40 50 60 70 80 90Angle of Approcich(SharpEdgeOrifice)Deg.
Fig. 34.—Relation between orifice con­

stant K and angle of approach for sharp- 
edged orifice.

must be known, and the geometric characteristics of the space in which the 
combustion is to occur and from which the heat must be transferred must be 
developed.

The burner consists of: (1) an orifice from which the gas is discharged, 
(2) an injecting tube in which the air is entrained and mixed with the gas, 
and (3) a series of ports or openings from which the air-gas mixture is dis­
charged for combustion. In installing the burner a cock or valve capable of 
regulating the gas flow is ordinarily provided. Care must be taken so to 
place the burner that air, substantially uncontaminated with combustion 
products, is freely available at the air-shutter opening of the mixing tube 
under conditions of maximum demand, and provision must also be made to 
permit the ready flow of the requisite secondary air to the ports and to permit 
the free discharge of the combustion products. The inner cone of the flame 
must never impinge an object, as the incomplete combustion resulting 
may produce dangerous amounts of carbon monoxide.

Orifice. In selecting an orifice, a high coefficient of discharge is desirable, 
as entrainment of more air may be obtained. An orifice of the sharp-edged
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type is preferred. The rate of flow of gas from such an orifice may be com­
puted by means of the. formula

Q = 1658.5AK^~

where Q - the quantity of gas flowing, cu. ft. per hr.
A = the area of the orifice, sq. in.
K = the orifice constant or discharge coefficient.
H = the orifice pressure, in. of water (above the atmosphere).
D = the specific gravity of the gas as it approaches the orifice (air = ɪ). 

Up to an orifice pressure of 10 in. of water, no serious error due to gravity 
changes because of increased pressure at the orifice is introduced.

The various values of K for different types of sharp-edged orifices are shown 
in Fig. 34 (Λ⅛i. Bur. Standards U. S., Tech. Paper 193; Sei. Paper 359).

Air-gas Ratio. On p. 2411 were given formulas by which the air required 
for the complete combustion of ordinary fuel gases could be computed. 
Many manufactured city gases require about 5 volumes of air to one of gas, 
with a corresponding air-gas ratio of 5; while for natural gas requiring for 
complete combustion 10 volumes of air per volume of gas, the air-gas ratio 
is 10.

In Fig. 23 were shown flame speeds of mixtures of a number of fuel gases 
with air. For flexible atmospheric burner operation it is desirable to operate 
with a primary air-gas ratio in the mixing tube of such a character that 
ordinary changes in composition will not be critical. In older manufactured 
gas appliances the primary air-gas ratio is from 1⅜ to 2, i.e., from 30 to 40 
per cent of the total air required. With. advance in the technique of burner 
design, it has been possible to secure much higher percentages of aeration 
in the primary mixture. Where access of secondary air to the ports is some­
what restricted, as in some radiant-type heaters fitted with ceramic grilles, 
the percentage primary aeration may be as much as 80 per cent. Such high 
primary air-gas ratios are, however, more critical and are avoided where 
flexibility is important.

If the primary air-gas ratio is too low, the flame lengthens unduly and may 
produce carbon monoxide if impingement results. The tips may turn yellow 
and the combustion smoky. Too high primary air-gas ratio may lead to 
strike backs with carbon monoxide production, or blowoffs which are equally 
undesirable.

The Injecting Tube. To secure maximum air entrainment with a 
minimum gas pressure, the injecting or air-mixing tube should be in the form 
of a venturi (refer to Sec. 6).

In Bur. Standards Tech. Paper 193 the following are given as some items of 
importance in regard to the injector tube:

a. The change of the lines of approach of the inlet to the outlet should be 
gradual.

b. The approach should follow approximately a curvature which should 
not be less than 3-in. radius fdr a ⅝-in. throat, and other sizes should be in 
proportion. For this size tube, the orifice should discharge about 1.5 in. 
from this throat.

c. The outlet angle should be about 2 degrees. The outlet tube should 
not be too short. Six throat diameters is the minimum length for good 
service. A satisfactory area of the throat can be determined by multiplying 
the area of the ports by 0.43.
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The Bureau of Standards <.Circ. 394) develops the relationship between 
the burner design and the momentum of the gas stream with particular­
reference to the entrainment of the air. The product of the mass and velocity
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of the jet of gas, as it leaves the orifice, bears a sufficiently constant ratio 
to the momentum of the mixture of gas and primary air as it passes any 
definite cross section of the burner to permit the use of a constant in most
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problems of design, i.e., MV/mv = C. The value of C is the same for burners 
of different sizes but of the same geometric design. The considerations are 
approximate and subject to some modification as the burner heats up and with 
increasing pressure and low gravity gases. According to this, geometrically 
similar burners have a characteristic injecting constant

where ⅛ = the burner constant.
q = the quantity of gas flowing in unit time.
Q = the volume of the air-gas mixture flowing in unit time.
a — the area of the orifice.
D = the density of the air-gas mixture.
d = the density of the gas.

The value of ⅛ should be determined experimentally but should not be 
assumed to be greater than 0.8 ∖∕P, where P is the total port area, although 
well-designed burners, properly aligned with a sharp-edged orifice, have shown 
values as great as 1.2 P.

A number of useful relationships may be derived from this treatment of 
the burner constant.

It has been recommended that free area of the mixer head, through which 
the ail· is admitted, be approximately fixed at 1.25 times the port area.

The Burner Head. Considerations of importance relating to the burner 
head are the port area, the depth and coefficient of discharge of the ports, the 
individual port area, the spacing of the ports, the burner volume, and the 
distribution of secondary air.

For natural gas, butane, and propane 12,000 to 15,000 B.t.u. can be 
burned per square inch of port area; for manufactured gases, from 22,000 to 
26,000 B.t.u. per sq. in. of port area. For universal burners for use on either 
fuel, around 20,000 B.t.u. per sq. in. should be selected. In general, the total 
port area should be made as large as possible. The figures above are for 
minimum areas.

The port relations must be such that the flame will not strike back owing 
to too low a velocity of air-gas flow nor must it blow off owing to too high a 
velocity. To secure high air-gas ratios without strike back, ample momentum 
must, be imparted to the air-gas mixture to ensure adequate pressure within 
the burner head to cause a proper velocity of flow through deep burner ports.

Kowalke and Ceaglske (Âm. Gas Assoc., Proc., 1929, pp. 662-686) develop 
certain relationships between the air-gas ratios and the ratio of throat'area 
to port area and orifice area to throat area. The work was further developed 
(Proc. Wis. Utilities Assoc., 1930). The equations obtained in this work 
have been rearranged (“Combustion,” 1932 ed., published by American 
Gas Assoc.) as follows: 

× (R + ιy×d +dR × Ao

where Ap — the port area, sq. in.
Ao = the area of the orifice, sq. in.
C — coefficient of discharge of the ports. 
R = air-gas ratio.
<1 = density of the gas.
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The value 0.85 is characteristic of the burner and is applicable only to a 
well-designed burner, such as those using injecting tubes meeting the sug­
gestions of the Bureau of Standards. Values from 0.35 to 0.7 have been 
found.

The general form of the above equation is as follows:

Ap K2A0 (R + 1)(7? ÷d)
CF . d

where Æ is the discharge coefficient of the gas orifice (values ranging from 
0.75 to 0.85) and F is the injector characteristic.

Arrangement of ports in more than two rows without access of secondary 
air between them should be avoided. Burner ports should not be drilled too 
close to the injector tube, and the air-gas stream should not be deflected 
against certain ports. Care should be taken to secure substantially equal 
pressure on all ports. It is difficult to estimate the coefficient of discharge 
of the ports because of the various ways in which ports may be made. For 
rough approximations, values from 0.6 to 0.8 may be used, although values 
from 0.45 to 1.00 have been found. Drilled ports are preferred. No gauze 
should be placed in the burner. For small iron or steel burners the burner 
head, tube, and injector should be cast in one piece and not cemented.

Individual port areas are important factors in stability and blowoff or 
strike back. The following areas should not be exceeded :

For manufactured gas: No. 40 M.D.S. (0.0075 sq. in.).
For natural gas: No. 30 M.D.S. (0.013 sq. in.).
For propane and butane: No. 32 M.D.S. (0.0106 sq. in.).

Universal burners require small ports.
Wills [Western Gas, August, 1931 (this author gives another approach to 

the problem of burner design)] recommends that the free cross-sectional area 
of the burner head be three times the area of the ports to be supplied. If an 
even distribution of heat is required, the difference in velocity of the air-gas 
mixture between the first and last ports must not be too great.

Air-shutter Opening. The Bureau of Standards recommends that 
the possible air-shutter opening should be made so large that the linear 
velocity through the opening does not exceed 4 or 5 ft. per sec.

GAS AS AN INDUSTRIAL FUEL
Recent years have witnessed a marked extension in the use of gas as a fuel 

for industrial purposes. On the preference for gas for these purposes, the 
Surface Combustion Company states:

By establishing practice with gas as a fuel, a standard of comparison is set up which 
permits a determination of performaħce in advance of actual operation that cannot 
otherwise be obtained . . . The fuel which is amenable to elimination of most variables 
in application is clean gas . . .

With gas it is possible to eliminate the uncertainty of flame length, heat distribution, 
excess oxygen or fuel, rate of flame propagation, and all those variables which are charac­
teristic of other fuels . . . It is bur belief that the use of other fuels represents at the 
present time an expression of economic conditions which are transient in character. 
From the specifications of control, availability, cleanliness, efficiency in utilization, and 
national economic soundness, gas has . . . marked advantages over competing fuels.

Furnace Atmospheres. Three classes of furnace atmospheres have been 
recognized, namely, the oxidizing, the neutral, and the reducing atmospheres.
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The American Gas Association characterizes these as follows:

Name of atmosphere Oxygen, % Carbon monoxide and hydrogen

Oxidizing................................................ Over 0.05 Not over 0.5 % total CO + H2
Neutral................................................... Not over 0.05 Not over 0.5% total CO + Ha

Over 0.5% total CO + H2Reducing................................................ Not over 0.05

This classification is for purposes of definition and clarification only and 
does not rest upon the behavior of the furnace atmosphere toward specific 
materials such as metals at elevated temperatures.

Carbon dioxide, water vapor, and oxygen will scale metals, while CO and 
H2 are reducing. Neutral atmospheres produced by ideal combustion condi­
tions are actually scaling. A better classification of furnace atmospheres 
is based upon the effect upon the product as scaling, carburizing, decar­
burizing, nitriding, bright annealing, etc. Much of the information on 
furnace atmospheres is empirical in nature and based upon imperfect ana­
lytical procedures.

In furnaces in which atmospheres must be controlled, two classes may be 
recognized:

1. Furnaces in which the work is in contact with the combustion atmosphere.
2. Furnaces in which the heating is indirect and the work is subject to a controlled 

or controllable atmosphere, as in muffle furnaces.

Certain remarks and precautions about the choice of industrial burner 
systems are apropos here. The systems will be described later. Thus 
atmospheric burners should not be used for the production of reducing 
atmospheres as the low burner-head pressure may permit the admission of 
pockets of excess air and consequent explosions. Pressure burners are to 
be preferred over atmospheric burners where wide flexibility is desired. 
Diffusion-flame burners possess certain advantages where low flame tempera­
tures and high rate of heat transfer is desired. These burners allow precipi­
tations of carbon and a blanket of reducing gas. Nozzle-mixing burners 
do not allow satisfactory control of atmospheres on turn-down conditions. 
Premixed systems are very successful in the production of controlled 
atmospheres.

In the so-called protective atmospheres water vapor is frequently found 
very deleterious and must be removed. Furnace technique for special work 
has now become so developed that it is possible to remove undesirable gases, 
such as water vapor and carbon dioxide from combustion gases almost 
completely.

It will be obvious to the chemical engineer that the action of furnace 
atmospheres and their effective control involves a consideration of the 
thermodynamics of the various oxidizing and reducing actions which the 
product may undergo and the thermodynamics of the furnace atmosphere. 
Thus, in bright annealing, the constituents in the furnace atmosphere must 
not dissociate to give available oxygen in partial pressures sufficient to 
repress the dissociation of the oxide of the product, as otherwise the product 
would tarnish or scale. It is obviously impossible to discuss the many 
applications of gas to controlled furnace atmospheres and the precautions 
that must be observed. The American Gas Association through appropriate 
committees on industrial gas research has and is engaged upon studies that 
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are helpful, and the reports of such committees and booklets of that associa­
tion, particularly “Combustion” and “Fuel-flue Gases” (in press, 1939) 
may be consulted.

Industrial Combustion Systems. Combustion systems have been 
classified by the American Gas Association*  as follows:

* In the booklet “Combustion” 2d ed., 1926, prepared under the direction of the 
Industrial Gas section of the association. Permission to use material contained therein 
is gratefully acknowledged.

I. Atmospheric.
II. Pressure.

A. Air compressed
(1) without automatic proportioning.
(2) with automatic proportioning.

B. Gas compressed
(1) without automatic proportioning.
(2) with automatic proportioning.

(7. Mixture compressed
(1) without automatic proportioning.
(2) with automatic proportioning.

It will be impossible to describe in detail the various types of apparatus 
available for these systems, therefore merely the general principles involved 
will be given, somewhat along the lines adopted by the Gas Association.

The object of the various combustion systems is to provide accurate regula­
tion of the air-gas ratio in the mixture supplied to the burner ports and an 
accurate control of the rate of gas supply.

Diffusion-flame Burners. Since the above classification was prepared, 
the industrial use of burners in which there is no premixing of air with gas 
has extended greatly.

These burners depend upon the diffusion of all the air required for combus­
tion. They are known as diffusion-flame or luminous-flame burners. They 
are characterized by a luminous flame of high radiant emissivity and a low 
flame temperature. They will be referred to in the concluding paragraphs 
(p. 2430).

I. The Atmospheric System
For operations requiring temperatures up to 1000oF., and where an ample 

supply of secondary air to the combustion chamber is assured, atmospheric 
burners can be applied successfully. Properly designed burners will operate 
without flashing back when the gas flow is reduced to one-tenth the rated 
consumption, thus permitting thermostatic control. The simplicity of the 
atmospheric system causes it to be widely used, but the necessity for a positive 
draft and the long time required to attain furnace temperatures from 500o 
to 1000oF. often causes it to be rejected in favor of a special combustion 
system.

Some of the considerations involved in the design have already been set 
forth in the division entitled The Design of an Atmospheric Gas Burner.

Additional considerations follow:

1. Each individual burner port should receive its supply of secondary air by drilling 
the ports in raised teats when this is possible, and the ports should be so arranged that 
secondary air is readily accessible to every individual port.

2. The burner body should be as small as possible consistent with good operation in 
order to minimize flash-back objections.

3. No cement joints should be used as these may crack under heat and leak gas.
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Fig. 36.—Atmospheric industrial gas-burner installation with

4. Burners should be 
made of cast iron.

5. Air mixers should 
have flat faces and be 
capable of being rigidly 
fixed at any desired ad­
justment.

6. Burners and mani­
folds should be rigidly 
connected to their appli­
ance.

7. Standard A.G.A. 
orifice spuds and gas 
cocks are available for 
gas consumptions up to 
80 cu. ft. per hr. and 
should be used when 
possible.

8. The use of wire 
gauzes in burners should 
be avoided.

9. The burner should, 
where possible, be placed 
close to the appliance 
without causing the cone 
to impinge and without, 
causing floating from the 
banking of burned gases.

10. Free exit of burned 
gases from under the 
heated surface must be 
provided by placing the 
burner sufficiently low.

11. A draft inducing 
an excess of secondary 
air should be reduced by 
a permanent restriction 
in the flue. No dampers 
should be used.

Figure 36 illustrates 
one of the many forms 
of atmospheric burn­
ers.

ɪɪ. Pressure Sys­
tems

A(I) : Air Com­
pressed without 
Automatic Propor­
tioning (Two-valve 
Control). Next to 
the atmospheric sys­
tem, the simplest 
combustion system 
consists of independ­
ently controlled air 
and gas lines meeting 
in a mixing tee. The 

individual air control to each burner.

Jnspirator body.
Airsbutter-......

inspirator nozzle spud 
.inspirator nozzle

Pressure

Θas
■Gas valve

Fig. 37.—Atmospheric industrial gas burner with manifold 
mixing.
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Fig. 38.—Atmospheric industrial gas burner, 
circular, four-range capacity.

air, which constitutes the bulk of the mixture, is passed straight through 
the tee and inspirâtes gas from the side outlet. The proportions of the 
mixture should be correct for perfect combustion, without secondary 
air. From the mixing tee, the combustible mixture is passed to the 
burner.

Air is usually supplied at pressures of 1 to 2 lb. per sq. in., but the system 
may operate satisfactorily at air pressures as low as 6 in. water, if the supply 
lines are large and no important 
friction loss occurs in these when 
working at capacity. The gas is 
supplied at the service pressure.

The intimate mixture of air and 
gas before entering the furnace 
makes it possible to attain high 
temperatures, and good tempera­
ture control may be obtained by the 
system; but it possesses the disadvantage that furnace atmospheres cannot be 
readily duplicated and controlled owing to possible independent variations in 
the two supply pressures.

The mixing tees have a slight restriction at the air-supply end to create 
a suction at the point where the gas enters the mixture. Many mixing tees 
are made from a simple pipe fitting without an inspirating device.

This system develops burner pressures from ⅜ to 8 in. water, and the 
same type burner may therefore be used as those that are employed in other 
blast-combustion systems.

Obviously, in any burner of any system the flame may be held near the 
burner port by a glowing refractory. When the mixture issuing from the 
port contains sufficient air to support combustion, and flash back must 
consequently be prevented, the design of the port must be such that such 
flash back is extinguished. This can be accomplished by designing the 
burner port to give the issuing mixture a velocity higher than the velocity at 
which flame will propagate, thus blowing the ignited mixture to the mouth of 
the port. Since the limiting velocity is dependent upon the diameter of the 
tube through which the flame may propagate, 
it is very desirable to use small ports of consid­
erable depth, since such ports permit the use 
of low-mixture velocities without the danger of 
flash back. If the flame is not held by a glow­
ing refractory, it is important to limit the 
velocity at the head of the burner so that the 
flame will stick and not blow off. This may 
involve the placing of the ports in such a manner 
that the issuing mixtures from several adjacent 
ports mingle to give a low resultant velocity. 
Since in blast systems no secondary air access 
need be provided, this desirable condition may 
be attained by hooding the mouth of the 
burner or by directing port streams against each other to interfere, blend, 
and slow the resultant streams. Pilot flames are also used to hold the flame 
on the burner.

When the mixture is blown against a refractory material, this should be 
placed from 6 to 12 in. from the nozzle and so placed that the gases are not 
reflected back upon the burner. For high-temperature work the nozzle

Fig. 39.—Atmospheric indus­
trial gas burner, ribbon type.
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-■BurnerNozzle

Valve stem-

Gas inlet

Governor 
disc '`

■Air cock
Fig. 41.—Industrial gas-burner installation showing single­

valve control to manifold with automatic proportioning.

cover NoJ
Governor valv^

should be bedded into a refractory wall with side walls flaring out to permit 
the mixture to reach the refractory bed and to protect the nozzle from burning 
out. Check valves should be placed in the gas lines to protect the meters and 
gas-supply system. The air pressure should be 
supplied by low-pressure blowers. If air at high 
pressures is available, it will be found economical 
to install an air inspirator so that the energy in the 
high-pressure air will draw in most of the air re­
quired for combustion, or a low-pressure blower 
should be installed.

The pressure systems without automatic pro­
portioning are not recommended for anything ex­
cept installations so small that the expenditure for 
more elaborate systems ⅛ not warranted Gas burner with

A(2) : Air Compressed with Automatic Pro- automatic proportioning, 
portioning (Single-valve Control). The auto­
matic proportioning referred to in combustion is applied to the automatic con­
trol of the ratio of fuel to air without attention by the operator. Because of 
fluctuating supply 
pressures and chang­
ing flow rates, sepa­
rate valve controls for 
fuel and air cannot be 
manipulated in such 
a manner as to ensure 
the maintenance of 
a given furnace atmos­
phere at all times. 
Consequently, vari­
ous devices have been 
developed to regulate 
the amount of mixture 
admitted to a burner 
or a set of burners. A 
homogeneous c o n-
s t an t-c omposition 
mixture is thus en­
sured. The composi­
tion can, of course, be 
set as desired.

A thoroughly mixed 
and correctly propor­
tioned gas-air blend 
suitable for complete 
combustion is the 
ideal mixture to dis- 
charge from the 
burner nozzle. A 
minimum of combus­
tion space is required 
because combination 
occurs immediately upon ignition.

Figures 40 and 41 illustrate arrangements for automatic proportioning.

/Watergage "
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■Adjusting valve
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The system referred to in this section operates by utilizing the energy in 
the air to inspirate gas which has been reduced to atmospheric pressure 
by a diaphragm regulator. The air is supplied at from 1 to 2 lb. per sq. in. 
At the narrow part of the venturi, the pressure is below atmospheric, and
gas at atmospheric pressure is 
drawn through an orifice into 
this region of reduced pressure. 
By proper construction of the 
venturi and gas orifice, it is 
possible to make both fluids 
follow the expression V = 
χ/2gh, in which V is the stream 
velocity; g is the acceleration 
due to gravity = 32.16 ft. per 
sec. ; and h is the head or pres­
sure difference causing the 
flow. A given air flow will 
inspirate a given gas flow; with 
increased air flow, the amount 
of gas inspirated will be in­
creased with the increased re­
duction in pressure at the 
venturi. The converse is also 
true, and the burner is thus 
placed under single-val ve con­
trol.

Fig. 42.—Industrial gas burner and mixer, the 
mixture being compressed without automatic 
proportioning.

B(I) : Gas Compressed without Automatic Proportioning. In many 
large industrial furnace operations, such as in steel mills, the requisite com­
bustion is attained by directing gas at pressures from 1 lb.
up into brickwork opening more or less carefully con- ∩
Structed. With the aid of a strong draft, air is drawn ~
into the combustion chamber from either regenerators or r--⅜ 
recuperators, or directly from the outside. Mixing is 
usually completed in the working zone, and combustion /
is thus delayed. The volumes of the air and gas used >X--fʌ'i[
depend upon a great many conditions such as the gas / A κ ∖
pressure, the valve or damper posi­
tions, the draft intensity, the char­
acter of the air or gas passages or 
both, and other factors. No auto­
matic proportioning or premixing is 
attempted, and the efficiency of the 
furnace depends almost entirely up­
on the operator who may or may not 
be skillful and attentive.

Such combustion arrangements are 
permissible only when fuel is ex­
tremely cheap. (Further treatment 

Fig. 4.3. Fig. 44.
Fig. 43.—Burner to hold the flame on 

fan-type mixture compression system.
Fig. 44.—Mixture compressed with some 

automatic proportioning—fan type.

of this system of combustion will be found in Trinks, “Industrial Furnaces,” 
Wiley, New York, vol. I, 1923, vol. II, 1925.)

B (2) : Gas Compressed with Automatic Proportioning. This system 
is generally termed the high-pressure system. The compressed gas is carried 
to the point of application without the use of fire screens, fire checks, etc. All
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the air for combustion is injected by the gas through the use of patented 
inspirators which proportion the amounts of air and gas at the appliance. 
The air-gas ratio is determined by the size of the orifice admitting gas to the 
device, and the maintenance of the desired proportions depends upon the prin­
ciples indicated under A (2), Air Compressed with Automatic Proportioning.

C(I): Mixture Compressed without Automatic Proportioning. In 
this system, a fan blower draws air from the atmosphere and gas from a supply 
at normal service pressure into the fan casing where a homogeneous mixture is 
at once formed. A double valve turns the air and gas up and down together. 
This system is designed for constant heat requirements.

This type system can be used chiefly for single-burner nozzle applications 
and for work which requires little or no turn down and which will permit the 
tan to be placed close to the furnace without overheating. Multiple burner 
use, involving long manifold piping must be avoided, as flash backs may occur 
with variable burner pressures. Figure 42 shows such an installation and 
Pig. 43 show’s the type of nozzle used.

X-Gasgovernor
tL- Gets and air proportioning 'va/ve 
7>-Proportioning Vafveadjusfmenf
4- Fafve operating diaphragm
5- Gaspump

Q-By-pass regufator
I-Testbumerandfine check (see défait) 
^-Pressure gage
3-βack fire preventer 
WSoffhead

Fig. 45.—Industrial-gas air-mixture system with automatic proportioning, manifold 
burner type, showing burner construction.

C (2): Mixture Compressed with Automatic Proportioning. The 
fan blower described in C(I) can be greatly improved in reference to automatic 
proportioning by the addition of a gas governor. If this is done, and suitable 
admission ports are chosen for the gas and the air, a certain degree of auto­
matic proportioning is obtained. A fan blower so equipped is shown in 
Fig. 44.

A much more elaborate type, in which all the air for combustion mingles 
with the gas homogeneously is that of the Kemp Company; it is illustrated 
in Fig. 45. Admission valves for air and gas with a number of different 
settings are provided to give such ratios of air to gas as may be desired. Once 
set, the ratio remains constant.

Since the system handles a combustible mixture, various precautions are 
used to prevent back firing, including “back-fire checks” and specially 
designed burners with screens. Explosion relief heads are also furnished, 
but these are added precautions very rarely, if ever, needed.

Another subdivision is used to classify mixing compressors drawing in 
only a portion of the air required, usually less than that necessary to sup­
port combustion. The air-gas ratio is usually 2:1. This mixture injects the 
remaining air at the burners. The amount injected here will of course depend 
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somewhat upon the furnace conditions and burner adjustments, so the system 
is not completely automatic in proportioning. Flash back may occur in 
these burners if the mixture flow is reduced to one-third normal operations. 
Automatic heat control of the gradual shutdown type is therefore applicable 
only when the low consumption is greater than one-third the normal.

Diffusion-flame or Luminous-flame Burners. It is claimed that 
diffusion-flame or luminous-flame burners offer the following advantages:

1. An increased rate of heat transfer.
2. More uniform temperature control.
3. Less maintenance of furnace refractories.
4. Greater degree of turn down of burners.
5. Less scale is formed, and such scale as may be formed is more easily removed.

Diffusion- or luminous-flame burners admit little or no primary air to the 
burner. The air and gas streams emitted from the burner nozzle should be 
free of turbulence and should travel along the furnace at the same speed, 
burning taking place only at the surfaces of the individual streams of gas and 
air as diffusion of one into the other occurs. By controlling the velocity 
of air and gas streams or speed of mixing, the length of flame as well as the 
luminosity may be controlled within desired limits. A mathematical analysis 
of the factors affecting the shape of such flames has been made by Burke and 
Schumann [Ind. Eng. Chem., 20, 998 (1928)].

The radiating power of a luminous flame is from 4 to 6 times as great as 
that of a non-luminous flame; thus for certain high temperatures a faster 
rate of heat transfer can be obtained from the luminous flame than from 
non-luminous flames, even though the flame temperature of the luminous 
flame is several hundred degrees lower.

In applying luminous flames to industrial installations, it is desirable to 
secure the services of a manufacturer of gas-burner equipment experienced 
in such work. A number have given considerable time and attention to 
luminous-flame burners that can be applied to furnaces for various types of 
operations. As there is uncombined oxygen in the furnace, the design must 
be such that this is kept away from the work if scaling is to be avoided. 
While the luminous carbon particles indicate temporary incomplete combus­
tion, burners properly designed and operated will give complete combustion 
of the fuel before it leaves the furnace.

Luminous-flame burners can be supplied in a design such that if the gas 
is purchased on an off-peak basis, oil can be burned in them when the gas 
supply is interrupted. Gas varying from 350 to 1500 B.t.u. can be used in 
the same burner and the change-over can sometimes be made without loss 
of furnace temperature. If gas is available at a sufficiently high pressure, 
the requisite air may be inspirated; if not, the air may be supplied by a fan. 
[Other references on luminous-flame burners: Wood, Gas Age-Record, 67, 
351 (1931); Dare, Paper before Am. Gas Assoc. Industrial Gas Sales Con­
ference, Cleveland, March, 1939].
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STEAM PRESSURES
No definite rule can be given for the selection of steam pressures as much 

depends upon local conditions such as size of plant, investment warranted, 
cost of fuel, load factor, use of exhaust steam, or simplicity of operation.

In central-station work, practice is divided as between 900 lb. per sq. in. 
and 1200 to 1400 lb. per sq. in., with a noticeable trend toward the higher 
pressure in many of the newer stations. The 1200 to 1400 lb. per sq. in. 
station will show a reduced heat consumption per kilowatt-hour of 10 to 15 
per cent compared with a 300 to 400 lb. per sq. in. station, but to offset this 
there is usually an increased investment cost of at least 5 per cent. Where 
fuel is very cheap, or the load factor low, this increase in efficiency may not 
warrant the additional fixed charges of the high-pressure plant. It is felt that 
1400 lb. per sq. in. is the limit in pressure that should be employed without 
reheating the steam between the high- and low-pressure elements of the tur­
bine, otherwise too much moisture will be present in the low-pressure stages. 
These pressures contemplate initial steam temperatures of 900o to 950oF. 
which are the highest generally employed with present materials.

The accompanying curves (Fig. 1) reproduced from a paper by Frank
S. Clark before the World Power Conference in Tokyo, October, 1929, present 
the results of some studies on high and low steam pressures for central stations 
employing the regenerative cycle (the cycle in which steam is extracted from 
one or several stages of the turbine for feed-water heating).

An increasing number of process industries are now employing 400 lb. per 
sq. in. steam pressure in their power boilers; a smaller number around 600 
lb. per sq. in. and a few still higher pressures; the Ford Motor Co. at Detroit 
has adopted 1400 lb. per sq. in. and the Philip Carey Co. at Lockland, Ohio, 
1800 lb. per sq. in.

The governing factors in an industrial plant employing exhaust steam for 
process are the power requirements, exhaust pressure, and quantities of the 
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process steam required (see Heat Balance*). A boiler pressure should be 
selected such that the steam in passing through the turbine or engine will 
produce the required amount of power and make available sufficient exhaust 
at the desired pressure (or pressures if an extraction turbine is employed) 
Vdthout an appreciable amount being wasted. It is seldom possible to oper­
ate for long with a perfect balance between power and process steam demands, 
and it is, therefore, better so to proportion the plant that any deficiency in 
process requirements will be made up by boiler steam through a reducing 
valve than to have an excess of exhaust
steam go to waste. In some plants the 
installation of a mixed-pressure turbine 
may be warranted to utilize such excess 
exhaust.

In an industrial plant utilizing the 
exhaust steam for process, it is usually 
possible to generate 1 kw.-hr. on 4500 to 
5000 B.t.u. or about one-third that re­
quired in a straight condensing plant. 
Where very little or no steam is required 
for process, the power requirements and 
local conditions will determine whether 
it is more economical to generate or to 
purchase power and put in a boiler plant 
for heating requirements at relatively 
low pressure.

In a few cases arrangements are in 
force between central stations and large 
industrial units whereby the former 
supply the latter with the exhaust 
from one or more high-pressure turbines 
and as much power as may be required. 
These set-ups involve rather compli­
cated contracts to take care of fixed 
charges, demand factor, etc., but under 
certain conditions the arrangement is 
advantageous to both parties from an 
economic standpoint.

Initial PressuretLb. perSq.lπ.Gage

Fig. 1.—Variation of heat-consump­
tion rate with, initial pressure and 
temperature for a plant operating on the 
regenerative cycle. {Clark, World 
Power Conference, Tokyo, 1929.)

High-pressure boilers in this country have followed, in general, the designs 
of boilers for moderate pressures with certain modifications such as increased 
drum and header thickness to withstand the higher pressure and different 
arrangement and distribution of heating surfaces. Early high-pressure 
drums were forged from the solid ingot or forge welded. Modification of the 
“A.S.M.E. Boiler Code,” in 1931, permitted fusion welding under prescribed 
safeguards, and since then practically all power boiler drums have been 
fabricated by fusion welding. Abroad, high-pressure boilers have followed 
special designs, and in general they are of much smaller capacity than those 
in this country. The highest pressure commercial boiler is the Benson type 
which generates steam at the critical pressure of 3200 lb. per sq. in. although 
experimental boilers have been constructed and actually operated at 5000 lb. 
per sq. in. pressure. One utility plant is nearing completion and will operate
at 2500 lb. per sq. in. pressure, employing boilers with natural circulation.
An industrial plant is operating at about 2200 lb. per sq. in. pressure.

* P. 2471.
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It is most essential that close attention be paid to the condition of the 
feed water for high-pressure boilers. For this reason in many such plants, 
process steam is supplied by the heat of the exhaust through the medium of 
evaporators, so that pure condensate will be returned to the boilers.

The high steam pressures and temperatures that may now be used for power 
generation have resulted in many utilities adding capacity by superimposing 
high-pressure, high-temperature units upon existing low-pressure stations 
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Fig. 2.—Approximate range of plant heat rate and capacity increase when topping 
existing plants, i.e., superimposing a high-pressure plant upon an existing low-pressure 
plant. Curve 1 applies to tops added to existing small plants of early design. Curves 
3 and 4 apply to tops added to existing plants of recent design containing large units. 
Curves 2 and 5 show heat rates for new condensing plants of the same capacity operating 
at the top pressure. Curve 2 is for small units, curve 5 for large units.

6

and in so doing also raising plant efficiency. Superposition or “topping,’” 
as it is often called, involves the addition of high-pressure, high-temperature 
boilers and a high-pressure turbine designed to exhaust at the old boiler 
pressure to the existing turbines.

Topping can be employed to similar advantage in many industrial plante, 
though the conditions are somewhat more complicated by the use of process 
steam. In a plant where the power load has grown more rapidly than its 
demand for process steam, consideration should be given to a high-pressure 
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top. The gain in efficiency and the capacity that may be added by topping 
depends upon the pressure and temperature of the existing plant and pressure 
and temperature of the top. The curves (Fig. 2, taken from an article by 
Clark in Power, 1937) show the per cent capacity increase and the heat rates 
that may be expected when topping existing plants that operate at pressures 
from 200 to 400 lb. per sq. in and for tops of 850 and 1200 lb. per sq. in.

STEAM TEMPERATURES
The amount of superheat is the temperature of the steam in excess of that 

corresponding to saturation at the given pressure. It is customary to employ 
enough superheat to ensure practically dry steam (10 to 12 per Centmoisture 
13 maximum) at the exhaust from condensing turbine or engine. Appreciable 
moisture in steam passing through the lower stages of a turbine will produce 
erosion of the blading, besides lessening the power produced in those stages. 
When the prime mover exhausts to process, the superheat need only be high 
enough to provide dry process steam.

In the condensing steam cycle, efficiency increases with increase in tem­
perature as well as with increase in pressure. The limiting factor in increas­

Fig. 3. Fig. 4. Fig. 5.
Fig. 3.—Superheater placed above boiler tubes.
Fig. 4.—Interdeck type of superheater.
Fig. 5.—Radiant superheater in rear furnace wall.

ing steam temperatures has been materials for superheaters, valves, and 
fittings. Until quite recently the upper limit in American practice has been 
around 750oF., although a few European plants have been designed for 800° 
to 850oF. Advances in metallurgy have warranted an increase in tempera­
ture, and many plants in this country are operating with a total steam 
temperature of 900o to 950oF. One experimental boiler and turbine unit 
of 10,000 kw. capacity at the Delray Station of the Detroit Edison Co. has 
operated with steam at 1000oF.

This advance in steam temperatures has made it possible to design plants 
for pressures as high as 1700 lb. per sq. in. without provision for reheating 
the steam between the high- and low-pressure elements of the turbine. 
With lower steam temperature and high pressure, reheating was employed 
in order to reduce the moisture content of the steam at the low-pressure 
stages of the turbine to a value that would not cause blade erosion.

In industrial plants where the exhaust from the prime mover is used in 
process it is usually sufficient to employ a total initial steam temperature 
of 650o to 700oF.; sometimes lower temperatures suffice.
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Γhe superheater, as a rule, is an integral part of the boiler setting and is 
mteɪ posed in the path of steam flow between the outlet from the boiler drum 
and the steam supply to the prime mover. In special cases where an inde­
pendent control of superheat is desired, a separately fired superheater, apart 
from the boiler setting, may be employed. Such installations, however, 
are not common.

Superheaters are of two types, namely, convection and radiant. The 
former utilizes the sensible heat of the products of combustion and is placed 
either above the boiler tubes or between the upper and lower banks of tubes, 
in which case it is known as the interdeck type. The radiant superheater 
utilizes the radiant heat of combustion and is placed directly in the furnace— 
usually on one or more sides of the furnace. These types are illustrated in 
Figs. 3, 4, and 5, as applied to a horizontal water-tube type of boiler.

Steam Temperature Control (see Sec. 17). As the steam temperatures 
become higher the safety margin becomes less, and close control of the tem­
perature becomes a necessity. When only a convection-type superheater is 
used, the steam temperature rises with an increase in boiler load. This 
rising temperature may be controlled by decreasing the proportion of flue 
gas passing over the superheater surface. One type of control involves special 
baffling and dampers arranged so that any desired part of the gas flow may be 
by-passed around the superheater. In another arrangement of compensating 
superheater, the single superheater is split into two unequal parts by the boiler 
baffling. Gas flow through the two parts of the superheater traces two paths 
through the boiler. Dampers apportion the gas flow between the two paths 
and thus permit exact temperature control. A flat temperature-load curve 
may also be obtained by introducing a desuperheater in the steam circuit 
between primary and secondary superheaters. By controlling the amount of 
steam by-passing the desuperheater with a thermostatically controlled valve, 
the temperature of the steam leaving the second superheater can be controlled 
exactly.

The temperature of the steam from a radiant-type superheater falls with an 
increase in boiler load. This opposite characteristic of the radiant typę super­
heater may be used to control superheat by connecting it in series with a 
convection superheater which will compensate for the characteristic of the 
radiant superheater and so give uniform superheat with varying load.

Starting up of a boiler may impose very severe conditions on a superheater 
located in a hot zone unless an artificial steam flow is provided from another 
boiler or by bleeding steam from the superheated steam header.

Thermal Properties of Steam. Vaiious tables of the thermal properties 
of water vapor have been published, and the most recently completed table 
is that published by Wiley, and prepared by J. H. Keenan, Associate Professor, 
and F. G. Keyes, Professor, both of Massachusetts Institute of Technology. 
The Steam Research Committee of the American Society of Mechanical 
Engineers has for a number of years sponsored researches on the properties 
of steam, the results of which were largely used in the preparation of these 
tables. The steam table data are within the tolerances set by the Third 
International Steam Tables Conference held in 1934.

STEAM BOILERS

The types of steam boilers employed in American power-plant practice 
fall into two general classes, namely, fire tube and water tube. The former 
are confined largely to small and medium-sized installations and moderate
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Table 1. Properties of Saturated Steam1

Abs.Press. Temp., oF.
Sp. vol., cu. ft. per lb. Heat of Latent heat of evap., B.t.u.

Total heat of steam, B.t.u.
Internal energy of evap.B.t.u.

Entropylb.per sQ∙ in. Steam Water liquid, B.t.u. Water Increase during Steam
-~J, i ¾ V λ/ hf, hg Ufg «/ evap. 

hfa∕T ¾1 101.74 333.6 0.01614 69.70 1036.3 1106.0 974.6 0.1326 1.8456 1.97822 126.08 173.73 .01623 93.99 1022.2 1116.2 957.9 .1749 1.7451 1.92003 141.48 118.71 .0163C 109.37 1013.2 1122.6 947.3 .2008 1.6855 1.88634 152.97 90.63 .01636 120.86 1006.4 1127.3 939.3 .2198 1.6427 1.86255 162.24 73.52 .01640 130.13 1001.0 1131.1 933.0 .2347 1.6094 1.84416 170.06 61.98 .01645 137.96 996.2 1134.2 927.5 .2472 1.5820 I.82927 176.85 53.64 .01649 144.76 992.1 1136.9 922.7 .2581 1.5586 1.81678 182.86 47.34 .01653 150.79 988.5 1139.3 918.4 .2674 1.5383 1.80579 188.28 42.40 .01656 156.22 985.2 1141.4 914.6 .2759 1.5203 1.796210 193.21 38.42 .01659 161.17 982.1 1143.3 911.1 .2835 1.5041 1.787611 197.75 35.14 .01662 165.73 979.3 1145.0 907.8 .2903 1.4897 1.780012 201.96 32.40 .01665 169.96 976.6 1146.6 904.8 .2967 1.4763 1.773013 205.88 30.06 .01667 173.91 974.2 1148.1 901.9 .3027 1.4638 1.766514 209.56 28.04 .01670 177.61 971.9 1149.5 899.3 .3083 1.4522 1.760514.696 212.00 26.80 .01672 180.07 970.3 1150.4 897.5 .3120 1.4446 1.756615 213.03 26.29 .01672 181.11 969.7 1150.8 896.7 .3135 1.4415 1.754916 216.32 24.75 .∙1674 184.42 967.6 1152.0 894.3 .3184 1.4313 1.749717 219.44 23.39 .01677 187.56 965.5 1153.I 892.0 .3231 1.4218 1.744918 222.41 22.17 .01679 190.56 963.6 1154.2 889.9 .3275 1.4128 1.740319 225.24 21.08 .01681 193.42 961.9 1155.3 887.8 .3317 1.4043 1.736020 227.96 20.089 .01683 196.16 960.1 1156.3 885.8 .3356 1.3962 1.731921 230.57 19.192 .01685 198.79 958.4 1157.2 883.9 .3395 1.3885 1.728022 233.07 18.375 .01687 201.33 956.8 1158.1 882.0 .3431 1.3811 1.724223 235.49 17.627 .01689 203.78 955.2 1159.0 880.2 .3466 1.3740 1.720624 237.82 16.938 .01691 206.14 953.7 1159.8 878.5 .3500 1.3672 1.717225 240.07 16.303 .01692 208.42 952.1 1160.6 876.8 .3533 1.3606 1.713926 242.25 15.715 .01694 210.62 950.7 1161.3 875.2 .3564 1.3544 1.710827 244.36 15.170 .01696 212.75 949.3 1162.0 873.6 .3594 1.3484 1.707828 246.41 14.663 .01698 214.83 947.9 1162.7 872.1 .3623 1.3425 1.704829 248.40 14.189 .01699 216.86 946.5 1163.4 870.5 .3652 1.3368 1.702030 250.33 13.746 .01701 218.82 945.3 1164.1 869.1 .3680 1.3313 1.69933! 252.22 13.330 .01702 220.73 944.0 1164.7 867.7 .3707 1.3260 1.696732 254.05 12.940 .01704 222.59 942.8 1165.4 866.3 .3733 1.3209 1.694133 255.84 12.572 .01705 224.41 941.6 1166.0 864.9 .3758 1.3159 1.691734 257.58 12.226 .01707 226.18 940.3 1166.5 863.5 .3783 1.3110 1.689335 259.28 11.898 .01708 227.91 939.2 1167.1 862.3 .3807 1.3063 1.687036 260.95 11.588 .01709 229.60 938.0 1167.6 861.0 .3831 1.3017 1.684837 262,57 11.294 .01711 231.26 936.9 1168.2 859.8 .3854 1.2972 1.682638 264.16 11.015 .01712 232.89 935.8 1168.7 858.5 .3876 1.2929 1.680539 265.72 10.750 .01714 234.48 934.7 1169.2 857.2 .3898 1.2886 1.678440 267.25 10.498 .01715 236.03 933.7 1169.7 856.1 .3919 1.2844 1.676341 268.74 10.258 .01716 237.55 932.6 1170.2 855.0 .3940 1.2803 1.674342 270.21 10.029 .01717 239.04 931.6 1170.7 853.8 .3960 1.2764 1.672443 271.64 9.810 .01719 240.51 930.6 1171.1 852.7 .3980 1.2726 1.670644 273.05 9.601 .017201 241.95 929.6 1171.6 851.6 .4000 1.2687 1.6687
1 Abstracted from “Thermodynamic Properties of Steam,” by J. H. Keenan and F. G. 

Keyes, 1936 ed., by permission of the authors and publishers, John Wiley & Sons, Inc.
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Table 1. Properties of Saturated Steam—(CWinwed)

Abs. press, ɪb.per sq. in
P

Temp., oF.
t

Sp. vol., cu. ft. per lb. Heat of the liquid, B.t.u.
hf

Latent heat of evap., B.t.u.
hfg

Total heat of steam, B.t.u.
¼

Internal Entropy
Steam

I υg

Water
V

of evap.B.t.u.
ufg

Water
Sf

Increase during evap. 
hfg/T

Steam
sc 45 274.44 9.401 0.01721 243.36 928.6 1172.0 850.5 0.4019 1.2650 1.666946 275.80 9.209 .01722 244.75 927.7 1172.4 849.5 .4038 1.2613 1.665247 277.13 9.025 .01723 246.12 926.7 1172.9 848.4 .4057 1.2577 1.663448 278.45 8.848 .01725 247.47 925.8 1173.3 847.4 .4075 I.2542 1.661749 279.74 8.678 .01726 248.79 924.9 1173.7 846.4 .4093 1.2508 1.660150 281.01 8.515 .01727 250.09 924.0 1174.1 845.4 .4110 1.2474 1.658551 282.26 8.359 .01728 251.37 923.0 1174.4 844.3 .4127 1.2442 1.656952 283.49 8.208 .01729 252.63 922.2 1174.8 843.3 .4144 1.2409 1.655353 284.70 8.062 .0173( 253.87 921.3 1175.2 842.4 .4161 1.2377 1.653854 285.90 7.922 .01731 255.09 920.5 1175.6 841.5 .4177 1.2346 1.652355 287.07 7.787 .01732 256.30 919.6 1175.9 840.6 .4193 1.2316 1.650956 288.23 7.656 .01733 257.50 918.8 1176.3 839.7 .4209 1.2285 1.649457 289.37 7.529 .01734 258.67 917.9 1176.6 838.7 .4225 1.2255 1.648058 290.50 7.407 .01736 259.82 917.1 1176.9 837.8 .4240 1.2226 1.646659 291.61 7.289 .01737 260.96 916.3 1177.3 836.9 .4255 1.2197 1.645260 292.71 7.175 .01738 262.09 915.5 1177.6 836.0 .4270 1.2168 1.643861 293.79 7.064 .01739 263.20 914.7 1177.9 835.2 .4285 1.2140 1.642562 294.85 6.957 .01740 264.30 913.9 1178.2 834.3 .4300 1.2112 1.641263 295.90 6.853 .01741 265.38 913.1 1178.5 833.4 .4314 1.2085 1.639964 296.94 6.752 .01742 266.45 912.3 1178.8 832.6 .4328 1.2059 1.638765 297.97 6.655 .01743 267.50 911.6 1179.1 831.8 .4342 1.2032 1.637466 298.99 6.560 .01744 268.55 910.8 1179.4 831.0 .4356 1.2006 1.636267 299.99 6.468 .01745 269.58 910.1 1179.7 830.2 .4369 1.1981 1.635068 300.98 6.378 .01746 270.60 909.4 1180.0 829.4 .4383 1.1955 1.633869 301.96 6.291 .01747 271.61 908.7 1180.3 828.6 .4396 1.1930 1.632670 302.92 6.206 .01748 272.61 907.9 1180.6 827.8 .4409 1.1906 1.631571 303.88 6.124 .01749 273.60 907.2 1180.8 827.0 .4422 1.1881 1.630372 304.83 6.044 .01750 274.57 906.5 1181.1 826.3 .4435 1.1857 1.629273 305.76 5.966 .01751 275.54 905.8 1181.3 825.5 .4447 1.1834 1.628174 306.68 5.890 .01752 276.49 905.1 1181.6 824.7 .4460 1.1810 1.627075 307.60 5.816 .01753 277.43 904.5 1181.9 824.0 .4472 1.1787 1.625976 308.50 5.743 .01754 278.37 903.7 1182.1 823.3 .4484 1.1764 1.624877 309.40 5.673 .01754 279.30 903.1 1182.4 822.5 .4496 1.1742 1.623878 310.29 5.604 .01755 280.21 902.4 1182.6 821.7 .4508 1.1720 1.622879 311.16 5.537 .01756 281.12 901.7 1182.8 '821.0 .4520 1.1698 1.621780 312.03 5.472 .01757 282.02 901.1 1183.1 820.3 .4531 1.1676 1.620781 312.89 5.408 .01758 282.91 900.4 1183.3 819.6 .4543 1.1654 I.619782 313.74 5.346 .01759 283.79 899.7 1183.5 818.9 .4554 1.1633 1.618783 314.59 5.285 .01760 284.66 899.1 1183.8 818.2 .4565 1.1612 1.617784 315.42 5.226 .01761 285.53 898.5 1184.0 817.5 .4576 1.1592 1.616885 316.25 5.168 .01761 286.39 897.8 1184.2 816.8 .4587 1.1571 1.615886 317.07 5.111 .01762 287.24 897.2 1184.4 816.1 .4598 1.1551 1.614987 317.88 5.055 .01763 288.08 896.5 1184.6 815.4 .4609 1.1530 1.613988 318.68 5.001 .01764 288.91 895.9 1184.8 814.8 .4620 1.1510 1.613089 319.48 4.948 .01765 289.74 895.3 1185.1 814.1 .4630 1.1491 1.612190 320.27 4.896 .01766 290.56 894.7 1185.3 813.4 .4641 1.1471 1.611291 321.06 4.845 .01767 291.38 894.1 1185.5 812.8 .4651 1.1452 1.610392 321.83 4.796 .01768 292.18 893.5 1185.7 812.2 .4661 1.1433 1.609493 322.60 4.747 .01768 292.98 892.9 1185.9 811.5 .4672 1.1413 1.608594 323.36 4.699 .01769 293.78 892.3 1186.1 810.9 .4682 I.1394 1.6076
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Table 1. Properties of Saturated Steam—(Continued)

0
Abs. press.,lb.per sq.in.P

Temp., oF.
t

Sp. vol per Heat of the liquid, B.t.u.
∕z√

Latent heat of evap., B.t.u.
ʌ/ff

Total heat of steam, B.t.u.
kg

Internal energy of evap., B.t.u.
Ufg

Entropylb.
Steam

vσ

Water
Vf ■

Water
Sf

Increase during evap. 
hf0∕T

Steam
8/9 95 324.12 4.652 0.01770 294.56 891.7 1186.2 810.2 0.4692 1.1376 1.6068

2 96 324.87 4.606 .01771 295.34 891.1 1186.4 809.6 .4702 1.1358 1.6060
4 97 325.61 4.561 .01772 296.12 890.5 1186.6 808.9 .4711 1.1340 1.60517 98 326.35 4.517 .01772 296.89 889.9 1186.8 808.3 .4721 1.1322 1.60431 99 327.08 4.474 .01773 297.65 889.4 1187.0 807.7 .4731 1.1304 1.60355 100 327.81 4.432 .01774 298.40 888.8 1187.2 807.1 .4740 1.1286 1.60269 102 329.25 4.350 .01775 299.90 887.6 1187.5 805.9 .4759 1.1251 1.60103 104 330.66 4.271 .01777 301.37 886.5 1187.9 804.7 .4778 1.1216 1.59948 106 332.05 4.194 .01778 302.82 885.4 1188.2 803.5 .4796 1.1182 1.59783 108 333.42 4.120 .01780 304.26 884.3 1188.6 802.4 .4814 1.1149 1.59639 110 334.77 4.049 .01782 305.66 883.2 1188.9 801.2 .4832 1.1117 1.59484 112 336.11 3.981 .01783 307.06 882.1 1189.2 800.0 .4849 1.1085 1.5934) 114 337.42 3.914 .01784 308.43 881.1 1189.5 798.9 .4866 1.1053 1.59196 116 338.72 3.850 .01786 309.79 880.0 1189.8 797.8 .4883 1.1022 1.5905118 339.99 3.788 .01787 311.12 879.0 1190.1 796.7 .4900 1.0992 1.5891120 341.25 3.728 .01789 312.44 877.9 1190.4 795.6 .4916 1.0962 1.5878122 342.50 3.670 .01791 313.75 876.9 1190.7 794.5 .4932 1.0933 1.5865124 343.72 3.614 .01792 315.04 875.9 1190.9 793.4 .4948 1.0903 1.5851126 344.94 3.560 .01793 316.31 874.9 1191.2 792.3 .4964 1.0874 1.5838128 346.13 3.507 .01794 317.57 873.9 1191.5 791.3 .4980 1.0845 1.5825130 347.32 3.455 .01796 318.81 872.9 1191.7 790.2 .4995 1.0817 1.5812132 348.48 3.405 .01797 320.04 872.0 1192.0 789.2 .5010 !.0790 1.5800! 134 349.64 3.357 .01799 321.25 871.0 1192.2 788.2 .5025 1.0762 1.5787; 136 350.78 3.310 .01800 322.45 870.1 1192.5 787.2 .5040 1.0735 1.5775138 351.91 3.264 .01801 323.64 869.1 1192.7 786.2 .5054 1.0709 1.5763140 353.02 3.220 .01802 324.82 868.2 1193.0 785.2 .5069 1.0682 1.5751142 354.12 3.177 .01804 325.98 867.2 1193.2 784.3 .5083 1.0657 1.5740144 355.21 3.134 .01805 327.13 866.3 1193.4 783.3 .5097 1.0631 1.5728146 356.29 3.094 .01806 328.27 865.3 1193.6 782.3 .5111 1.0605 1.5716148 357.36 3.054 .01808 329.39 864.5 1193.9 781.4 .5124 1.0580 1.5705150 358.42 3.015 .01809 330.51 863.6 1194.1 780.5 .5138 1.0556 1.5694152 359.46 2.977 .01810 331.61 862.7 1194.3 779.5 .5151 1.0532 1.5683154 360.49 2.940 .01812 332.70 861.8 1194.5 778.5 .5165 1.0507 1.5672156 361.52 2.904 .01813 333.79 860.9 1194.7 777.6 .5178 1.0483 1.5661158 362.53 2.869 .01814 334.86 860.0 1194.9 776.8 .5191 1.0459 1.5650160 363.53 2.834 .01815 335.93 859.2 1195.1 775.8 .5204 1.0436 1.5640162 364.53 2.801 .01817 336.98 858.3 1195.3 775.0 .5216 1.0414 1.5630164 365.51 2.768 .01818 338.02 857.5 1195.5 774.1 .5229 1.0391 1.5620166 366.48 2.736 .01819 339.05 856.6 1195.7 773.2 .5241 1.0369 1.5610168 367.45 2.705 .01820 340.07 855.7 1195.8 772.3 .5254 1.0346 1.5600170 368.41 2.675 .01822 341.09 854.9 1196.0 771.4 .5266 1.0324 1.5590172 369.35 2.645 .01823 342.10 854.1 1196.2 770.5 .5278 1.0302 1.5580174 370.29 2.616 .01824 343.10 853.3 1196.4 769.7 .5290 1.0280 1.5570176 371.22 2.587 .01825 344.09 852.4 1196.5 768.8 .5302 1.0259 1.5561178 372.14 2.559 .01826 345.06 851.6 1196.7 767.9 .5313 1.0238 1.5551180 373.06 2.532 .01827 346.03 850.8 1196.9 767.1 .5325 1.0217 1.5542182 373.96 2.505 .01829 347.00 850.0 1197.0 766.2 .5336 1.0196 1.5532184 374.86 2.479 .01830 347.96 849.2 1197.2 765.4 .5348 1.0175 1.5523186 375.75 2.454 .01831 348.92 848.4 1197.3 764.6 .5359 1.0155 1.5514188 376.64 2.429 .01832 349.86 847.6 1197.5 763.8 .5370 1.0136 1.5506
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Table 1. Properties of Saturated Steam-(CoMriiided)

Abs. press.lb. per sq. in.
P

Temp., oF.
i

Sp. vol., cu. ft. per lb. Heat of the liquid, B.t.u.
Ä/

Latent heat of evap., B.t.u.
hfa

Total heat of steam, B.t.u.
h0

Internal energy of evap.,B.t.u.
Uf0

Entropy
Steam

⅜
Water
fv

Water
Sf

Increase during evap. 
hfa/T

Steara
⅜190 377.51 2.404 0.01833 350.79 846.8 1197.6 763.0 0.5381 1.0H6 1.5497192 378.38 2.380 .01834 351.72 846.1 1197.8 762.1 .5392 1.0096 1.5488194 379.24 2.356 .01835 352.64 845.3 1197.9 761.3 .5403 1.0076 1.5479196 380.10 2.333 .01836 353.55 844.5 1198.1 760.6 .5414 1.0056 1.5470198 380.95 2.310 .01838 354.46 843.7 1198.2 759.8 .5425 1.0037 1.5462200 381.79 2.288 .01839 355.36 843.0 1198.4 759.0 .5435 1.0018 1.5453205 383.86 2.234 .01842 357.58 841.1 1198.7 757.1 .5461 0.9971 1.5432210 385.90 2.183 .01844 359.77 839.2 1199.0 755.2 .5487 .9925 1.5412215 387.89 2.134 .01847 361.91 837.4 1199.3 753.2 .5512 .9880 1.5392220 389.86 2.087 .01850 364.02 835.6 1199.6 751.3 .5537 .9835 1.5372225 391.79 2.0422 .01852 366.09 833.8 1199.9 749.5 .5561 .9792 1.5353230 393.68 1.9992 .01854 368.13 832.0 1200.1 747.7 .5585 .9750 1.5334235 395.54 1.9579 .01857 370.14 830.3 1200.4 745.9 .5608 .9708 1.5316240 397.37 1.9183 .01860 372.12 828.5 1200.6 744.1 .5631 .9667 1.5298245 399.18 I.8803 .01863 374.08 826.8 1200.9 742.4 .5653 .9627 1.5280250 400.95 1.8438 .01865 376.00 825.1 1201.1 740.7 .5675 .9588 1.5263260 404.42 1.7748 .01870 379.76 821.8 1201.5 737.3 .5719 .9510 1.5229270 407.78 1.7107 .01875 383.42 818.5 1201.9 733.9 .5760 .9436 1.5196280 411.05 1.6511 .01880 386.98 815.3 1202.3 730.7 .5801 .9363 1.5164290 414.23 1.5954 .01885 390.46 812.1 1202.6 727.5 .5841 .9292 1.5133300 417.33 1.5433 .01890 393.84 809.0 1202.8 724.3 .5879 .9225 1.5104350 431.72 1.3260 .01913 409.69 794.2 1203.9 709.6 .6056 .8910 1.4966400 444.59 1.1613 .0193 424.0 780.5 1204.5 695.9 .6214 .8630 1.4844450 456.28 1.0320 .0195 437.2 767.4 1204.6 683.2 .6356 .8378 1.4734500 467.01 0.9278 .0197 449.4 755.0 1204.4 671.0 .6487 .8147 I.4634600 486.21 .7698 .0201 471.6 731.6 1203.2 648.3 .6720 .7734 1.4454700 503.10 .6554 .0205 491.5 709.7 1201.2 627.5 .6925 .7371 I.4296800 518.23 .5687 .0209 509.7 688.9 1198.6 607.8 .7108 .7045 1.4153900 531.98 .5006 .0212 526.6 668.8 1195.4 589.0 .7275 .6744 1.40201000 544.61 .4456 .0216 542.4 649.4 1191.8 571.0 .7430 .6467 1.38971100 556.31 .4001 .0220 557.4 630.4 1187.8 553.5 .7575 .6205 1.37801200 567.22 .3619 .0223 571.7 611.7 1183.4 536.3 .7711 .5956 1.36671300 577.46 .3293 .0227 585.4 593.2 1178.6 519.4 .7840 .5719 1.35591400 587.10 .3012 .0231 598.7 574.7 1173.4 502.7 .7963 .5491 1.34541500 596.23 .2765 .0235 611.6 556.3 1167.9 486.1 .8082 .5269 1.33511600 604.90 .2548 .0239 624.1 538.0 1162.1 469.7 .8196 .5053 1.32491700 613.15 .2354 .0243 636.3 519.6 1155.9 453.1 .8306 .48⅛3 1.31491800 621.03 .2179 .0247 648.3 501.1 1149.4 436.7 .8412 .4637 1.30491900 628.58 .2021 .0252 660.1 482.4 1142.4 420.2 .8516 .4433 1.29492000 635.82 .1878 .0257 671.7 463.4 1135.1 403.4 .8619 .4230 1.28492200 649.46 .1625 .0268 694.8 424.4 1119.2 369.2 .8820 .3826 1.26462400 662.12 .1407 .0280 718.4 382.7 1101.1 332.6 .9023 .3411 i.24342600 673.94 .1213 .0295 743.0 337.2 1080.2 293.1 .9232 .2973 1.220.52800 684.99 .1035 .0315 770.1 284.7 1054.8 247.4 .9459 .2487 1.19463000 695.36 .0858 .0346 802.5 217.8 1020.3 189.3 .9731 .1885 1.16153200 705.11 .0580 .0444 872.4 62.0 934.4 52.4 1.0320 .0532 1.08523206J∣ 705.40 .0503 .0503 902.7 0 902.7 0.0 1.0580 0 1.0580
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Table 2. Properties of Superheated Steam1

i` ≈ specific volume, cu. ft. per lb. ; h = total heat, B.t.u. per lb. ; s = entropy

Temperature of steam, oF.Pressure, 
lb. per 
sq. in. 
abs.

(satura-

(227.96) 1286.61.89181239.21.8396h
s 12.6281236.51.7608

3.0441271.01.6373

14.1681284.81.8140

2.7261268.91.6240

100(327.81)

9.403 1283.0 1.76787.0201281.11.73465.5891279.11.7085

3.9541275.21.66833.4431273.11.6519

11.3091283.91.788760(292.71)
6.2201230.7 6791

40(267.25)
50(281.01) 10.0651235.11.7349

4.6361277.21.6869
(353.02)

(397.37)
1206.51.5453

2.6491214.01.5745

2.2471264.51.6003I 92761202.5I.5319
1266.71.6117

3.0081217.61.5908

(312.03)

120(341.25)

(363.53)
(373.06)

200(381.79)

(389.86)

.9371227.61.65184.0811224.41.6287
Î.6087

2.3611210.31.5594

3.1981449.01.7645

540 560 600 650 700 750 800
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1Abstracted from “Thermodynamic Properties of Steam,” by J. H. Keenan and F. G. 
Keyes, 1936 ed., by permission of the authors and publishers, John Wiley & Sons, Inc.
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Temperature of steam, oF.

Table 2. Properties of Superheated Steam—(Continued)

400 500 540 560 600 650 700 740 760 800 850 900
2.1511263.41.5949 2.2641285.91.6179 2.3191296.91.6288 2.4271318.51.64952.0631262.31.5897 2.1721285.01.6129 2.2261296.01.6238 2.3301317.71.64471.90471260.01.5796 2.0081283.11.6032 2.0581294.31.6143 2.1561316.21.63541.76751257.61.5701 1.86541281.11.5941 1.91281292.51.6054 2.0051314.71.62681.4923 1.70361251.5 1310.91.5481 1.6070
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2.8411402.11.72302.7291401.6 1.71852.5301400.71.70972.3571420.61.71842.0101397.41.6831

2.9421422.71.73972.8271422.31.73522.6211421.51.72652.4421420.61.71842.0841418.51.7002

3.0681448.61.75982.947 1448 2 1.75532.7331447.51.74672.5471446.71.73872.1761444.81.72061.65081362.71.63981.45841359.91.62501.30441357.01.61151.17831354.01.59911.07321351.11.58750.90771345.01.56650.78331338.61.54760.68631332.11.53030.60841325.31.5141

H. 7177 ' 1384.31 1.65811 1.5188' 1381.8I 1.6436• 1.3596∣1379.31.6304•1.2293> 1376.71.61821.12071374.01.60700.9498 i1368.71.58660.8215 i1363.21.56840.7215 I1357.5I. 55190.6413(1351.71.5365 1

I 1.8161J 1416.41 1.6842j 1.6074' 1414.3i 1.66991 1.44051 1412.1i 1.65711 1.30381 1409.91 1.6452∣ 1.1899■ 1407.7• 1.63431.0108. 1403.21.61470.87631398.61.59720.77161393.9 .1.5814 .0.6878 .1389.2 .1.5670 .
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1 1.9767 ) 1469.4 ) 1.72471 1.75161 1467.7J 1.7108i 1.57151466.01.6982H. 4241: 1464.3• 1.6868∣ 1.3013 : 1462.5i 1.6762'1.1082 1459.0 1.65730.96331455.41.64070.85061451.81.62570.76041448.2I. 6121
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Temperature of steam, oF.

Table 2. Properties of Superheated Steam—(Concluded)

Pressure, 
lb. per 
sq. in. 
abs.
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1100(556.31)
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pressures. In the fire-tube boiler, gas passes inside the tubes and the water 
surrounds them. The horizontal-return-tubular (h.r.t.) boiler is the most 
common of this type. The Scotch marine and the locomotive types fall in 
this class, and there are also vertical-fire-tube boilers.

Water-tube boilers include the following types: straight inclined tubes 
with longitudinal or cross drum; bent tubes with single or multiple steam 
drums; vertical and semivertical tubes with vertical or cross drum; various 
combinations, of the foregoing; ,and boilers with forced circulation. Water­
tube boilers are adapted to higher pressures and are quicker steaming. There 
is little difference in efficiency attainable as between types, other things being 
equal. Fire-tube boilers may be supported by the side walls of the setting 
by means of lugs riveted to the shell and resting on rollers, but the preferable 
type of suspension is from an overhead beam by means of buckstays. Water­
tube boilers are usually suspended from overhead steel work and columns.

Water Walls. The furnaces of many boilers are protected by water walls 
consisting of closely spaced tubes supplied with water from the boiler circula­
tion. The steam generated in them is delivered to the boiler steam drum. 
One or all walls of the furnace may be protected with water walls depending on 
the firing method.

The purpose of water walls is to permit higher rates of heat release without 
excessive furnace maintenance. They also lower the temperature of the gas 
leaving the furnace and so permit higher ratings before trouble occurs from 
fly ash slagging on the boiler tubes.

Water walls form an extremely active part of the boiler heating surface, 
often evaporating 100 lb. of steam per square foot per hour. There are no 
standards for tube spacing, which may vary from 3.5-in. centers with 3¼-in. 
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tubes to wide spacing. Arrangement of the tubes vary with different types of 
boilers and firing methods.

The tubes forming the walls may be bare (plain or with fins), or protected 
with refractory or cast-iron blocks. In another arrangement studs are spot- 
welded to the tubes on the fire side and the tubes and studs covered with 
plastic chrome.

Boiler Rating. Boilers were formerly rated on a horsepower basis, a 
boiler horsepower being defined as equivalent to the evaporation of 34.5 lb. 
of water per hour from and at 212oF. On this basis, with the existing prac­
tice of operating boilers, 10 sq. ft. heating surface was considered equivalent 
to 1 boiler h.p. The practice in later years of employing higher evapora­
tive rates, and the inclusion of furnace water walls, economizers, and ail- 
preheaters in the boiler unit, have rendered the term boiler horsepower mean­
ingless. Boilers are now commonly rated on the thousands of pounds of steam 
they are designed to produce, per. hour. A more exact unit of evaporation 
has been defined by the “A.S.M.E. Power Test Codes” in terms of the total 
heat transferred through the heating surfaces per hour. This is taken as 
1000 B.t.u. transferred per hour and is called the kilo B.t.u. (kb.) or, more 
conveniently, for large boilers, 1,000,000 B.t.u. which is called the mega B.t.u. 
(mb.).

Some of the largest single central-station boilers have evaporated 1,250,000 
lb. steam per hour. These boilers operate at 400 lb. per sq. in. pressure. 
The largest boilers installed in an industrial plant to date (1932) are in the 
Rouge plant of the Ford Motor Co. at Detroit. These are each rated at 
900,000 lb. steam per hour but have generated over 1,000,000 lb. per hr. 
The largest high-pressure boiler is at the Logan station of the Appalachian 
Electric Power Co. and is rated at 100,000 lb. steam per hour at 1425 lb. per 
sq. in. pressure and 925oF.

The trend in both central-station and industrial-plant practice is toward 
fewer and larger boilers. The number of units and their capacities are gov­
erned by load conditions. Inasmuch as boiler efficiency decreases when 
forcing considerably above rating, it is well to plan the number and size such 
that they will be run for the greater part of the time near the point of maxi­
mum efficiency. It is usually more economical to handle large peak loads of 
short duration by forcing boiler units above their most efficient rate than to 
incur the fixed charges on additional boilers. As a rule industrial-plant 
boilers are not forced to the extent that central-station boilers are; 250 per cent 
is fair practice.

Boiler Efficiendy. This is the ratio of the heat absorbed by the boiler 
per pound of fuel fired to the heat contained in 1 lb. of fuel and is usually 
applied to the unit as a whole. The heat absorbed by the boiler is equal to the 
heat in the steam delivered minus the heat in the feed water supplied. If 
the efficiency of the boiler alone is desired, this is the ratio of the heat absorbed 
by the boiler per pound of fuel fired to the heat actually developed in the 
furnace per pound of fuel. Full instructions for conducting a boiler test and 
computation of results are to be found in the “A.S.M.E. Power Test Codes.” 

Boilers and furnaces are now designed so that the efficiency curve is rela­
tively flat over a considerable range in output.

Efficiencies of 90 per cent for a combined boiler unit, including economizer 
and air preheater, have been attained in some of the larger central-station, 
installations, and sustained efficiencies of 85 to 88 per cent for monthly periods 
are common. For industrial-plant boilers, sustained efficiencies of about 80 
per cent are considered excellent performances owing to the use of smaller 
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units and less favorable load conditions. When burning natural gas, the 
efficiency will be from 2 to 4 per cent lower than that with coal, owing to the 
hydrogen of the gas forming water vapor.

Waste-heat Boilers. These are not to be confused with direct-fired 
boilers burning waste fuels such as hog fuel, sawdust, and refinery wastes, all of 
which, with certain modifications in furnace design, follow the practice in 
coal or oil-fired boilers. Waste-heat boilers, as here discussed, refer to those 
utilizing waste gas from industrial processes such as steel mills, cement mills, 
glass works, and metal refineries.

In contrast to the fuel-fired boiler the waste-heat boiler utilizes the heat 
of convection only, there being no radiant heat. Moreover, the entrance-gas 
temperatures are lower. 1 
of these facts the waste-hc 
er must be designed to 
large volumes of relatively low- 
temperature gas and the rate of 
heat transfer through the tubes 
must be much greater than in the 
direct-fired type. This requires 
higher gas velocities and greater 
draft loss. Induced draft is usu­
ally employed and economizers 
are common. The exit-gas tem­
peratures ordinarily are reduced 
to 400o or 500oF. A waste-heat 
boiler is seldom operated above 
rating. The illustration (Fig. 6) 
shows a typical waste-heat boiler 
for a cement mill. Owing to the 
fact that the gas is likely to con­
tain much dust, the boiler must be 
arranged for easy cleaning,

Waste-gas temperatures usually 
part of the range applying to gas from steel mills, cement kilns, and glass 
works and the higher temperatures to gas from metal refining. In cement 
mills the gas temperatures are higher with the dry process than with the wet 
process of manufacture. In steel mills the waste heat available for power 
generation averages about 200 kw.-hr. per ton of ingots or about two-thirds 
of the total power required. In cement mills, about 24 kw.-hr. are .producible 
from each barrel of clinker burned per day.

Standards for the construction of stationary steam boilers are defined by 
the “ A.S.M.E. Boiler Code.” At the end of 1940, this code had been officially 
adopted by the states of New York, New Jersey, Pennsylvania, Delaware, 
Maryland, Michigan, Ohio, Indiana, Wisconsin, Minnesota, Missouri, 
Washington, Oregon, California, Utah, Oklahoma, Arkansas, Rhode Island, 
and the District of Columbia; also Hawaii and the Canal Zone, Maine, 
Massachusetts, North Carolina, Texas, and West Virginia.

Boiler Furnaces. For low and moderate rates of firing, solid refractory 
furnaces will give satisfactory results. For higher rates of firing, air-cooled 
walls or water walls are used to decrease maintenance. Heat release per 
cubic foot of furnace volume may be used as a rough guide in determining 
proper furnace size. The following table shows the range in heat release 
values now in use with various methods of firing and fuels used.
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Furnace Heat Release

Method of firing

Heat release, B.t.u. per cu. ft. 
per hr.

All-refractory 
furnace

Complete water­
wall furnace

Pulverized coal, 15% CO2 at furnace exit:
Illinois coal.................................................................. 12,000-15,000 .20,000-22,000 25,000-35,00015,000-25,00020,000-30,000

20,000-35,00025,000-35,00030,000-42,00030,000-45,00030,000-50,000
Eastern bituminous coal..............................................

Underfeed stoker.............................................................
Chain or traveling grate"stoker.......................................
on............................. :..^.................................................

From Power, September, 1935.

Boiler furnaces should be capable of sustaining the maximum continuous 
combustion rate, with the desired excess air, without excessively slagging the 
furnace walls or boiler tubes. Experience indicates this can be accomplished 
by designing the furnace so that the temperature of the ash particles entering 
the boiler-tube bank is not above the 
ash fusion point. Factors determining 
exit furnace temperature, and hence 
ash-particle temperature, are amount 
of water-cooled surface exposed to 
furnace radiation, heat release, furnace 
volume, and excess air. Heat release 
per square foot of cold surface exposed 
to the furnace is a ratio used in de­
termining furnace-exit temperature. 
Curves, such as in Fig. 7, use this ratio 
together with excess air, as indicated by 
CO2, to find exit-furnace temperature, 
and are very helpful in furnace design.

Fig. 7.—Curves for finding approximate 
temperature of gas leaving the boiler 
furnace. (From Power, September, 1935.)

*σ

Economizers
An economizer is essentially a feed­

water heater placed just beyond the 
boiler to extract heat from the flue gases 
and thus reduce the stack loss. It 
consists of headers and groups of tubes, 
through which the boiler feed water is 
forced and over which the hot gas pass­
es. The economizers may be integral 
with the boiler and placed inside the boiler setting, or they may be separate 
units, each with its own casing. Formerly they were invariably constructed 
of cast iron to resist corrosion better, but the advent of higher pressures has 
brought about the use of steel. They are of advantage in plants where an 
insufficient quantity of exhaust steam is available for feed-water heating as 
when the auxiliaries are motor driven; also where fuel costs are high so that 
saving with them will more than offset the additional investment charges. 
The economizer surface costs less than high-pressure boiler surface and hence 
is generally used to reduce the flue-gas temperature to a desirable value. 
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For every 10o to lloF. increase in feed-water temperature obtained by decreas­
ing the flue-gas temperature, there results an increase of about 1 per cent in 
boiler efficiency. The economizer surface employed varies from 0.2 to 2 sq. 
ft. per sq. ft. of boiler surface. In the larger units sufficient heat is absorbed 
to generate steam in the economizer. Generally, induced draft is necessary 
where economizers are employed, to permit high ratings without incurring 
excessive furnace pressure from the forced draft.

Air Preheaters
These are placed beyond the boilers to extract heat from the flue gases to 

preheat air for combustion. They may be used with or without economizers; 
in the former case they are placed after the economizer. Three different 
types of air preheaters are in use, namely, the plate, tubular, and regenera­
tive types. In the first-named type, a series of plates are bolted together 
with proper spacing, so that air and gas pass through alternate spaces in a 
counterflow direction. In the tubular type, the gases pass through, and the 
air over, the tubes. In the regenerative type, the gas and air alternately 
pass over the same plates, so that the heat absorbed by the plates from the hot 
gases is given up to the air in the second part of the cycle. This is accom­
plished in one form of preheater by the use of rotating elements and in another 
type by a series of valves that open and close, first admitting gas, then air. 
Where a high-sulfur coal is used, difficulty from corrosion of the plates is 
sometimes encountered if the temperature of the flue gases is reduced below 
the dewpoint. This is often noticeable in stoker-fired boilers, where the 
boilers are banked for considerable periods. With the wider application of 
Pulverized-Coal firing, the use of preheated air has become popular. It is 
also used to some extent with stokers. Except where the stoker is built 
especially for high preheat, it is seldom advisable to employ much over 350oF., 
although over 500o has recently been employed satisfactorily with a stoker 
designed to handle such temperatures. With pulverizers these higher tempera­
tures are frequently employed. Roughly, for every 35o to 40oF. drop in flue­
gas temperature caused by heating air for combustion, there is a gain of 1 per 
cent in efficiency. In addition, preheated air improves combustion. As with 
economizers, air preheaters usually require induced draft fans, and also forced- 
draft fans are required.

Draft
The term draft as applied to boiler practice is the pressure difference 

which produces the flow of air and gas through the boiler. It is measured in 
inches of water.

Natural draft is that produced by the chimney or stack alone and is 
produced by the difference in weights of the column of hot gas within the 
stack and an equal column of outside air. An equation for determining the 
height and diameter of stack with natural draft, as given by Mingle (Power, 
Mar. 3, 1931), is as follows:

and

2.96B0Æ»_^'k 0.184/. WcBoV2
∖ Ta TcjI TcD

D = O.22sy I wτc
I BoWcV
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where H — height of stack above the grate, ft.
D = minimum internal diameter, ft.

Dτ = required draft or sum of various losses of draft (including loss due 
to velocity) throughout the boiler setting exclusive of the stack 
itself, in. water.

Bo = atmospheric pressure corresponding to altitude, in. Hg. 
Tf7o = density of atmosphere at oF. and sea level, lb. per cu. ft. 
Wc — density of chimney gases at oF. and sea level, lb. per cu. ft. 
To = atmospheric temperature, oF. abs.
Te = chimney gas temperature, oF. abs.
f — coefficient of friction

W = quantity of gas flowing, lb. per sec.
F = gas velocity, ft. per sec.

Table 3 by the same author is for determining economical sizes of natural 
draft chimneys for various quantities of gas handled and the required draft 
intensities at the breeching entrance based on assumed operating factors of 
62oF. atmospheric temperature, 500oF. stack-gas temperature, sea-level 
atmospheric conditions, coefficient of friction of 0.016, and flue-gas density 
of 0.09 lb. per cu. ft. at 0oF. and sea level.

Forced draft is the creation, by means of a fan or blower, of a positive 
pressure greater than that of the atmosphere, under the fuel bed. With 
pulverized coal, the primary, and both the primary and the secondary air 
if preheaters are used, are supplied under forced draft, but sufficient induced 
draft is usually provided to maintain a slightly negative pressure within the 
furnace.

In small installations, steam-jet blowers are sometimes employed to force 
the air throɪɪgh the fuel bed. Steam jets are sometimes employed above the 
fire to produce turbulence and assist in smoke abatement.

Induced draft is the creation of a suction or negative pressure within the 
boiler by a fan located in the path of the flue gas. The induced-draft fan, 
because of the temperature of the gas handled and its subsequent greater 
volume, must be larger than the forced-draft fan. (For fan characteristics 
see section on Forced and Induced Draft Fans under Auxiliaries, pp. 2485 
and 2486.)

Where boilers are operated at relatively low rates, the stack will usually 
provide sufficient draft, but where high rates of combustion are desired or 
when economizers or air preheaters are used, or the stack is of restricted 
height, it becomes necessary to employ either forced or induced draft, or both, 
to pass the necessary air through the fuel bed and remove the products of 
combustion. Where the smaller sizes of anthracite are burned, or where a 
thick fire with bituminous coal is carried on a, stoker, forced draft is necessary. 
It is the usual practice, when forced draft is used, so to regulate the pressure 
that there is a balanced pressure in the furnace or a slight suction above the 
fuel bed.

Several systems of combustion control are now in successful use in which the 
supply of fuel, air, and boiler feed water is automatically controlled to meet 
the steam demands upon the boiler.

Stokers
Stokers may be classified as follows: hand or semiautomatic; traveling or 

chain grate, with natural or forced draft; overfeed of the front or side-feed and 
spreader types; underfeed single- or multiple-retort type.
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Table 3. Table of Economical Sizes for Natural-draft Chimneys
Based on.: 62oF. atmospheric temperature, 500oF. chimney gas temperature, 0.09 

chimney gas density, 0.016 coefficient of friction, sea level elevation.

Required draft at breeching entrance, in. water
Amount of gases 

flowing, lb. per sec. 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 I ,∙5 1.6

Economical size of chimney height and diameter, ft.

75 95 115 135
3.5 3.5 3.5 3.5

10 75 95 115 135 150
4.0 4.0 4.0 4.0 4.0

15 75 95 115 135 150 170 190
4.5 4.5 4.5 4.5 4.5 4.5 4.5

20 75 95 115 135 150 170 190
5.0 5.0 5.0 5.0 5.0 5.0 5.0

25 75 95 115 135 150 170 190
5.5 5.5 5.5 5.5 5.5 5.5 5.5

30 95 115 135 150 170 190
5.5 5.5 5.5 5.5 5.5 5.5

35 95 115 135 150 170 190 210
6.0 6.0 6.0 6.0 6.0 6.0 6.0

40 95 115 135 150 170 190 210
6.5 6.5 6.5 6.5 6.5 6.5 6.5

45 95 115 135 150 170 190 210
6.5 6.5 6.5 6.5 6.5 6.5 6.5

50 115 135 150 170 190 210 230
7.0 7.0 7.0 7.0 7.0 7.0 7.0

60 115 135 150 170 190 210 230'
7.5 7.5 7.5 7.5 7.5 7.5 7.5

70 150 170 190 210 230 250 270 290 310
8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
150 170 190 210 230 250 270 290 310
8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5

90 170 190 210 230 250 270 290 310
9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0

100 170 190 210 230 250 270 290 310
9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5

110 170 190 210 230 250 270 290 310
9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5

120 170 190 210 230 250 270 290 310
10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

130 170 190 210 230 250 270 290 310
10.5 10.5 10.5 10.5 10.5 10.5 10.5 10.5

140 170 190 210 230 250 270 290 310
10.5 10.5 10.5 10.5 10.5 10.5 10.5 10.5

150 170 190 210 230 250 270 290 310
11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0

160 170 190 210 230 250 270 290 310
11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0

170 170 190 210 230 250 270 290 310
II.5 11.5 11.5 11.5 11.5 11.5 11.5 11.51

180 170 190 210 230 250 270 290 310
12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0

190 190 210 230 250 270 290 310
12.0 12.0 12.0 12.0 12.0 12.0 12.0

200 190 210 230 250 270 290 310
12.5 12.5 12.5 12.5 12.5 12.5 12.5
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Traveling or chain-grate stokers, with natural or forced draft, depending 
upon load conditions, are extensively used to burn Midwestern bituminous 
coals. These coals are free burning and generally high in ash, which has a 
low fusing temperature. The fuel bed must not be agitated. It is possible 
to burn Eastern bituminous coal of the coking variety on these stokers, if 
they are provided with agitating plates. Anthracite and coke breeze usually 
require the traveling grate stoker with forced draft, whereas this type, with 
or without forced draft, may be used to burn Subbituminous coal or lignite,

Overfeed spreader stokers are used more extensively than formerly in 
some sections and are adapted to a wide variety of bituminous coals. They 
operate to best advantage when fired with 1 to ⅜ in. screenings or slack. 
They require ignition arches to ignite and coke the coal. They are suitable 
for combustion rates up to 35 lb. per sq. ft. grate area per hour. One design 
of inclined overfeed stoker has been used to burn anthracite. They are seldom 
employed under boilers of over 6000 sq. ft. of heating surface, as they cannot 
be forced to such high rates of combustion as the underfeed type, and when 
forced are likely to produce objectionable smoke and also cause excessive 
sifting into the ashpit.

Underfeed stokers are used more than any other type in burning Eastern 
bituminous coal of the low-ash coking variety, inasmuch as the underfeed 
mechanism keeps the fuel bed broken up. With forced draft they are capable 
of high overload and do not produce excessive smoke. This type of stoker 
has more lately been employed to some extent with high-ash ooals and with 
mixtures of bituminous coal and coke breeze or culm. However, where the 
ash runs to 20 per cent or more, the traveling grate must be used. Large 
stokers of the underfeed type are usually provided with a clinker grinder 
at the rear end, and recent designs have also been provided with ashpit and 
clinker grinders submerged. Combustion rates as high as 75 lb. of coal 
per square foot of grate surface per hour have been obtained when the air is 
automatically metered to the various zones of the stoker, but 4Q to 50 lb. is 
generally the practice except on peak loads for short periods.

Pulverized Coal*
Two systems of pulverized-coal burning are in vogue, namely: (1) the 

storage system, in which the coal, after being crushed, is dried, pulverized, 
and stored in a bin to be conveyed to the burners as required; and (2) the 
unit or direct-firing system in which the drying and pulverizing are accom­
plished in the mill, which feeds directly to the furnace. The storage system 
has been used only in large plants, and even there has given way to the unit 
system.

Mills used for pulverizing coal include roller, bowl, ball-ring, impact, and 
ball-mill types, f Fineness of grinding is important and is determined by run­
ning a sample through a series of screens and obtaining the percentage going 
through each. Screen sizes usually employed include 200, 100, 50, or 40 mesh. 
Low-volatile coal must be pulverized to a finer degree than high-volatile coal. 
Thus, a good fineness for low-volatile coal is 80 per cent through 200-mesh, 95 
per cent through 100-mesh, and 99.5 per cent through 50-mesh screen, and for 
high-volatile coal 65 per cent through 200-mesh, 90 per cent through 100-mesh, 
and 99 per cent through 50-mesh screen. It is more important that the 
percentage on a 50-mesh screen be low than to have a high percentage through 
a 200-mesh screen.

* See Fuels section, pŋ. 2323-2430.
TSee Sec. 16
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The power consumed in crushing, pulverizing, and conveying the coal to the 

burner will range from 15 to 35 kw.- hr. per ton, depending on the system, type 
θf mill, and character of the coal.

Although pulverizing is confined largely to bituminous coal, it is applied suc­
cessfully to lignite, and, in a few instances, to anthracite in favored localities 
where the low cost of culm offsets the increased pulverizing and maintenance 
costs. About 35 kw.-hr. per ton is consumed in pulverizing anthracite com­
pared with 5 to 7 kw.-hr. with bituminous.

Relative Advantages of Stokers and Pulverized Coal. It is impossible 
to make any general statement as to which method of firing is the better, as 
local conditions will govern in every case. The efficiencies obtainable with 
either are comparable. Certain coals will give better results with stokers, 
whereas pulverizers offer greater flexibility in operation. The banking losses 
are likely to be less with pulverized coal, but the power consumption is some­
what greater. The pulverized coal can be burned with less excess, air, but in 
sections where the fly ash escaping from the stack is likely to become a nui­
sance, it may be necessary to go to the expense of installing ash-recovery 
equipment. On the other hand, the maintenance on stokers is usually higher 
than on pulverized-coal equipment. Higher heat releases per cubic foot of 
furnace volume are obtainable with stokers than -with pulverized coal, but 
while high preheat has been employed with stokers, it is more general with 
pulverized coal.

Data collected yearly by Power on utility and industrial plants show that 
from September, 1937, to December, 1938, 81 utility plants were installed with 
pulverized-coal firing, 26 with stoker firing, 14 with oil firing, 6 with gas firing, 
11 combined pulverized coal, oil, and gas, and 9 combined oil and gas firing. 
During the same period 66 industrial plants installed pulverized-coal equip­
ment, 48 installed stokers, 22 installed oil burners, 4 gas burners, 12 combined 
pulverized coal and oil, 5 installed combination pulverized-coal and gas equip­
ment, and 13 combined oil and gas.

Oil Burning*

* See p. 2352.

Because of the excess production of crude oil' and improvement in oil­
burning equipment, fuel oil has become a strong competitor of coal at low 
prices in many sections of the country. Many of the plants that have changed 
over to oil have done so without removal of the coal-burning equipment, thus 
making it possible to take full advantage of periodic fluctuations in fuel prices 
and providing the owner with the means of bargaining in the fuel market. 
Furnaces designed for burning pulverized coal are well adapted to burning 
oil; in fact the two fuels may be burned simultaneously or the change-over 
made while the boiler is under steam. To change from stoker to oil firing it is 
necessary either to remove parts of the stoker or to floor over the operating 
mechanism.

Combination burners, capable of burning pulverized coal or coke, gas, and 
oil, either separately or together,· are now being extensively used.

Three types of oil burners are how in common use, namely, the steam­
atomizing, mechanical-atomizing, and rotary-cup types. The former is 
employed generally with the heavier fuel oils and with refinery wastes. 
About 2 per cent of the steam output of the boiler is required for atomization. 
Therefore, where it is necessary to keep the make-up water to a minimum, 
mechanical atomization has some advantage. With the latter the steam 
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required for heating and pumping the oil will, under favorable conditions, be 
about 1 per cent of the boiler output.

The temperature to which the oil must be heated will depend upon its 
viscosity. Heavy oils will generally require heating up to 100o or 110oF. for 
pumping and then to 150o to 220oF. in closed heaters for mechanical atomiza­
tion. The oil should be heated no higher than is necessary to reduce the 
viscosity to about 15 sec. Saybolt-Furol. With mechanical atomization the 
pressure may range anywhere up to 300 lb. per sq. in., depending upon the oil.

The heating value of fuel oil averages about 18,500 B.t.u. per lb., and in 
stationary-plant practice heat releases of from 35,000 to 50,000 B.t.u. per 
cu. ft. of furnace volume are practical where water-cooled walls are employed.

No general comparisons can be made between oil and coal as many factors, 
influenced by local conditions, determine the ultimate economies. On a heat­
content basis, a very rough rule that is sometimes employed is to consider 
that the price of oil, in cents per gallon, should be one-half that of coal in 
dollars per ton, to make the two equivalent. However, the cost of fuel 
handling, investment costs, banking losses, cost of handling ashes with coal, 
the problem of fly ash with pulverized coal in certain localities, and the steam 
required for heating, pumping, and atomizing with oil are all factors that 
must be considered in the final analysis. Boiler efficiencies with coal and oil 
are comparable, the loss due to the latent heat of the water vapor in the pro­
ducts of combustion resulting from the hydrogen content of the oil being 
offset by ashpit or stack losses with coal. Oil can be burned with low excess 
air (from 15 to 20 per cent), and because of the ease of control a close regula­
tion of superheat is possible.

Boiler Feed-water Treatment
No definite rules can be given for the treatment of boiler feed water, as the 

analysis of the water and the operating conditions will dictate the treatment 
in the individual case.

Feed-water treatment may be broadly considered in two classes, namely, 
internal and external. In the former, chemicals are introduced into the boiler 
to inhibit corrosion, prevent scale formation, or, where sodium salts are 
employed, to convert calcium and magnesium sulfates into soluble sodium 
sulfates and precipitate the calcium and magnesium in a form that can be 
easily removed by blowing down.

In the external treatment of feed water, chemical reagents are applied 
in a softening tank which may be of the continuous or intermittent type. 
Continuous softeners are of either the cold- or the hot-process type. The 
latter combines the function of feed-water heater and softener in which the 
scale-forming solids are removed partly through chemical reaction and partly 
as a result of heat.

Another external method of treating feed water is by the use of zeolites, 
which have the property of removing calcium and magnesium from the 
water as it is passes through the bed of zeolite and replacing with sodium. 
The zeolite is regenerated, after it has been depleted of sodium, by treating 
with a solution of common salt.

The adoption of high steam pressures and high rates of forcing boilers has 
been responsible for an increased use of evaporators to provide pure feed 
water. These may be of the submerged-tube, film, or flash types and designed 
for single-, double-, triple-, or quadruple-effect operation. They may be 
supplied with live, bled, or exhaust steam.
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Recognition of the fact that gases dissolved in water will cause corrosion 

has led to the frequent use of deaerators. These may be of the mechanical 
or the chemical type. In one design of the mechanical type, preheated water 
is partly flashed into steam as it enters a vacuum chamber or condenser 
and the gases are thus released from the water. In the chemical type, oxygen 
is removed from the water by a reagent.

Embrittlement is a term applied to intercrystalline cracking of boiler steel 
below the water line and is produced by solutions which attack the grain 
boundaries. Much controversy has existed as to its cause and it has been the 
subject of much research. It was long believed that embrittlement was 
caused by the action of caustic soda (sodium hydroxide) solutions in the 
presence of sodium silicate on boiler steel in which initial stresses had been set 
Up due to processing or due to distortion at operating temperatures. These 
salts build up to the necessary concentration, which is many times that found 
in boiler waters, in drum seams, and other crevices. Early investigations 
indicated that embrittlement was inhibited by maintaining specific sulfate­
carbonate ratios. As a result the American Society of Mechanical Engineers 
recommended that the following relation between sodium sulfate and total 
alkalinity be maintained in the boiler water for various steam pressures:

Steam pressure, lb. per sq. in. Sodium 
sulfate

Total sodium hydroxide and 
carbonate alkalinity calculated 
to equivalent sodium carbonate

0-150..............................................................
150-250.............................................................
250 and over.....................................................

1
2
3

1
1
1

More recent investigations, however, have shown that sulfates cannot be 
entirely depended upon to inhibit embrittlement in high-pressure boilers, 
that sodium nitrate or dilute nitric acid solutions have an action similar to 
sodium hydroxide, and that embrittlement may be produced by sodium 
hydroxide in solutions containing other substances than silica.

Work by the Bureau of Mines Experiment Station at the University of 
Maryland (reported in papers by Schroeder, Berk, and O’Brien in Trans. 
Am. Soc. Mech. Engrs.') disclosed among other things that concentrated sulfite 
waste liquors, lignin sulfonate, Philippine cutch, and quebracho did prevent 
embrittlement even when a very high stress was applied at high temperatures 
and in the presence of high sodium silicate or high sodium hydroxide con­
centrations. It was also found that sodium phosphate does not prevent 
embrittlement unless the sodium silicate-sodium hydroxide ratio is well 
below that existing in most feed waters. The Bureau of Mines has developed 
an embrittlement detector which indicates whether the nature of the boiler 
water is likely to cause embrittlement.

Welded drums or drums having seams caulked on the inside only give less 
trouble from embrittlement as the only places for high concentrations of salts 
to build up is where *ɪʒe boiler tubes are rolled into the drum and at other 
connections.

Priming of a boiler may be defined as the discharge of slugs of water with 
the steam caused by the violent bursting of steam bubbles. It is usually 
caused by insufficient, steam-disengaging space in the drum at high rates of 
evaporation, by carrying too high a water level, or by cutting in a boiler too
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rapidly. High concentrations of salts and suspended matter are also believed 
to exert an influence. `

Foaming is the existence of foam or froth on the surface of the water. It 
ʌs generally conceded to result from high concentrations of soluble salts and 
finely divided suspended matter, and is related to the surface tension. Where 
foaming is noted, treatment of the water should receive consideration.

Under certain conditions both priming and foaming may occur. They 
may be controlled by giving attention to the amount of suspended matter and 
Boluble salts in the boiler water, by mechanical purification of the steam, by 
the use of antifoaming compounds, and by controlling the water level and 
the rate ôf evaporation. `

Carry-over of solids with the steam to turbines has been troublesome 
in many high-pressure plants, because the solids accumulate on the turbine 
blading and reduce ability to carry load. Where the accumulations are soft 
they may be washed off by passing wet steam through the turbine but where* 
they are hard they must be removed by mechanical means.

To prevent carry-over of solids, various devices, placed in the boiler drum, 
have been developed for removing moisture from the steam before it leaves the 
boiler. A more recent development is the steam washer. This device washes 
the steam with feed water that has a lower concentration of solids than the 
water in the boiler drum. Washing dilutes the concentration of solids in the 
water entrained by the steam. The washed steam is then dried by various 
means. Steam washers are said to reduce the solids delivered by the steam to 
⅜ p.p.m. and moisture to ⅛ per cent.

PRIME MOVERS
For the industrial power plant, there is available a wide variety of prime 

movers. These may be broadly classified under steam engines, steam tur­
bines, internal-combustion engines, and water turbines. Which of these 
broad types may be selected for the industrial plant depends largely on such 
basic considerations as the location of the plant with respect to water power 
or fuel supply, whether or not steam is required in a manufacturing process, 
and the size of the plant under consideration.

Steam Engines
To the casual observer, it may appear that the steam engine as a prime 

mover has been replaced by the steam turbine. This is largely true as far 
as utility power plants are concerned where size of the unit makes the use 
of a steam engine impractical. In the industrial plant, and for buildings, 
however, where the units are smaller, the steam engine still is an attractive 
prime mover.

Steam engines are classified according to the number and arrangement 
of the cylinders, the type of valve gear, and the speed at which they operate. 
In the larger sizes, the engine is usually compounded, i.e., the expansion of 
the steam is made to take place in two or more cylinders. There are three 
more common arrangements of doing this, namely, the tandem-compound, 
cross-compound, and vertical types. In a tandem-compound engine, 
the cylinders are arranged in a straight line, the piston rod being common 
to both cylinders and the total force transmitted through one connecting 
rod. The cross-compound engine has cylinders, arranged side by side, 
each cylinder having a separate piston rod, connecting rod, and crank.

There are many types of valve mechanisms, but most of them will fall under 
one of the following more important types: (α) slide valve, (ò) Corliss, (c) 
non-releasing Corliss, and (d) Unaflow.



POWER GENERATION 2455
a. Slide-valve Engine. This is the most elementary and simplest type 

of steam engine. A single eccentric-driven valve is arranged so that it con­
trols the admission of steam into the cylinder, closes to stop the admission 
of steam during expansion, opens again to allow the steam to exhaust from 
the cylinder, and closes during compression. This type of valve has various 
features that make its use undesirable for prime-mover engines. It is, how-
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Fig. 8.—General assembly of releasing Corliss valve gear.
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ever, used on engines for driving auxiliaries. One of the main faults of. this 
slide-valve engine is that the same port is used for live steam entering the 
cylinder, after it has been cooled by exhaust steam leaving the cylinder.

b. Corliss Engine. This is one of the early types to adopt.the use of sepa­
rate valves for controlling live and exhaust steam, and is illustrated in Fig. 8. 
This type of engine has four cylindrical valves that are oscillated in seats 
or chambers. The two upper valves on top of the cylinder control the admis­
sion of live steam, and the two valves at the 
bottom of the cylinder control exhaust and 
compression. The eccentric which is keyed 
to the crank shaft moves the eccentric rod 
back and forth as the crank shaft rotates, and 
this in turn oscillates the rocker arm. This 
rocker arm is pivoted through a shaft or pin 
on the same pedestal. At the upper end of 
the rocker arm is connected the reach rod 
which moves back and forth, and being con­
nected to the wrist plate at the other end 
causes the latter, which is pivoted to a pin, to 
oscillate through a considerable angle. To 
the wristplate are fastened four links, two
actuating the exhaust valve and the other two moving the admission valves.

The valves fit into bored recesses at the ends of the cylinders. As they 
rock back and forth in their circular seats, the two ends of the cylinder are 
alternately placed in communication with the steam supply and the exhaust 
pipe. Placing the valves at the corner of the cylinders permits short passages 
to be used, and by giving separate passageways for the live steam and exhaust 
steam, cylinder condensation is reduced. The use of four oscillating valves, 
and the method of detaching the steam valves allowing them to close rapidly 
by the use of dashpots, constitute the chief feature of the Corliss engine.

' d. The Unaflow Engine. The main feature of the Unaflow engine is that 
exhaust takes place through special ports placed around the . middle of the 
cylinder. The piston acts as an exhaust valve uncovering the port as it nears
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the flow of steam is not

Fig. 10.—Double-seat pop­
pet valve.

Ideal or perfect indicator card of a 
condensing steam engine.
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Fig. 12.—Indicator card from a non-con­
densing steam engine.

the end of the stroke. With this arrangement 
reversed; decreased cylinder condensation results. 
It has been almost universal practice to use 
double-seat poppet valves on Unaflow engines. 
The poppet valve is necessary if highly super­
heated steam is used, for slide and other type 
valves have a tendency to warp at high tempera­
tures. However, the double-seat poppet valve is 
not entirely free from defect. The expansion of 
the valve and the cylinder casting carrying two 
valve seats is never the same. If the valve is tight 
at one temperature, raising or lowering the steam 
pressure or superheat may cause the valve to ex­
pand either more or less than does the casting, and as a result the valve will 
leak. To eliminate this diffi­
culty, many designs of double­
seat valves are used, such as 
valves with flexible seats, flexi­
ble valves, expanding valves, 
etc.

Figure 9 is a cross section of a 
Unaflow engine showing the lo­
cation of the exhaust port and 
the valve-operating mechanism. 
This particular engine is de­
signed for non-condensing oper­
ation and is equipped with 
auxiliary exhaust valves oper­
ated by a separate eccentric.

The steam valve (Fig. 10) is 
of the double-seat design. To 
eliminate leakage resulting from
unequal expansion of the valve and cylinder heads, the top portion of the valve 
is separated from the valve body and is held down by spring tension. The 
expansion rings prevent steam leak­
age between the two parts. Any in­
equality of expansion of the valve 
and seats is compensated for by a 
slight displacement of the upper part 
of the valve with respect to the valve 
body. The steam valves are opened 
by a bell crank, which carries a roller 
contacting with the cam (Fig. 9) in 
the rocker. This rocker is moved 
through a reach rod and rocker by the 
governor-controlled eccentric.

Steam-engine Performance 
Indicator Diagrams. Much can 
be told about the performance of a 
steam engine from a study of dia­
grams made by a steam-engine indi­
cator, a device that records the pressure existing in the cylinder of an 
engine for all positions of the piston.
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Fig. 13.—Steam consump­

tion of 400 i.h.p. horizontal Un­
ii flow engine. (Λfαr⅛s, Me­
chanical Engineers' Handbook.)

It may be calculated from the indicator diagram from the

The indicator diagram, as it is called, will show whether the engine valves 
have been properly adjusted; and from various data obtained from it and the 
engine, at the time the diagram is made, indi­
cated horsepower can be calculated and an esti­
mate of steam consumption made.

Figure 11 is the ideal or perfect indicator dia­
gram, while Fig. 12 is one obtained from an 
engine whose valves are properly adjusted. The 
four valve events are indicated: (1) steam is ad­
mitted to the cylinder at A, (2) cut-off takes place 
at C, (3) the exhaust valve opens at R and (4) 
closes for compression at K.

Indicated horsepower of a steam engine is the 
power delivered by the steam to the piston of 
the engine, 
equation :

τ, PLANl.hp. =--------
33,000

WhereP is the mean effective pressure in pounds per square inch, L the stroke 
in feet, A the area of the piston in square inches, N the number of strokes per 
minute and 33,000 is, by definition, the foot-pounds per minute in 1 hp.

Fig. 14.—Steam con­
sumption of high-speed 
and four-valve engines, 
simple and compound.

Degrees Superheoit

( Gαge+I4.7 Lb.)
Fig. 15.—Steam consumption of Cor- 

Iiss engines.

The mean effective pressure is obtained from the indicator diagram. Its 
area is first found by means of a planimeter. By dividing the area by the 
length of the diagram the average height is found. This, multiplied by the 
scale of the spring with which the diagram was taken, will give the mean 
effective pressure.

Although the steam consumption can be estimated from the indicator 
diagram, it is not recommended, as the result is apt to be in error by 15 to 



2458 POWER GENERATION AND POWER TRANSMISSION

20 per cent. Steam consumption is best determined either by measuring or 
weighing the condensed exhaust, or by using a flow meter in the steam-supply 
main.

Steam Consumption. The power obtainable from a given rate of steam 
flow varies greatly with the size and type of engine, initial steam pressure 
and temperature, exhaust pressure, and ratio of expansion.

The steam-consumption curves (Fig. 13) may be taken as typical of steam 
rates obtainable from Unaflow engines of about 400 hp. capacity. These 
curves show the effect of both initial pressure and superheat on steam rates. 
Figures 14 and 15 give typical steam-consumption curves for simple, com­
pound, and Corliss engines.

Ideally, the increase in engine efficiency is nearly proportional to the amount 
of superheat. In practice, superheat is justified because of reduction in 
cylinder condensation rather than on thermodynamic grounds. Cylinder 
condensation is practically eliminated when steam is kept dry at the point 
of cut-off, which ordinarily is obtained with 
150oF. superheat. ⅛

The present temperature limit is about 700oF. ⅞ 
although two five-cylinder, three-crank, triple­
expansion vertical engines of 6060 hp. designed 
to operate with Steam at 1840 lb. per sq. in. pres­
sure and at 820oF. are installed in the power plant 
of the Philip Carey Manufacturing Co.

Figures 16 and 17 give typical curves of 
efficiency ratios vs. the steam pressure for various uj 
types of engines. The efficiency ratio is the ratio 
between the theoretical Rankine cycle steam rate 
⅛>ιnd the actual steam rate.

60 80 100 120 140 160 100 Steam PressurelLb-(AbsoIute)
Fig. 16.—Efficiency ratio 

of various types of engine. 
Curve 1, high-speed engine, 
27-in. vacuum; curve 2, high­
speed atmospheric exhaust; 
curve 3, four-valve engine, 
27-in. vacuum; curve 4, four- 
valve, atmospheric exhaust; 
curve 5, compound four-valve, 
27-in. vacuum; curve 6, com­
pound four-valve, atmospheric 
exhaust; curve 7, 500-kw.
steam turbine, atmospheric 
exhaust.

moving blades.

Steam Turbines
Turbine Types. Steam turbines are broadly 

classified according to the manner .in which the 
heat in the steam is converted into mechanical 
energy. In the impulse-type turbine, steam is 
expanded in nozzles from which it issues at high 
velocity. The jets of high-velocity steam are 
directed against blades that are attached to a 
rotor. The velocity of the steam is reduced and 
converted by the moving blades into mechanical 
energy. There is no drop of pressure in the

In the reaction turbine, steam expands in both the stationary and moving 
blades. Both the impulse effect due to the high velocity of the steam issuing 
from the stationary blades and the reaction of the steam expanding in the 
moving blades are used to produce rotation.

Generally the available pressure drop is subdivided among two or more 
successive sets of moving blades. This is called pressure staging. In a single 
pressure stage of an impulse turbine there may be two or more successive sets 
of rotating blades with guide vanes between them. The velocity decrease 
is divided among them and is called velocity staging. Pressure staging is 
secured in a reaction turbine by alternating stationary and moving blades, 
each set of blades taking a small drop in pressure. By sufficient subdivision 
of the total pressure drop, the steam velocities produced can be efficiently 
converted into mechanical energy by the moving blades of a turbine.
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Flow of steam through a turbine is generally in an axial direction. Eco­

nomical turbines are built, however, in which the steam flow is radial, and 
another type in which the flow is tangential.

Turbines are high-speed prime movers and for this reason are well adapted 
for direct connection to alternating-current generators. When used to 
drive direct-current generators, reduction gearing must generally be resorted 
to.

Both impulse and reaction turbines can be operated with high-pressure and 
high-temperature steam either condensing or against back pressure. They 
may be operated condensing using low-pressure exhaust from other non­
condensing prime movers; or as mixed-pressure turbines utilizing both high- 
and low-pressure steam ; or as extraction turbines from which steam at several 
Iiitermediate pressures may be bled.

Initial Steam Pressure ( Gage) Lb. per Sg. In.
Fig. 17.—Efficiency ratio of Unaflow engines.

Turbines are commercially available for operation with steam up to 2500 
lb. per sq. in. pressure and 950oF. and of capacities up to about 200,000 kw. 
In the larger sizes, over 75,000 kw., more than one cylinder and rotor are 
often used. These may be arranged cross compound, tandem compound, 
or vertical compound. European builders frequently compound small units^ 
but American engineers and manufacturers prefer the single-cylinder unit.

Steam Consumption. The steam rate of turbine-generators is univer­
sally given as the pounds of steam used per kilowatt-hour output of the 
generator. The theoretical steam rate of a turbine is determined on the 
assumption that expansion takes place adiabatically (at constant entropy)- 
The Rankine cycle is employed as the basis of comparing turbine perform­
ance. The theoretical steam rate is determined from the following formula:

3413
Steam rate, pounds per kilowatt hour = ɪ------ —

Λ∙ι — Ä2

where h↑. = enthalpy in B.t.u. per lb. steam at initial pressure and tempera­
ture.
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hi ≈ enthalpy in B.t.u. per lb. steam after adiabatic expansion to 
exhaust pressure.

3413 = B.t.u. equivalent to l’kw.-hr.
The curves of Fig. 18 show the theoretical steam rates for dry-saturated 

steam at various initial and exhaust pressures. When the steam is initially 
superheated, the values read from the curves are to be corrected by m'ultiply- 
ing by the superheat factors given by the inserted curves (Fig. 18). The 
factors are average values for the range of back pressures indicated.

The wide variation in theoretical steam rate for various steam conditions 
makes a tabulation of actual steam rates meaningless. However, actual 
steam rates can be determined with sufficient accuracy for plant-design pur­
poses by dividing the ideal steam rate by engine and generator efficiencies. 
Engine efficiency varies with the size, type, and design of the turbine. It 
also varies with the load. Approximate full-load efficiencies for turbines
and generators, impulse 
multistage type, are giv­
en in Table 4 and Fig. 17 
for engines. For large 
units engine efficiency at 
the best point commonly 
exceeds 80 per cent. 
The engine efficiency is ¾26 
based on steam condi­
tions before the throttle, 
pressure at exhaust flange, 
and output at turbine 
coupling.

Turbines are better 
able to utilize high vacu­
ums than are reciprocat­
ing engines. Condensing 
turbines usually exhaust 
at 27 to 29 in. vacuum. 
Changes in vacuum have . , , , λ. , ,, wxυxx u,i_y BLicui actiu ______  ____  ,_______considerable effect on the and back pressures. 
turbine steam consump­
tion. For each inch of vacuum secured between 25 and 29 in., the steam 
rate decreases from 5 to 7 per cent.

High superheats can also be better utilized in steam turbines, as there are 
no rubbing parts in contact with the steam. Every 7o to 13o increase in 
superheat improves the steam consumption about 1 per cent. In addition, 
high superheat eliminates the erosion due to moisture in the low-pressure 
stages, which may become serious at about 10 per cent.

Figure 19 shows the longitudinal assembly section of a non-condensing 
steam turbine. Figures 20 and 21 give the total steam flow to a bleeder 
turbine as a function of the amount of steam extracted.

Lubrication. Bearings of large turbines are lubricated by a forced- 
circulation system. An oil pump, either mounted on the end of the turbine 
shaft, or gear driven from the shaft, pumps oil from a storage tank, usually 
built into the base at the front end of the turbine, through oil coolers to the 
bearings to be lubricated. Oil from the bearings returns to the storage tank. 
This same pump also may deliver oil for operating the relays and pistons of the 
valves under governor control. Bearings of small turbines are often ring-oiled.

400 500 600 700 800 900 1000
Initial Pressure, Lb. per Są. In.

Fig. 18.—Ideal steam rate, pounds per kilowatt-hour, 
with dry saturated steam for various initial pressures
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Table 4. Approximate Full-load Efficiencies Multistage Impulse 

Steam Turbine—Generators—Geared Type

Rated capacity at full load. Brake potential efficiency Generator efficiency Combined efficiencyratio of turbine at full load at full loadkw. 0i ⅛ θt ×θu(ɪ) (2) (3)
Non-condensing Turbines

Condensing Turbines

100 0.47200 0.48300 0.61400 0.63500 0.64 0.940 0.600600 0.64 0.942 0.603750 0.65 0.944 0.6141000 0.67 0.945 0.6331250 0.67 0.947 0.6341500 0.67 0.950 0.6372000 0.68 0.954 0.649
500600750 1000 1250 1500 2000

0.68 0.940 0.6390.69 0.942 0.6500.70 0.944 0.6610.70 0.945 0.662'0.70 0.947 0.6630.70 0.950 0.6650.70 0.954 0.668

Odracrian Extraction

Steam-turbine lubrication demands the use of lubricating oils of the highest 
quality, because the lubricating systems are usually arranged to permit the 
continuous use of 
the same oil for an 
indefinite period 
with the addition 
of make-up oil.

While oil is 
culating in 
oiling system, 
composition 
curs which tends 
to change the 
properties of the 
oil. It has been 
found that the 
speed at which this 
aging process, 
which is attributed 
to oxidation, takes 
place varies with 
different kinds of

-J 3)
XJ

Î, -ss-..1

oil according to the ɪ^ɪɑ' ɪə*—Longitudinal cross section of non-condensing bleeder 
c turbine.sources irom

which they are obtained and the degree to which they have been refined. Thus
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the extent to which oil can change during service varies considerably, 
wise it is important to prevent 
moisture from entering the oil­
ing system, as direct contact 
of oil with moisture augments 
oxidation.

The important qualities of 
turbine oil are indicated by 
viscosity, demulsibility, sludge 
content, and neutralization 
number. A turbine-oil speci­
fication of standard refinery 
practice is given in Table 5. 
Suitability of a turbine oil can 
be determined only by its per­
formance in service and not by 
specifications.

Where a turbine oil shows a 
steam emulsion (A.S.T.M. 
method) of over 600, a high 
neutralization number, 
sediment, the turbine needs close watching for oil trouble.

The quantity of oil in the 
lubricating system ranges from 
0.15 gal. per kw. for small tur­
bines to 0.10 gal. per kw. for 
large units. Generally some 
means, such as centrifugal oil 
purifiers or batch oil filters, 
should be installed with the 
turbine to remove sludge and 
water from the oil.

Governing. The load car­
ried by a turbine may be gov­
erned either by throttling the 
steam-admission valve, by 
varying the cross section of the 
steam passages by “cutting 
out ” nozzles and by admitting 
steam at boiler pressure at 
various points along the direction of flow.

For small turbines, below about 500 kw. capacity a flyball or inertia-type 
governor actuates the steam-control mechanism mechanically. In larger

Table 5. Turbine-OilSpecification
Baumé gravity (A.P.I.) at 60oF............
Flash point in Cleveland open cup, oF. 
Fire point in Cleveland open cup, oF. . 
Neutralization number............ .................
Seconds, viscosity S.U.V. at 100oF. . . . 
Seconds, viscosity S.U.V. at 210oF.........................................................
Demulsibility number, 1620 at 130oF. Herschel' or 30-60 steam­

emulsion number

1200 1600 2000 2400 2800 
Load in Kw.

Fig. 20.—Total steam flow to a condensing bleeder 
_ turbine when various amounts of steam are 

and eχtracted.

Fig. 21.—Total steam flow to a non-condensing 
bleeder turbine when various amounts of steam are 
extracted.

......................................... 26-31

...............      380

............................................................ 430
0-0.02 mg. per KOH per gram
• ∙ ∙ .......................  145-155

42-44

turbines the governor operates a pilot valve which controls the flow of oil to
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Cylinders that operate the steam-control valve. A recently developed 
governor utilizes the change in oil pressure 
developed by a specially designed pump.

Most industrial turbines bleed, or exhaust 
steam to process. Many special types of 
governors are available for controlling the 
bled- or exhaust-steam pressure. Steam tur­
bine governors are available which.:; permit 
bleeding varying amounts of steam at con­
stant pressures over a considerable range of 
turbine load without any practical variation 
ɪn speed. Back-pressure units can bè con­
trolled so that both exhaust- and bleed-steam 
pressures are maintained constant. When so 
controlled, the power produced depends upon 
the amount of steam passed. Governors for 
mixed-pressure turbines maintain constant 
fepeed and load while allowing varying 
amounts of available low-pressure steam to 
pass through the turbines.

with change in speed that is

Fig. 22.—Schematic outline of a 
four-cycle air-injection Diesel.
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Diesel Engines
Where process steam is not needed Diesel 

oil engines may be the most economical 
power source, and as process and power de­
mands are not always in synchronism, a com­
bined Diesel- and steam-engine plant, with the 
steam-engine generating power up to the re­
quirements for exhaust steam for processes, is both flexible and economical. 
American-made Diesels of practically any capacity are available from 5 to 
7500 hp.

Table 6. Manufacturers’ Fuel Guarantees

Make

National Supply Co.. 
De La Vergne..................
Fulton.....................................
Bush-Sulzer........................
Bush-Sulzer........................
American Locomotive. 
Nordberg................................
Hamilton Μ. A.N............

SizeType Cycle

F, S 4
F, A 4
V, M, A 4
V, A -<
V, S 2
V, S 2
V, S 2
V, S 2

70-421’100-30050-100500 1800-2400 1800 1800-22502250

Fuel consumption, 
lb. per hp-hr<

Full load ¼ load

0.40 .42 .50 .425 .39 .40 .39 .39

0.41.435 ■· 0.44. .52.52.43.44.43 .43
A = air injection; S = solid injection; V = vertical; M = marine.

The Diesel Cycle. In contradistinction to the Otto-cycle, or explosion­
type, gas and gasoline engines, the Diesel engine compresses pure air only, 
and the fuel is introduced at the end of the compression stroke rather than 
during the suction stroke. Compression of the air to 400 to 500 lb. per sq. in. 
pressure is sufficient to raise its temperature to from 900o to 1200oF., depend-
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ing upon the suction temperature. Fuel, injected into this heated air, is 
ignited solely by this temperature, and no spark plugs or other ignition 
devices are needed. Owing to the high-compression ratio, the efficiency of a
Diesel engine is high, about 32 per cent of the 
heat in the oil being delivered as power at the 
crank shaft. This efficiency, equivalent to 
approximately 0.42 lb. fuel oil per brake­
horsepower-hour, is practically constant re­
gardless of the size of the engine.

Fig. 24.—Solid-injection Diesel 
using a mechanically operated 
needle valve.

Fig. 23.—Typical two-stroke-cycle 
air-injection Diesel.

ABC
Fig. 25.—Combustion chambers of 

solid-injection Diesels.

The original Diesel cycle is made up of four strokes: the compression stroke, 
the power stroke, the exhaust stroke, and the suction stroke. As stated, on 
the compression stroke a charge of fresh air, previously drawn into the 
cylinder, is raised from atmospheric to 500 lb. per sq. in. pressure, and in tem­
perature from 120o to 1100oF. Just before 
the beginning of the power stroke, fuel is in­
jected through a spray valve in a finely atom­
ized condition and at a rate such that the 
cylinder pressure is held at 500 lb. per sq. in. 
until the piston has traveled about 10 per cent 
of its stroke. At this point the fuel injection 
ceases, and the burning gases expand behind 
the moving piston. Shortly before the end 
of the stroke is reached an exhaust valve 
opens relieving the cylinder of its gases, and, 
as the piston reverses and makes the in-stroke again, the remaining burned 
gases are expelled. On the next out-stroke, fresh air is inducted through an 
admission valve and at the end of this stroke the piston starts the cycle again 
by compressing the new air charge.

A diagrammatic outline of a four-stroke-cycle air-injection Diesel engine 
is shown in Fig. 22. Originally all Diesel engines operated on the four-stroke 
cycle, but many of the engines installed now operate on the two-stroke cycle.
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26.—Differ­
ential-needle spray 
valve.

ɪn these engines, at the end of the power stroke, the burned gases are expelled 
through a set of ports in the cylinder barrel which are uncovered by the piston. 
At the same time, air under about 3 lb. per sq. in. pressure blows into the 
cylinder through a second row of ports and scavenges the cylinder of the 
burned gases as well as supplying a charge of fresh air for the next (compres­
sion) stroke. A typical two-stroke-cycle engine is shown in Fig. 23. In this 
W. almost twice the amount of power is obtained from the same cylinder 
dimensions, but the fuel consumption is about 5 per cent greater than that 
of the four-stroke cycle.

Types of Diesel Engines. It will be observed that in Fig. 20 the engine 
ɪs supplied with a high-pressure air compressor to supply air at 900 lb. per 
sq. in. pressure which is used to blow the fuel charge into 
the cylinder when a needle valve opens. This was the 
original method patented by Dr. Diesel.

In late years, designers have evolved engines in which 
the fuel is injected by direct pump presslire. In all other 
respects the engine mechanism remains unchanged. 
(Figure 24 illustrates this typé.) As the work of the 
pump is less than the work needed to compress the in­
jection air, the airless, or solid-injection Diesel engine, 
has a slightly better fuel consumption. At present about 
80 per cent of the Diesel engines built in this country 
use solid injections. In general, air-injection Diesels are 
installed only when high-viscosity, poor-quality fuel is to 
be burned.

Types of Solid-injection Diesels. Some solid-injec­
tion Diesel engines employ a needle valve, lifted mechan­
ically by a rocker arm and cam shaft. The greater 
number, ho¼ever, employ some type of spring-loaded 
needle valve or a simple check valve.

There are nearly as many types of combustion chambers 
as there are makes of Diesels. A few of these are shown 
in Fig. 25. In the design shown at A, the oil is sprayed 
directly into the engine cylinder exactly as with the air­
injection Diesel engine. It is necessary to obtain a fine
spray, so the spray valve is heavily spring loaded as in Fig. 26. In Fig. 253, all 
the cylinder air is forced into a combustion chamber in the cylinder head, and 
the combustion of the fuel occurs in this cavity. The spray need not be so fine, 
as the rush of air into the cavity ensures good mixing. Therefore, usually, a 
simple nozzle with a check to prevent the back flow of combustion gases 
is employed. ~ ” ’
small part of the cylinder air enters the small chamber in the head, 
sprays toward the throat opening, thereby meeting the air. 
ficiency of air in the chamber, only a small amount of fuel is burned there, and 
the consequent increase in pressure blows the remainder into the cylinder where 
it burns. The oil spray is generally coarse and a check-valve orifice, as in 
Fig. 27, is the prevailing fuel-spray nozzle.

Solid-injection engines do not as a rule have constant-pressure combustion. 
In some, where the compression pressure is carried from 350 to 400 lb. per 
sq. in. (ample for ignition as there is no refrigerating effect from expanding 
high-pressure injection air), combustion at constant volume causes a pressure 
rise up to about 500 lb. per sq. in., followed by combustion at a falling pressure. 
Indicator diagrams show a sharp peak at the start of the power stroke.

In the so-called precombustion Diesel engines (Fig. 25Ć), a 
The oil 

As there is a de-
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27.—Solid-injection sprayvalve.

Running Ploint Coipacity Factog Per Cent
Fig. 28.—Effect of capacity factor on fuel consumption.

Engine Weights and Speeds. Up until about 1920, Diesels operated at 
slow speeds, 164 r.p.m. being the standard maximum. Weights were high, 
ranging from 300 to 400 lb. per ⅛p. Of late 
years, speeds have been increased, and en­
gines for power-plant service now operate 
at from 200 to 600 r.p.m. and weigh from 
100 to 300 lb. per hp. Engines of 150 hp. 
are operating in power service at 1200 r.p.m. 
and in automatic service at 1800 to 2000 
r.p.m. Light-weight, high-speed engines weigh from 19 to 60 lb. per hp.

Fuel Consumption. Diesel engines of all sizes and makes have about 
the same fuel consumption. In Table 6 are given a number of guarantees on 
engines; the actual consumption will be about 5 per cent less than the value 
given. The A.S.M.E. Diesel Power 
Cost Committee found that the fuel 
consumption of 47 plants varied with 
the yearly capacity factor as shown in 
Fig. 28.

Fuel Oil. Diesel engines will oper­
ate on practically any fuel oil of a grav­
ity ranging from 16o to 36oBe. The 
heavy grade is suitable for slow-speed 
engines, but most air-injection Diesel 
engines will burn an oil of greater vis­
cosity and greater carbon residue.

Tentative standard fuel specifica­
tions formulated by the American So­
ciety for Testing Materials are given on p. 2345. All fuel should be cleaned 
by filter or centrifuge, or both, before it is delivered to the engine injection 
system.

Lubricating-Oil Consumption. From reports obtained of 47 Diesel 
plants the A.S.M.E. Diesel Power Cost Committee found that the consump-

Table 7. Waste-heat Boiler Performance

Lb. of steam per hr., full load; pressure 5 lb. per sq. in. Sq. ft. of heating surface
Hp. 4 cycle 2 cycle 4 cycle 2 cycle

75 77 63 72 72100 92 78 72 72200 154 165 72 144300 2Γ2 229 72 144400 327 300 144 192500 392 370 144 240600 483 450 192 288700 550 525 192 336800 638 600 240 384900 700 675 240 4321000 780 750 288 480
tion of lubricants at various yearly load factors falls within the area bounded 
by the maximum and minimum curves in Fig. 29. Lubricating oil consump­
tion is greatly affected by the type of oil filter or reclaimer employed.
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Cooling Water. A Diesel plant should be provided with scale-free water 

for the cylinder-jacket cooling. If the water is of this character the simplest 
system is made up of a cooling tower over which the warm water from the 
jackets is run. The cooled water drops into a sump and is forced back 
through the jacket by a centrifugal or plunger pump.
Table 8. Waste-heat Water-heater Performance—Heat Recovered, 

B.t.u. per Hr.

Gas temperatures
Diesel engines Exhaust gas, lb. per hr.4 cycle, hp. 2 cycle, hp.

Full load:4 cycle 75 45 900700oF. 100 60 12002 cycle 200 120 2400500oF. 300 180 3ö00Half load:4 cycle 400 240 4800500oF. 500 300 60002 cycle 600 360 7200300oF. 650 390 7800

Draft loss, in.water gage
Heating 60oF.Water to 160oF. Heating 130oF.Water to 150oF.

700oF.gas 500oF.gas 300oF.gas 700oF.gas 500oF.gas 300oF. gas
0,5 92,000 60,800 29,600 87,400 56,100 25,0000.8 118,OUO 78,000 38,000 111,500 71,750 31,9002.9 212,000 140,000 68,100 201,000 129,500 57,5002.9 318,000 210,000 102,500 302,000 194,000 86,5003.1 427,500 282,500 137,700 405,000 260,500 116,0003.1 543,000 359,000 175,000 515,000 331,000 147,0002.9 660,000 436,000 212,500 628,000 404,000 179,5003.0 717,000 474,000 231,000 680,000 437,000 194,000

To obtain pounds of water per hour: Divide B.t.u. per hr. by 100. Divide B.t.u. per hr. by 20.To obtain gallons of water per minute: Divide B.t.u. per hr. by 50,000. Divide B.t.u. per hr. by 10,000.

Fig. 29.—Lubricating-Oil costs.

From Foster-Wheeler Corp.
Where the water is bad, it is advisable to install a closed cooling system. 

Water is circulated through the jacket and then through a heat exchanger, 
where the heat is removed by raw water, which is then run to a cooling tower 
or spray pond to be cooled for use 
again.

It is considered the best practice 
to design the cooling system so that 
the flow of water through the engine 
jackets and the discharge tempera­
ture are both held constant for all 
loads. This may be done by con­
trolling the water by-passed around 
the cooling system from the jacket 
discharge to the inlet of the jacket-water pump.

From 2000 to 3500 B.t.u. must be removed by the cooling water per brake 
horsepower per hour. A rise in cooling-water temperature of from 12o to 
40oF. is permissible. General practice holds the temperature rise to about 
20o. Discharge temperatures over 180o are not recommended, 160o repre­
senting average practice. It is well to design the pump to handle about 20 
gal. of water per horsepower per hour.

Air Intake. Diesels require about 3 cu. ft. of air per minute per horse­
power. Present practice is to filter all air taken in by the engine. Where 
noise is objectionable air-intake silencers are provided. Pressure drop in the 
air-intake system should not exceed about 6 in. of water.
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Engine Starting. With the exception of engines operating at or above 
SOO r.p.m., all Diesels are started by compressed air. This air is usually 
stored in receivers at 250 lb. pressure. A general rule is to provide receiver 
capacity equal to thirty times the stroke volume of one cylinder.

Exhaust. Diesel engines exhaust about 7.5 cu. ft. of gas per minute per 
horsepower. The temperature of the exhaust at full load varies from about 
500oF. for two-cycle, crankcase-scavenging engines to 700oF. for four-cycle, 
mechanical-injection engines. Small high-speed Diesels have exhausts as 
high as 1000oF.

A B

Fig. 30.—Types of water turbine. 
Co.); Df Nagler; Ef Moody.

A, Francis; Bf Kaplan; Cf Dubs (Escher-Wgss 
(Barrows, “ Water Power Engineering.”)

To reduce exhaust noise, silencers should be provided. Silencers can be 
made to eliminate practically all exhaust noise. Care must be taken not to 
restrict the flow of exhaust gas, particularly on two-cycle engines, as excessive 
pressure at the exhaust manifold decreases engine capacity and prevents 
proper scavenging of burned gases. Exhaust pressure should be held to 1 lb. 
and should not exceed 2 lb. In two-cycle engines the length of exhaust pipe 
is important because of possible interference of pressure waves with proper 
scavenging. The best length of exhaust pipe serving a single cylinder of a 
two-cycle engine is obtained from the equation L = 25 × 200 /n, where n is 
engine speed.

Waste-heat Recovery. For each pound of oil burned there is approxi­
mately a pound of water vapor formed, which passes out with the other gases. 
The latent heat in this water vapor, amounting to about 500 B.t.u. per h.p.-hr. 
cannot be recovered in a water-heat boiler, for condensation would cause 
corrosion. Of the remainder, the sensible heat in the gases, enough may be 
recovered to bring the gas temperature to about 300oF. Of the heat released 
by the combustion of fuel about 32 per cent develops power, about 32 per cent 
is in the exhaust gas, about 32 per cent is in the j acket water, and the remainder 
is lost to friction and radiation. Waste heat may be used for heating water 
or for generating steam. Usually waste-heat boilers are of the tubular type, 
but recently several water-tube boilers have been developed for this work. 
Table 7 shows the pounds of 5-lb.-pressure steam *hat may be generated per 
hour and Table 8 the amount of heat recoverable by heating water.
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Water Turbines
The power available from the fall of water is equal to the product of tha 

weight of water flowing per unit of time into the total head. The theoretical 

horsepower available may be expressed by the equation,
ɪɪ Q X D × HHorsepower = ------ -----------

550

where Q is the cubic feet of water discharged per second, D the density of 
water equal to 62.36 lb. per cu. ft. at 60oF., and H the total head or difference



Fig. 32.—Cross section, of reaction wheel. 
(H. K. Barrows, “ Water Power Engineering.")
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in height between the surface of the water in the forebay when the turbine 
is operating, and the surface of the water in the tailrace.

• All this power is not available to the water turbine, nor can the turbine 
itself utilize all the energy of the water that is made available to it. The 
ratio of the power developed by the wheel to the power theoretically available 
to it is the efficiency of the wheel.

Types of Water Wheels. Impulse (Fig. 31) and reaction (Fig. 32) 
water wheels are the two main types used as prime movers. Overshot-, 
undershot-, and current-type wheels are not in general use for power purposes, 
because of inherent disadvantages 
as to size, efficiency, durability, 
and regulation.

In the reaction turbine, the 
wheel passages are completely 
filled with water; the water acting 
on the wheel vanes is under pres­
sure greater than atmospheric; the 
water enters all around the periph­
ery of the wheel; and energy, both 
pressure and kinetic, is utilized by 
the wheel. In.impulse wheels 
the water acting on the wheel 
buckets is under atmospheric 
pressure, the wheel passages are 
not completely filled with water, 
the water is generally applied to 
the wheel at one point but oc­
casionally two or more, and the 
energy applied to the wheel is 
wholly kinetic.

There are two main types of re­
action turbines, the radial inward­
flow or Francis type and the 
axial-flow or propeller type. The 
reaction turbine may be used with 
heads up to the point where an 
impulse wheel is needed. The 
present upper head limit in use for 
the reaction turbine is about 1150 ft. This type is essentially a medium­
speed wheel, the specific speed ranging from 10 to 100.

Reaction turbines may have their shafts either vertical or horizontal. 
The vertical-shaft arrangement is ordinarily more suitable where the most 
efficient setting or runner is desired and where limited space is available 
for power house and forebay. The horizontal-shaft arrangement possesses 
advantages, when considered from standpoints of first cost and the necessity 
of expensive thrust bearings.

The propeller-type wheel is of high speed, used for specific speeds varying 
from 110 to 225. It is adapted for use under heads up to about 100 ft. While 
the high speeds permit the use of wheels and generators of small diameters 
for a given power output and hence tend to lessen cost, the best efficiencies of 
reaction wheels are obtained when the Francis medium-speed types are 
used.,

The impulse wheel consists of a disk upon the periphery of which are 
mounted buckets. The buckets, as generally built today, are of a double- 

The horizontal-shaft arrangement possesses
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ɪobe form, the two parts coming together in a common splitter. A high- 
velocity jet is directed tangentially against the runner and imparts its kinetic 
energy to the buckets. The jet is diverted laterally by the bucket, approxi­
mately 180 deg. from its initial absolute direction. To obtain higher speeds 
and greater power from a single wheel, more than one jet is sometimes used. 
More frequently double-runner units are used. The impulse turbine is 
generally arranged with a horizontal shaft. It is essentially a low-speed 
type, specific speeds varying between 3 to 6. It is used for high heads, 
ordinarily beginning in the neighborhood of 500 to 1000 ft., the upper limit 
being over 1 mile and in size up to 70,000 hp.

The efficiency of water turbines varies with the type, specific speed, setting, 
size, and load. The maximum efficiency of propeller-type runners with fixed 
blades drops off rapidly with decreases in load. The efficiency curve of the 
Francis turbine has a much flatter characteristic, high efficiencies being main­
tained at as low as 70 per cent of rated load. At rated loads, efficiencies of 
about 92 per cent are obtained with both the Francis and propeller types. 
Propeller turbines with adjustable blades (Kaplan type) have efficiencies 
comparable with those of the Francis type. The impulse-type turbine has a 
flat efficiency curve, but in general the best efficiency point is slightly lower 
than that obtained from the reaction-type turbines. With some impulse 
wheels, and under certain conditions, efficiencies of 90 per cent have been 
claimed, but 87 to 88 per cent is a more usual efficiency for well-constructed 
wheels.

Heat Balance
The central-station or utility power plant has but one purpose, that of 

generating electrical energy for sale. The power plant designed to serve an 
industrial organization is often called upon to furnish not only electrical energy 
for operating the plant machinery but also steam or hot water for process and 
building heating. The basic design of the power plant is materially affected 
by the character of these secondary services, and consideration of them should 
not be neglected in preliminary design work.

When these secondary services are not required of the plant,· water power 
or oil-engine power may be attractive methods of generating electrical energy 
or power may be purchased. But when relatively large amounts of steam or 
hot water are required, the steam plant is generally the more economical.

As a starting point in a study of industrial power and process steam, one 
should consider that every industrial plant, with a substantial process-steam 
load, can generate two kinds of power: first, very cheap power, up to the by­
product limitation of the process load ; second, more expensive power derived 
from steam going to the condenser or to the atmosphere.

Generation of the first kind of power is always definitely advantageous. In 
fact, an ideal plant would be one in which all of the power is generated from 
steam on its way to process, with no steam going to the condenser or exhaust­
ing to the atmosphere. An exception to the rule may be a plant where the 
power load is considerable, the utility electrical rates low, and the process­
steam requirements so small as to justify but simple boiler-room equipment.

The second kind of power generally costs more to produce than the gen­
erating cost of central-station power and will frequently cost more than the 
selling price of the latter. This is due to the poorer economy of the smaller 
units and their greater first cost per unit of capacity. If an installation is 
to be economically successful, the engineer must select the generating equip­
ment and determine the heat-balance layout, so that as much as possible of 
the power generated will be of the cheap by-product type.
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Assuming that the amount of power and the quantity and pressure of the 
process steam required have been determined from surveys and estimates, 
the boiler pressure or initial pressure at the turbine throttle should be decided 
upon. This pressure may be selected so that the average process-steam 
demands will generate the average power load as its pressure is reduced in 
the prime mover from initial pressure to that required for process.

With the boiler pressure selected in this way, there will be times when a 
high power load and a low process load exist, under which condition the

Bl·- Boiler
Ei - Steoim Enqine
HÎ - Open Heατer
HVl-Heoiting

Woiter
—Superheated Steoim

M6- Reducing Valve
Pl - Duplex Pump 
P2 - Motor-Driven Pump 
PAl-Low-Press. Process

-------- Saturated Stearn 
----------Low-Press-Steam

Fig. 33.—Engine exhausting steam to heating and process.

deficiency in power must be made up by electricity, either purchased, or 
generated from steam going to the condenser or to the atmosphere. It 
may also be that at times there is a low power load and a high demand for 
process steam. Under these conditions the process steam will have to be 
supplied from separate low-pressure boilers or through a reducing valve, the 
latter being the more common practice. The desirable result always should 
be a maximum amount of by-product power with a minimum amount of 
steam going to the condenser, and a minimum amount of live steam going 
through reducing valves to the process, unless the condenser cooling water 
can be used to meet process hot-water demands.

Obviously, in any particular power plant there may be certain conditions 
of power load and process demands that prevent the application of this broad 
general rule; for example, when the process condensate returns to the boiler, 
and when condensing water is not available, it may be advisable to choose a 
boiler of such pressure that the minimum process steam will generate the 
maximum power demand, the remainder of the process steam coming direct 
from the boiler.

A common method of power-plant analysis includes the construction of 
typical 24-hr. power-load and process-steam-demand curves. By using the 
steam-rate curve of the prospective prime mover, the hourly generation of 
steam for power can be set up. The difference between that curve and the 
process-steam curve is the excess or deficiency in the process requirements. 
By constructing such curves to cover several boiler pressures, which -would 
result in differences in steam consumption of the generating units, the best
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boiler pressure for a particular condition can be ascertained with some 
certainty.

------Soituroited Steoim
------ Low-Press. Steotm

⅛ T>
1------- ! ∏B

∣ HVI 

'—IB®,

— Worier
------------Superheotted Steotm

BI-BoiIer
Cl-Surfotce Condenser
El-Steoim Enqine
Hl-Open Heoiter 
HVl-Heoiting
Pl - Steoim-Driven Au×.

P2- Motor-Driven Pump 
P6-Circuloiting Pump 
P7 - Condensate Pump 
PAl--Low Press-Process 
PA3-High Press. Process 
T4~Bleeder Turbine 
T5- Mixed-Press-Turbine

Fig. 34.—Above: Condensing turbine bleeding steam to heating and process. 
Below: Engine exhausting to mixed-pressure condensing turbine and to process.

BI - Boiler
Cl - Surface Condenser
EI - Steam Engine
Hl - Open Heafer
HVI-Heafmg
M6-Reducing Valve 

----- Water
——— Superheated Steam

P2 - Motor-Driven Pump 
P6-Circulating Pump 
P7-Condensate Pump 
PAl-Low-Press Process

HVI
Γ≡

Tl - Condensing Turbine

Low Press. Steam

Fig. 35.—Engine exhausting to process and low-pressure condensing turbine.

The selection of a prime mover for use in an industrial plant depends largely 
upon the peculiarities of the industrial process that is to be served. For 
example, one may use a back-pressure turbine or engine, or a combination of
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a condensing turbine and a back-pressure engine. Then there are also various 
combinations of bleeder turbines and mixed-pressure turbines, many of 
which can be used in combination with a steam engine exhausting against 
a back pressure. In cases where the process-steam load varies considerably, 
with a constant power load, there may be an advantage in the application

Bl - Boiler
C2-Surface Condenser
H2-Closed Heoiter 
He-Decterafinq Heoiter 
M12-Tαnk

P2-Feed Pump
P7-Condensate Pump
P9-Hurling-Water Air Pump
T6-Condensing Turbme

' Water ---------- Air---------- Superheated Steam ------------ Drips > -----------Low-Press. Steam
Fig. 36.—Power generation, no process steam, with condensing turbine bled for heating 

feed water.

Table 9. Turbine Output with One-, Two- and Three-Stage Water 
Heating

Num­
ber 
of 

stages
Heater

Heater 
pres­
sure, 

lb. abs. 
per

sq. in.

B.t.u. 
available 
for power

B.t.u. 
con­

verted 
to power 
(at 60 %

eff.)

B.t.u. 
remaining 

per lb. 
steam

Assumed 
conden­

sate tem­
perature

B.t.u. 
to water 
per lb. 
steam

Lb. of 
steam to 
heat 500
g.p.m.
60o to 
160oF.

Lb. of 
steam per 

boiler h.p. 
equiv. to 

B.t.u. con­
verted

De­
veloped 
b.h.p.

9501,0881,417
1,585

963.3 25.970 1,644

1

2
3

of an accumulator to make up the difference between the supply of exhaust 
or bled steam and the process-steam demand.

In other plants a non-condensing steam engine and a Diesel engine will 
work out best, especially in the paper industry where the power is always 
beyond that generated from the process steam.

Flow diagrams showing various possible arrangements for prime movers 
are shown in Figs. 33 to 38 (Power, 74, No. 21, Nov. 25, 1930).
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Fid. 37.—High-pressure top to an industrial plant. Steam 
is supplied to the high-back-pressure turbine at 1250 lb. and 
750oF. Evaporator furnishes process steam at 180 lb. press, 
sure. The low-pressure plant operates at 225 lb. pressure.
B3 High-pressure boiler P2 Low-pressure .feedr pump
H2 Closed heater P4 High-pressure feed pump
Hll Evaporator P7 Condensate pump
H6 Deaerating heater RV Reducing valve
M12 Tank

Multistage Heating. Central stations have been able to realize very 
considerable improvement in thermal economy by multistage heating of the 
feed water. This is 
Usually accomplished 
by extracting steam 
from one, two, or 
three stages of the 
turbine, and using this 
steam in closed or 
open feed-water heat­
ers. The same result 
might also be obtained 
by using steam from 
engine-driven auxilia­
ries, exhausting at 
different back pres­
sures. This arrange­
ment, however, would 
probably make a 
rather complicated 
and cumbersome 
plant layout. These 
advantages of regen­
erative heating can be 
utilized in industrial 
plants, not only for 
heating boiler feed 
water, but also for 
heating water used 
in manufacturing proc

If the temperature of a quantity of water is to be raised from 60o to 160oF., 
it is commonly considered satisfactory to heat with exhaust steam at 20 lb. 
per sq. in. abs. With a suitable heater it would be possible to heat the water 
with atmospheric exhaust from the turbine and produce more power with the 
same steam. By running at 7 lb. per sq. in. abs. exhaust pressure, about 43 per 
cent more power could be developed with the same steam than at 20 lb. per 
sq. in. back pressure. This is about the best economy that can be obtained 
when heating water in one stage, whether by exhaust steam or by bled steam.

It is possible, however, to work more efficiently. A decided gain in cycle 
efficiency, and in the amount of power that can be produced by the steam 
that heats the water, can be made by arrangements such as shown in Fig. 39. 
In the second method shown, half the steam does work down to 7 lb. per sq. in. 
abs., and half down to 2 lb. per sq.in. abs., or 25.85 in. vacuum. The 
power produced by the turbine will be about 67 per cent greater than is 
produced by an equally good turbine, or engine, that exhausts against a 
back pressure of 20 lb. per sq. in. abs. In the arrangement for three-stage 
heating the turbine exhausts one-third of its steam at 7 lb. per sq. in. abs., 
3 lb. per sq. in. abs., and 1.2 lb. per sq. in. abs., respectively, the last pressure 
being equal to about 27.55 in. vacuum. The power produced represents a 
73 per cent gain over the turbine at 20 lb. per sq. in. abs. back pressure.

Table 9 gives approximate figures based on 150 lb. initial pressure, no 
superheat, and the use of various arrangements for feed-water heating. 
Turbine efficiencies are all taken at the conservative value of 60 per cent.
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--------------- Water ---------------- Steam (Bled) 
---------------Steam(Superheated) ------------------- Air Vapor 
---------------Steam (Saturated)  Drips

Fig. 38.—High-pressure, high-temperature top supplying steam to an ex
pressure turbine.

B3 High-pressure boiler Hll Evaporator
C2 Surface condenser M12 Tank
C8 Steam-jet vacuum pump P2 Feed pump
ClO Generator air cooler P4 High-pressure feed pump
H2. Closed heater P7 Condensate pump
H6 Deaerating heater T6 Condensing turbine
H9 Economizer T8 High-pressure turbine

The heaters are all of the closed 
type, operating at 15oF. terminal 
difference. For the single-stage 
heater the condensate temperature is 
shown 10oF. above the leaving-water 
temperature. In multistage heating, 
the condensate is passed through 
succeeding heaters and is assumed to 
leave at 10oF. above the exit-water 
temperature from the heater at the 
lowest pressure.

As shown by Fig. 1, many utilities 
have materially improved the effi­
ciency of their old plants, while add­
ing capacity, by “topping” with a 
high-pressure unit. This involves 
the addition of a high-pressure boiler 
and a high-pressure turbine that will 
exhaust at the existing boiler pressure 
and so supply steam to the existing 
turbine units. Industrial plants 
may, under proper circumstances, 
economically adopt this method of 
adding plant capacity and at the 
same time improve the efficiency of 
the entire plant owing to the inher-

Turbine150 lb.
per&fin

950b.hp.
1.088b.hp. ffi,r
1,477b. tip.

I5,900lb.perbr.ab201b.abs.
26.270-∙ ^ ~ ~afm.e×f∙.
27,060“ - - ~ 7!b.abs.

160deg,

SQOGJIn.
60°

Turbine 13,7707b. per hr.

73,770/b.perhr.
l,585b.hp.

i60fb Turbine 
perSq.!n\^__ 7,644b.hp 

0,657/b.perhr.7 7b. ctbs.

1 Hbxibs.

^∙aaλλ,v ^006.P.N.

a'6SiiPa^L

~∖b,657/b.perhr:
, ' 7.2/b.abs.

Fig. 39.—Turbines arranged for one-, two-, 
and three-stage water heating.
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ently higher efficiency possible with high-pressure and high-temperature 
βteam. Exhaust steam may be used for process as in Fig· 38 or in low- 
pressure turbines. The pressures and temperatures adopted for the topping: 
unit range from 600 to 1400 lb. per sq. in. and 750o to 950oF., depending upon 
the steam pressure of the old plant.

POWER-PLANT PIPING
In modern power plants, piping has become a very complicated system. 

Continuity of service requires elaborate valve arrangement and duplication 
of portions of the piping system. Higher steam temperatures require more 
elaborate provisions for flexibility, and refinement in plant design call for an 
increasing number of different piping systems.

In laying out the piping of a power plant, three main objectives should be 
observed. The mechanical design of the pipe should be such that it will 
function properly with respect to the mechanical equipment with which it 
serves. The general layout, particularly the location of valves, should be 
such that it is convenient from an operating standpoint. The piping should 
be arranged in as neat and orderly a manner as possible to produce a finished 
assembly that will be pleasing and workmanlike in appearance and, at the 
same time, accessible and easy to operate. The degree of refinement applying 
to these main objectives should be based on economic considerations.

Pipe Size. After the basic piping diagrams have been decided upon 
and before any detail drawings can be attempted, it is necessary to decide 
upon the sizes of thé various pipe lines that make up the system. Pipe sizes 
should be determined on the basis of reasonable velocities and friction losses, 
together with a consideration of investment cost. From the standpoint of 
investment cost, it is desirable to keep the velocity as high as possible without 
exceeding the maximum allowable velocity. The maximum allowable 
velocity of the fluid in a pipe line is that which corresponds to a permissible 
pressure drop or friction loss from the point of supply to the point of con- 
Table 10. Velocities of Steam and Water in Power-plant Piping*

*From Walker and Crocker, “Piping Handbook,” McGraw-Hill, New York, 1930.

Fluid Pressure, lb. 
per sq. in. gage Use Reasonable velocity, 

ft. per min.

Water....................................... 25-40 City water................. . ................ 120-300
Water....................................... 50-150 General service............................ 300-600
Water....................................... 150 up Boiler feed.................................... 600
Saturated steam...................... 0-15 Heating........................................ 4,000- 6,000
Saturated steam...................... 50 up Miscellaneous.............................. 6,000-10,000
Superheated steam.................. 200 up Large turbine and boiler leads... 10,000-15,000

sumption. Values given in Table 10 are reasonable. They represent ayerage 
values used in power-plant practice and may be used as a guide in many 
cases where actual pressure drops are not computed. The lower velocity 
should be used for small pipes, and the upper limits for larger ones.

Kind of Pipe. For general use around power plants, wrought-steel pipe 
is used more than any other kind. It should be used for all steam lines, 
boiler-feed high-pressure lines, and condensate lines. Cast-iron piping is 
used for underground floor drains, sewers, wet soot removal, and ash removal. 
Galvanized-Steel piping is frequently used for compressed-air lines and for 
the smaller sizes of city water and general service use. Principal standard 
pipe specifications are listed on the following page:
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Principal Standard Pipk Specifications
Steel:
Standard Specifications for Welded and Seamless Steel Pipe (B36.1-1934) (A.S.T.M., 

A53-33)
Tentative Standard Specifications for Lap-welded and Seamless Steel Pipe for High- 

temperature Service (B36.3-1934) (A.S.T.M., A106-34T)
Tentative Standard Specifications for Electrical Fusion-welded Steel Pipe, 30 in. and 

over (B36.4-1934) (A.S.T.M., A134-32T)
Tentative Standard Specifications for Electrical Resistance-welded Steel Pipe (B36.5- 

1934) (A.S.T.M., A135-32T)
Tentative Standard Specifications for Forge-welded Steel Pipe (B36.6-1934) (A.S.T.M., 

A136-34)
Tentative Standard Specifications for Lock-bar Steel Pipe (B36.7-1934) (A.S.T.M., 

A137-34)
Tentative Standard Specifications for Riveted Steel and Wrought-iron pipe (B36.8- 

1934) (A.S.T.M., A138-34)
Tentative Standard Specifications for Electrical Fusion-welded SJteel Pipe, 8 to, but not 

inc., 30 in. (B36.9-1934) (A.S.T.M., A139-34T)
A.S.T.M. Specifications for Steel Suitable for Welding A151-33 
A.P.I. Line Pipe Specification Standard No. 5-L 
A.P.I. Pipe Specification Standard No. 5A
Wrought Iron :
A.S.M.E. Boiler Code Specifications for Welded Wrought-iron Pipe (Des. S-19) 
A.S.A. Specifications for Welded Wrought-iron Pipe (B36.2-1934) (A.S.T.M., A72-33) 
Federal Specifications for Pipe; Wrought-iron, Welded, Black and Galvanized (WW-P-441) 
U. S. Navy Dept. Specifications for Pipe, Iron, Wrought (44-P-llc) 
Am. Ry. Assoc. Mech. Div., Specifications for Welded W.I. Pipe
A.P.I. Standards for Line Pipe (No. 5-L)
A.P.I. Standards for Casing, Drill Pipe, and Tubing (No. 5-A) 
Am. Standards Assoc. Specifications for Riveted Steel and Wrought-iron Pipe (B36.8- 

1934) (A.S.T.M., A138-34)

Flanges :
American Standards for Cast-iron Flanged Fittings (B16b-2 for 25-lb., B16a for 125 lb.

B166 for 250 lb.)
American Standards for Steel Flanged Fittings and Companion Flanges (B16e-1932) 
American Standards for 800-lb (Hydraulic) Cast-iron Flanged Fittings

Bolting Materials :
A.S.T.M. Standard Specification A96-27
American Tentative Standards for Wrench-head Bolts and Nuts and Wrench Openings

Pipe Dimensions. See Flow of Fluids (Sec. 6), p. 869.
Pipe Joints. See Sec. 6, p. 922.
Expansion of Pipe. One of the most difficult problems in the design of 

piping systems is proper provision for expansion and contraction owing to 
temperature changes. If a pipe is under no stress when cold, and the tem­
perature is increased, it will increase in length an 
amount that cannot be neglected. A table indicating 
the expansion per 100 ft. pipe of various materials 
and for different temperature ranges is given in Sec. 6, 
p. 870.

For low-pressure work, expansion may be taken care 
of by inserting expansion joints in the piping system. 
For high-pressure work, and, in general, the main 
steam lines and boiler feed lines, expansion is pro­
vided for in the flexibility of the piping system itself. 

-Typical 
made by 

or

40.- 
weld 
electric arc

Fig. 
butt 
either 
acetylene process.

This flexibility may be
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obtained by using standard types of expansion bends, or by providing loops 
ɪuade out of standard fittings.

The calculation of piping-system flexibility and of the stress encountered 
due to pipe expansion is beyond the scope of this handbook. This subject 

Fig. 41.—∙V-type Fig. 42.—Fittings for use with
chill sleeve. Sleeve welded pipe.
inside joint prevents 

icicles” from weld- 
ɪng but reduces in­
ternal diameter.

Fig. 43.—Sleeve line 
weld made by first 
butt-welding the pipe 
ends and then rein­
forcing with a split 
sleeve, which mini­
mizes the stress on the 
butt weld.

has been treated, at length, in various A.S.M.E. papers and by Walker and 
ɑroeker (“Piping Handbook,” McGraw-Hill, New York, 1931).

Valves*

* See Sec. 6, p. 935.
t See pp. 2091 ff.

Valve Materials.f Valves for working pressures up to 250 lb. per sq. in. 
are commonly made of cast iron. Valves of this material should not be used 
with temperatures exceeding about 450oF. For pressures up to 1350 lb. 
Per sq. in., valves are made with steel bodies, both cast and forged. Some 
rUanufacturers use cast chrome-nickel steel for valves used with high-tem­
perature high-pressure steam. In power-plant practice, bronze or brass 
valves are used only in the small sizes and then mostly for instrument piping.

Various alloy steels are available for valve parts, such as seats, disks, and 
steins, which are subject to corrosion and erosion. The problem in seating 
Uiaterials is fivefold: (α) resistance to corrosion from salts in steam or water 
and from included air or CO2; (5) resistance to erosion, especially for the flow 
of wet and dirty steam; (c) good seating-metal qualities, to avoid galling 
when seat and disk ride over each other; (d) maintenance of high strength at 
high temperature; (e) avoidance of distortion.

Acceleration tests on seats and disks, set 0.003 in. apart and blown with 
250-lb. per sq. in. steam for about 350 hr., showed that the following metals 
resisted erosion in about the order given beginning with the most resistant:

1. Nickel-Chromium alloy (20 per cent nickel, 75 per cent chromium).
2. Stainless steel (14 per cent chromium).
3. Monel and forged Everbright (30 per cent nickel).
4. Cast nickel; copper alloys (25 to 30 per cent nickel).
5. High-tin bronze (12 per cent tin).
Bronzes give satisfactory strength and resistance to corrosion for tem­

peratures up to 550oF., especially the nickel bronze, but show high erosion 
and low strength for higher temperatures. Monel metal had for a number of 
years a monopoly for high-temperature work; but while it has good strength 
at high temperatures, and excellent resistance to corrosion, it is not satis­
factory in resistance to erosion, and it galls badly.

Distortion has much to do with seat tightness and durability. It is a 
function almost entirely of valve design, compensated by the fact that all
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present materials, monel, stainless steel, and nickel-chromium alloys, have 

by 25 to 45 per cent, 
valve that is assembled cold and heated to 600° 
additional distortion that may come from pressure

Traps. In any system of steam piping, pro­
vision must be made for removing water that may 
collect in the pipe from separation of moisture in 
the steam, slugs of water coming over from the 
boiler, or condensation due to heat loss through the 
pipe covering. This applies equally to superheated 
as well as saturated steam lines, as it is entirely 
possible for water to flow along the bottom of a 
pipe in the presence of superheated steam.

Open blows are generally provided to remove the 
condensate that occurs in a cold pipe line when 
being warmed up prior to cutting in for regular 
operation, 
forms when the line is in service.

Traps used for this service are usually of the bucket or ball-float type. 
Figure 44 is a cross section of a bucket trap. When the trap becomes full of 
water the bucket drops, thereby opening a valve which allows the water to 
be discharged. When the trap becomes empty the bucket lifts, thus closing 
the valve and preventing the escape of steam. By-passes should be provided 
around traps so that the pipe line may be drained while the trap is being 
repaired. Discharge from traps is generally collected in an open feed-water 
heater or in a receiver which in turn drains to a heater or water-storage sump.

The steam loop is another method of draining a piping system. In this 
system the drips are collected in a receiver, or “pig,” forced by steam pres­
sure to a tank above the boilers and then into the boiler drums. In high- 
pressure plants the trend is to eliminate traps and employ an orifice system 
which discharges to a feed-water heater.

coefficients of expansion exceeding those of cast or forged low-carbon steel 
-; ' -x----------∙ Consequently some distortion is bound to occur with a

to 700oF., aside from the 
effects on the valve body.

Bucket trap.
Steam traps are usually used to remove the condensate that

AUXILIARIES
Condensers. The economies to be gained by reducing the exhaust pres­

sure of steam engines and turbines have been indicated in the part on Prime 
Movers.* Condensers designed for service with steam engines generally do 
not contemplate vacuums higher than 27 in. referred to 30 in. barometer. 
Those for service with turbines are generally designed for a vacuum of 
29 in. wherever the temperature and quantity of cooling water permit. 
Under favorable conditions, back pressures of less than 0.5 lb. abs. have been 
obtained.

Types. Condensers may be classified under two main headings: surface 
condensers in which the cooling water and condensed steam are not allowed 
to mingle, and jet condensers in which steam is condensed by direct contact 
with cooling water.

Surface condensers (Fig. 45) consist of a cast-iron or steel shell in which 
are placed tubes of ⅝ to 1 in. in diameter. Cooling water is circulated 
through the tubes. The engine or turbine exhaust enters the condenser 
shell at the top, and the steam is condensed on the tube surfaces.

The tubes are held in tube sheets by screwed ferrules and packing of corset 
lace, fiber, or metallic packing. They may be rolled into the tube sheet at 

* P. 2460.



POWER GENERATION 2481
one end and sometimes at both ends, expansion being provided for either by 
bowing the tubes or by flexible ar­
rangement of tube sheet and water 
box. Tubes are composed of various 
alloys: muntz metal (60 per cent Cu, 
40 per cent Zn) for reasonably pure 
water; admiralty metal (70 per cent 
Cu, 29 per cent Zn, 1 per cent Sn) 
for sea water.

In single-pass condensers there is 
a single water box at each end of the 
tubes. In a two-pass condenser the 
water boxes are divided into two 
compartments so that the cooling 
water passes through the lower bank 
of tubes and returns through the 
upper.

Heat transfer between steam and 
water depends upon velocity of cir­
culating water and cleanliness of 
tubes, temperature difference, 
amount of air on steam side of tube, 
and extent of water blanketing. 
Actually the heat transfer 
varies considerably in vari­
ous parts of the condenser. 
For the condenser as a whole 
the heat-transfer coefficient 
may be taken as from 270 to 
500 B.t.u. per sq. ft. per mean 
deg. F. temp, diff. per hr. 
at water velocities of from 
4 to 10 ft. per sec.

The square feet of surface 
required per kilowatt of 
prime mover served will 
vary with the steam rate of 
the prime mover. In gener­
al, for small units of 500 to 
1000 kw., the surface re­
quired is about 3.5 to 2.75 
sq. ft. per kw. In larger 
sizes, condensers have been 
built with only 1 sq. ft. of 
surface per kilowatt turbine 
capacity.

The quantity of cooling 
water required per pound of 
steam condensed varies with 
the vacuum and the tem­
perature rise of the cooling 
water. For small units a 
temperature rise of 12o to 15oF. is usual; for larger units, when a higher

Fig. 45.—Arrangement of downflow surface 
condenser.
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vacuum is desired, the temperature rise of cooling water is reduced to 10o or 
lloF. Circulating-water requirements may be calculated from the equation 

w(H - qc)

Fig. 47.—Open heater with integral flow meter.

Fig. 48.—Front sectional elevation of induced- 
flow open feed-water heater.

(i0 - M
where Q is the cooling water in 
pounds per hour, w is the steam 
condensed per hour, H is the 
specific heat of exhaust steam, 
qc is the heat of the liquid con­
densate, and t0 and ti are the 
temperatures of the outlet and 
inlet cooling water, respectively. 
The ratio of cooling water to 
steam condensed varies from 50 
to 100 for turbines and from 20 
to 40 for engines.

Air in the steam space of a 
condenser has a very detrimen­
tal effect upon the vacuum at­
tainable, and it is necessary to provide means for continually removing 
it. Air enters the condenser with the steam and leaks in through shaft 
seals and other joints. It is removed by various types of dry vacuum 
pumps such as reciprocating pumps, steam-jet air pumps and, to a less extent, 
the Leblanc rotary pump. Air leakage into a large condenser should not be 
more than about 5 cu. ft. free ajr 
per minute and in a tight system 
should be less than this.

Jet condensers may be classi­
fied as low-level, barometric, and 
ejector or multi jet. In the low- 
level type (Fig. 46), condensate 
and cooling water are removed by 
means of a pump generally in­
corporated in the base of the con­
denser. An air-removal impeller 
is sometimes mounted on the same 
shaft and is necessary when high 
vacuums are required. With­
drawal of condensate and cooling 
vrater from a barometric con­
denser is effected by a vertical 
tail pipe 34 ft. or more long. A 
dry vacuum pump is required 
with this type of condenser. The 
ejector or multijet condenser will maintain high vacuum, 29 in. Hg, with­
out a dry vacuum pump. Cooling water is supplied to this condenser 
at a pressure of about 9 lb. per sq. in. gage and is discharged through 
nozzles into a venturi-shaped passage the central portion of which is provided 
with inclined nozzles for the entrance of exhaust steam. The shape of the 
water inlet is such as to convert the static pressure into velocity, and the 
high-velocity jets force the entering exhaust steam and entrained air into a 
diverging tail pipe which converts the velocity into pressure in order to over­
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Feed water is generally heated by exhaust or bled

Steamtnlet Waferuutlety

WaterlnletDrain-

Fig. 49.—Multipass closed heater with floating heads.

Exhaust

outlet

Feed

Exhaust _________ 
inlet—*,

F i g . 5 0.—M ultitube
• coiled closed heater.

come the atmospheric pressure. Multijet condensers are suitable for prime 
movers up to about 10,000 kw. capacity.

Feed-water Heaters. ~
steam from main or 
auxiliary engines or 
by flue gas, the latter 
method having been 
discussed under 
Economizers. * There 
are two types of steam 
feed-water heaters— 
open heaters and 
closed heaters. In 
open heaters steam 
and water come in di­
rect contact with each 
other, but in closed 
heaters the steam and water do not mingle, the water flowing through tubes 
and the steam around the tubes.

* P. 2446.

Open heaters generally operate at about atmospheric pressure and a vent 
is provided to allow the escape of non-condensable gas. The removal of 
these gases constitutes one of the advantages of this type heater. Also, 
in open heaters, when the steam supply is not limited, no temperature head 
is lost as the water is heated to the saturation tern- ^a ut 
perature of the steam in the heater. In closed outlet 
heaters, however, the leaving water is generally 
from 2o to 12oF. below the temperature of the steam 
in the heater. Closed heaters permit feed water to 
be pumped through several heaters in series with 
but one pump.

Deaerating open heaters are frequently-provided 
with a small condenser through which non-conden­
sable and condensable vapors flow to the atmos­
phere or are removed by a vacuum pump depending 
upon the pressure at which the heater operates.

Open heaters may be classified as through flow 
in which all of the steam is forced through the heater 
irrespective of whether it will be condensed; and 
induced flow in which the flow of steam into the 
heater is induced by its condensation.

Figure 47 is an example of a through-flow-type 
heater. It consists of a cast-iron shell in the upper 
part of which are trays or pans over which the water 
flows in finely divided streams. Steam entering 
through an oil separator is directed across the falling 
streams of water. That part of the steam not condensed exhausts through 
the outlet at the top. The bottom part of the heater serves as a reservoir. 
Figure 48 is a cross section of an induced-flow-type heater. In some open 
heaters, nozzles take the place of the trays and break the water flow into 
finely divided sprays. Metering equipment and filter bed are frequently 
made integral with open heaters.
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Closed heaters may be either water tube or steam tube, but for power­
plant service the former is in more general use. The water tubes may be 
straight, hairpin, or arranged in coils. They may be single- or multipass. 
Figure 49 is a cross section of a straight-tube four-pass heater suitable for 
use with bled steam. Figure 50 shows a coil-type heater.

Pumps*
Boiler-feed Pumps. Reciprocating steam pumps are often used in the 

smaller plants, but centrifugal pumps are now usually used for this service

particularly in larger plants. The advantage of the latter type lies in the 
fact that it can be driven by either electric motor or steam turbine. The 
centrifugal boiler-feed pump is generally built in two or more stages. Total 
pressure is from 50 to 100 lb. per sq. in. above boiler pressure depending upon 
the piping and equipment, such as feed-water heaters and economizers that 
are installed between the boiler and the pump. The pumps usually have 
relatively flat characteristic curves.

Figure 51 shows the performance curves of a typical centrifugal boiler 
feed-water pump.

* See Sec. 20.
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With economizers and air preheaters

Fig. 52.—Weight of flue gas per pound of coal 
for various B.t.u. and CO2 values. (From 
“ Dust Problemsby Dust Recovery, Inc.^)

¾α□0 IQOOO 11,000 12,000 15000 14000 15.000B.t.u. Value per Lb. of Coal

Condensate Pumps. Centrifugal pumps are used to remove th⅛. con­
densed steam from the condenser hot well. They should be installed so 
that the water will flow to the pump under a head of 3 to 4 ft. in order to 
prevent cavitation. Condensate pumps usually have horizontal inlets and 
vertical discharge to prevent air pockets. The suction passages of the pump 
are frequently connected to the steam space of the condenser to equalize 
the pressure and so assist the flow of condensate to the pump. The discharge 
of the pump should be provided with a check valve to prevent water from 
flowing back to the condenser.

Condenser circulating water pumps, supplying cooling water to the 
condenser, are generally double-suction slow-speed low-head centrifugal 
pumps. It is frequently necessary to provide priming apparatus, such as a 
steam jet which removes air from the pump casing and draws water up into it.

Forced- and Induced-draft Fans.* The static-pressure requirements 
of the fans depend largely upon the ratings desired and local conditions. 
Normally, in industrial plants, the forced-draft fan will not be required to 
produce a static pressure of over 2.5 to 3 in. water. The pressure require­
ments of induced-draft fans are influenced by the heat economy equipment 
through which the flue gas must pass. 
the induced-draft fan may be re­
quired to develop as much as 6 
to 8 in. static pressure.

From the chart (Fig. 52) can 
be found the weight of flue gas 
that an induced-draft fan will be 
required to handle per pound of 
fuel burned and for various com­
bustion conditions. The weight 
of gas can easily be converted to 
cubic feet at the temperature of 
the exit gas from Fig. 53. In se­
lecting fan capacity, an addi­
tional allowance of about 5 per 
cent should be allowed for air 
infiltration. The same chart 
can be used to obtain an esti­
mate of the forced-draft-fan ca­
pacity by assuming 1 lb. less air 
per pound of coal than indicated 
in Fig. 52.

Horsepower requirements for 
fan drives may be calculated 
from the equation

ɪɪ 5.2QÄHorsepower = χ Æ)

where Q is cubic feet of gas per 
minute; h, static pressure de­
veloped by the fan in inches of water; and E, efficiency of fan based on static 
pressure. Fan efficiencies vary from 50 to 65 per cent.

Fan Types. Fan rotors are available with forward- or backward-curved 
blades, and with radial or straight blades. The effect of blade curvature on

* P. 2448.
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fan characteristics is shown in Fig. 
54. Generally a fan having a ris­
ing horsepower characteristic such 
as obtained with forward-curved 
blades is not suitable for forced- 
draft service but can be used for 
induced draft. Fans may be ob­
tained with single or double inlets 
and with discharges arranged verti­
cally up or down, or horizontal.

Power for Auxiliaries. The 
total energy required to operate 
power-plant auxiliaries varies from 
about 3 to 8 per cent of the output, 
depending to some extent on the 
operating pressure, size of plant, 
type of auxiliaries, method of coal 
handling, and type of combustion 
employed.

In plants using pulverized coal, 
the energy required for preparation 
varies with the characteristics of the 
coal: its dryness and fineness re­
quired and with the type of system 
employed. The energy for coal 
preparation in bin systems varies 
from 20 to 30 kw. per ton, in direct- 
fired systems at full load from 15 to 
20 kw. per ton, and at quarter load 
from 35 to 45 kw. per ton. Under­
feed stokers including forced-draft 
fan require from 4 to 10 kw. per 
ton of coal burned.

Air Compressors—Types*
^kir-compressing machinery may 

be classified under the following dis­
tinctively different types: (α) fan; 
(5) rotary blowers; (c) reciprocating 
compressors; (d) turbo-compres­
sors; (e) jet blowers.

Fans are used where a large vol­
ume of air at approximately atmos­
pheric pressure has to be moved, 
and where the pressure differential 
is small, seldom exceeding 15 to 16 
in. of water. Fan characteristics 
have been covered previously in 
this section.

Rotary blowers are designed to 
deliver air in the pressure range of 
5 oz. to 12 lb. per sq. in. They

* See Sec. 20. 

and water vapor at various temperatures.

50 60 70 80 90 100 110 120 130 140 150 
PerCentof RatedVolume

Fiq. 54.—Fan characteristics at constant 
speeds. (Laurence, Trans, A JS. MJE., 1922.)
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range in capacity from 5000 to 15,000 cu. ft. per min., and in speed from 375 to 
800 r.p.m. for the smaller sizes down to 160 and 220 r.p.m. for the larger sizes.

Blowers of this type are usually preferred to a centrifugal fan for cupola 
service, because their positive displacement action maintains the air supply, 
θven if the cupola becomes clogged. They may be arranged to develop 
constant-pressure or constant-volume characteristics. Efficiencies vary 
between 80 and 90 per cent.

Rotary blowers differ greatly in design, but they generally embody two 
blades, impellers, or displacers driven by gears and rotating in opposite 
directions. These impellers are housed in a casing. In rotating they trap 
between them and the casing a volume of air which is carried from the inlet 
to the discharge side of the casing.

Reciprocating compressors are used for pressures ranging from 10 lb. 
per sq. in. up to 2000 lb. per sq. in. Compressor capacities generally range 
from a few cubic feet to 5000 cu. ft. per min., though some very large com­
pressors for blast-furnace service have been built. Turbine compressors are 
now very largely supplanting reciprocating-type compressors in this service.

Reciprocating compressors are constructed very similar to steam engines, 
excepting that the valves are generally of the automatic type as distinguished 
from mechanically operated valves. For small compressors, poppet valves 
of the single-beat-cup type are most extensively used, while for all other 
services some one of the various light-weight plate or strip valves is employed. 
Compressor cylinders may be single or double acting. For pressures up to 
500 or 600 lb. per sq. in., double-acting cylinders are used, while for very 
high pressures, in the neighborhood of 1000 lb. per sq. in., single-acting cylin­
ders give the best service.

For low pressures, the compression is generally accomplished in a single stage. 
For large-sized compressors, the compression ratio per stage is generally 3 to 4.

For the relatively smaller size (50 to 300 cu. ft. per min.) the compression 
ratio may be 7 to 8. When two-stage compression is employed, the air is gen­
erally cooled between the first and second stages in order to improve the 
efficiency of the compressor. After-cooling is also resorted to, in order to 
reduce the moisture content of the delivered air.

Volumetric efficiency of piston-type compressors, the ratio of the free air 
volume actually taken into the compressor at intake pressure and tempera­
ture to the piston displacement, varies from 50 to 75 per cent for single-stage 
100-lb. machines and 80 to 90 per cent for multistage machines. Compression 
efficiency (based on adiabatic compression) varies from 74 to 90 per cent, 
largely depending upon the compression ratio.

Reciprocating compressors are generally water-jacketed, in order that 
compression may normally approach isothermal and so improve the com­
pression efficiency.

Turbo-compressors are very similar in construction to centrifugal pumps. 
They are designed for volumes ranging from 1000 to 100,000 cu. ft. per min. 
and for pressures up to about 125 lb. per sq. in. The usual size for a single- 
stage compressor is from 1000 to 25,000 cu. ft. per min. One of the largest 
turbo-compressors now in operation has a capacity of 100,000 cu. ft. per min. 
at a pressure of 215 lb. per sq. in. Efficiencies of 75 to 80 per cent are obtained 
with this type of compressor.

Jet blowers operate on exactly the same principle as feed-water injectors 
and are made in capacities ranging from 100 to 600 cu. ft. per min. They 
require steam pressures of from 75 to 90 lb. per sq. in. or water pressure of 
from 45 to 75 lb. per sq. in.
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The horsepower required to compress air in a single-stage compressor is

Horsepower = ɪ χ ×Λ^[(g) "-1]
where Ti represents the volume of gas compressed per minute; Pi and P2, 
the pressure in pounds per square inch absolute; n is a constant. For adia­
batic compression of air n is equal to 1.4; for isothermal compression n = 1. 
Actual compression, because of jacket cooling, lies between these extremes, 
and n is generally taken at 1.3.

POWER-PLANT COSTS
Any figures on power-plant costs, either investment or operating, are 

likely to be misleading unless interpreted in the light of all local conditions.

Table 11. DistributionofBoiler-PlaiitCosts* *

The economizer and necessary fan increase the guaranteed efficiency at 200 per cent of rating from 78 to 
83.6 per cent, and this shows a gross saving of about $8000 per year.

* From article by Samuel Μ. Green, Power, Nov. 4, 1930.

Two similar boiler plants, one stoker fired, the other pulverized-coal fired and both 
designed by the same engineer. Both boilers were of the same make, inclined-water­
tube type, and each rated at approximately 1000 hp.

Components of plant

Excavation. .......  ............. ....................................................................................
Concrete reinforced foundation below grade......................................................... ’ ’.
Concrete setting walls above grade............................................................................ ’
Concrete floors, basement, and boiler room.......................................................... . . .
Boiler delivered and erected, including slag screen, rear-wall protection, and front 

water wall..................................................................................................................
Drake armor clad, for rear-wall water tubes..............................................................
Ashpit doors.............................................................................. ...............................
Supporting steel for boiler and air-cooled walls............................................... ..........
Superheater...................................................................................................................
Air-cooled wall refractory and brackets.................................................................. . .
Boiler setting including all refractories except air-cooled wall...................................
Stoker: 29 tuyères, 10 retorts, double 14-in. crusher rolls ; projected area 24Ó.8 sq. ft. ;

steam-turbine, stoker drive direct connected; crusher rolls driven by hydraulic 
motor; overspeed governor......................................................................................

Non-Seg coal distributors, three..................................................................................
Pulverized-coal equipment: 2 pulverizers, 6000 lb. per hr. each; 2 low-pressure coal

burners; coal piping from pulverizers to burners; motors direct connected to 
pulverizers.................................................................................................................

Soot blowers..................................................................................................................
Instruments: steam flow meter, CO2 meter, multipointer draft gage, flue-gas tem­

perature recorders.....................................................................................................
Combustion control......................................................................................................
Liquid-level gage.......................................................................................................... ’
Soot-pit gates and metal hoppers.......................................................................’.. ’.
Steam purifier and deconcentrator..............................................................................
Feed-water regulator....................................................................................................
Piping and insulation...................................................................................................
Platforms and stairs................................................................. ...................... . ...........
Blast fan, turbine driven, 35,000 cu. ft. per min., 6-in. w. g...........
Flue....................    ;
Blast-duct work, including return air from air-cooled walls......................................
Blast-duct work, not including return air from air-cooled walls................................

Total cost..................................................................................................................
Induced-draft fan, 47,000 cu. ft. per min., 65 b.hp., motor driven...........................
Steel supports...............................................................................................................
Economizer...................................................................................................................
Extra flue.......................... ......... .. . . . ................................... . ......... ..................

Total cost... ................................................................... . . . .....................................

Per cent of total cost
Plant 1 I Plant 2

1.46 ∣.32
0.67 0.61
2.90
1.35 1.22

23.10 20.8
1.51
0.22 0.39
4.55 6.15
5.62 5.07
2.38 4.25
9.43 9.45

16.70
1.69

2.25 2.03

1.80 1.62
1.24 1.42
0.21 0.19
1.01 0.91
1.07 0.96
0.21 0.19
5.62 5.07
1.69 1.52
3.7I 3.35
2.75 2.49

2.02 1.11
$88,910

2 64
0 61

11 68
0.61

$98,660
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Table 12. High-pressure Plant Costs*

Plant built in 1934
< Rating of plant, kw.......................................................................... 75,000

Number of generators.................................................................... 1
Number of boilers............................................................................ 1
Capacity, lb. steam per hr........................................................... 690,000
Pressure, lb. per sq. in................................................................... 1,390
Temperature, oF............................................................................... 835
Fuel....................................................................................................... Pulverized coal
Operating costs excluding fixed charges, mills per kw. ... 2.05

First Costs
Dollars per kw.

Land and site preparation............................................................ 5.24
Buildingandfoundation............................................................... 21.30
Condenserwaterworks............................................................. 1.83
Fuelunloadingandstorage.......................................................... 15.50
Ash handling...................................................................................... 0.75
Fuel preparation............................................................................... 3.44
Switch gear and station wiring................................................... 8.05
Boiler plant........................................................................................ 13.22
Draft system...................................................................................... 1.48
Feed-water system........................................................................... 3.00
Piping................................................................................................... 3.01
Heat-recovery equipment............................................................. 1.79
Generator air coolers...................................................................... 0.24
Main condensers............................................................................... 2.69
Turbo-generator........................................  17.20
Turbineauxiliaries........................................................................... 0.52
Turbinefoundation......................................................................... 0.92
Total including miscellaneous..................................................... 100.18

Plant has steam reheaters, air preheaters, combustion control duplex feed pumps, 
five-stage feed heating.

* From Electrical World.

Table 13. Analysis of Costs for Industrial Boiler Plant* 
Dollars 

per 10 Sq. Ft.
of

Boiler Surface
Foundations for building equipment............................................................. 8-12
Building and fuel bunkers.............................................................................. 20—40
Boilers, superheaters, soot blowers (erected) f......................................... 20-35
Economizer (erected) f..................................................................................... 10-20
Air heaters (erected)......................................................................................... 10-15
Settings..................................................................................................................... 6-10
Coal firing and forced-draft equipmentJ................................................... 12—18
Coal-handling equipment.................................................................................. 5-7
Ash-handling equipment.................................................................................... 4- 5
Breeching and chimney...................................................................................... 7-10
Feed pumps............................................................................................................ 2- 3
Piping..................................................................................................................... 10-15
Water-treating plant........................................................................................... 6- 9
Motors, wiring, and lighting............................................................................ 6- 8
Combustion control............................................................................................. 1- 3

* From an article by H. Bleibtreu, Power, Oct. 6, 1931. 
t Boiler pressures of 250 lb. and less.
j Including unit mills in case of powdered coal.
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Table 14. Boiler-plant Costs
Purchased 1938-1939

Number of boilers

S.H. ducts $435,000 $0.97

Boiler capacity, lb. per hr. eachPressure, lb. per sq. in......................Temperature, oFWater walls...........Superheater...........Setting.......................Pulverizers..............Burners.....................Stoker.........................Air preheater....Economizer............Piping.........................Misc.............. ..............Total cost installedCost per lb. steam.
Check marks indicate equipment included in cost. S.B. = soot blowers, S.H. = soot hoppers.

Load factor, size of units, and price of fuel will vary operating costs over a 
wide range. In view of this, such figures as are given may be taken at best 
as only a guide.

Total investment costs in large steam central stations vary from $85 to 
$110 per kw. of installed capacity, depending upon the plant location, size of 
units, and the refinements in equipment. In a plant designed for base-load 
service, or to operate with high-priced fuel, the operating savings through the 
installation of more efficient equipment will more than offset the increased 
charges on the investment. Conversely a plant designed to operate on a low- 
load factor, or with cheap fuel, may not warrant the additional investment.

In industrial plants the unit investment costs vary over a wide range. The 
smaller size of units tends to increase the unit cost of individual equipment, 
but this in turn is offset in view of fewer refinements, especially in the elec­
trical end, which tends to reduce the total unit costs. Moreover, the site 
and building costs are usually lower than in the case of central stations.

The cost of. steam turbines and generators, with exciter, in sizes commonly 
employed in industrial plants will range from $25 to $35 per kw. for condensing 
and non-condensing units and slightly more for bleeder-type units. Very 
large turbine-generators, such as used in large central stations, will run $15 
per kw., or lower.

Operating Costs. In the modern and well-managed industrial plant, 
steam costs should range from 22 to 35 cts. per 1000 lb., depending on the 
cost of fuel, size of units, load factor, and labor cost. The electrical cost per 
kilowatt-hour, exclusive of fixed charges, will depend upon the use of exhaust 
steam for process. This may vary from half a cent to two or more cents per 
kilowatt-hour. In the large modern central station, the cost at the switch­
board may be as low as 3 mils per kw.-hr., but this is only a fraction of the 
average delivered cost when fixed charges, distribution, and overhead are 
considered. The best of such stations are operating on approximately 1 lb. 
of coal per kilowatt-hour and the average for the year 1932 was 1.5 lb. per 
kilowatt-hour, according to statistics of the U. S. Geological Survey.
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Table 15. Volume Structural-steel Weights, and Cost of Boiler

Houses with Coal Bunkers

Types

Cu. ft. 
building 

space per 
10 sq. ft. 

boiler 
surface

Structural 
steel lb. per 

10 sq. ft. 
boiler 

surface

Cost of building and coal 
bunkers above 

foundation

Per cu. ft 
building 

space

Per 10 sq. 
ft. boiler 

space

1. Two 5120-sq. ft. straight-tube boilers, 3 unit mills, 
overhead bunkers................................................... 118 197 $0.22 »26.50

2. Four 6000-sq. ft. 4-drum Stirling-type boilers, 
traveling-grate stokers, overhead bunkers............ 158 280 0.25 39.30

3. Six 8146∙sq. ft, 3-drum Stirling-type boilers, 
traveling-grate stokers and blast-furnace gas, 
overhead bunkers................................................... 150 270 0.16 23.55

4. Six 9120-sq. ft. boilers, economizers, 8 unit mills,
1 traveling-grate stoker, overhead bunkers......... 193 269 0.17 31.95

Table 16. Details of Construction Costs, Diesel Engine Plant*  
(Board of Public Works, Grand Haven, Mich. Hamilton & Weeber, Engineers, Grand 

Bapids, Mich.)

* From Power, Sept. 22, 1931.

Total 
Including 
Labor and 
Material

1. Building...................................................................................................................... $38,105.92
Brick, concrete, and steel construction, face-brick exterior with stone

trim, 4,271.7 sq. ft. floor· area, 171,936 cu. ft. contents including 
basement.

Building cost per sq. ft........................................................................ $8.925
Building cost per cu. ft................................................... .................... 0.2216
(1600 kw.) bldg, cost kw. plant capacity—present..................  23.81
(2600 kw.) bldg, cost per kw. plant capacity—future............. 14.65

2. Diesel Engine Units and Foundations:
Two—1140 b.hp., 6-cylinder, 200-r.p.m. model VB, 4-cycle solid-in­

jection, De La Vergne engines with auxiliary compressed-air starting 
equipment, and two 800-kw. Elliott generators with two 17-kw. 
direct-connected exciters:

Equipment contract............................................................................................... $101,979.00
Erection....................................................................................................................... ð » ðəθ ∙ ɜŋ
Foundations :

Cement................................................................................................................... 1,131.21
Gravel...................................................................................................................... 897.66
Form Iumber......................................................................................................... 270.17
Labor........................................................................................................................ 1,441.39
Equipment rental................................................................................................ 280.51

Pyrometers................................................................................................................. 547.96
Insurance.....................................    . . i . . . . ................... 350.00

3. Switchboard and Station Power:
Westinghouse contract..........................................................................................
Wiring to generators and exciters.....................................................................
Station auxiliary power lines...............................................................................
Brown-Boveri voltage regulator........................................................................

$113,494.20

$10,614.51
1,926.15
2,586.35
1,285.00

$16,412.01



2492 POWER GENERATION AND POWER TRANSMISSION

Table 16. Details of Construction Costs, Diesel Engine Plant* —

*FromPower, Sept. 22, 1931.

(Continued)
Total 

Including 
Labor and
Material

4. Traveling Crane
5-ton, 55-ft. span hand-operated..................................... ;............................... $1,681.38
(Crane erection inch in building contract).

5. Fuel-oil System:
100,000-gal. steel storage tank, contract......................................................... $1,795.00

Excavation............................................................................................................. 2,059 60
Foundation and sidewalks............................................................................... 1,840.20

Piping........................................................................................................................... 1,873.66
D-50 Hydroil purifier—contract........................................................................ 1,875.00
50-gal. per min. fuel unloading pump.............................................................. 225.00
Tank gages................................................................................................................. 307.72

$9,976.18
6. Lubricating-Oil System:

D-50 Hydroil purifier—contract........................................................................ $1,875.00
Piping........................................................................................................................... 647.25
Tankgages................................................................................................................. 135.72
Two oil coolers......................................................................................................... 1t076 00

$3,733.97
7. Air Intake:

Two 6-unit air filters.............................................................................................. 612.50
Piping........................................................................................................................... 1,571.55

$2,184.05
8. Exhaust System:

Two De La Vergne 5-compartment mufflers................................................. $835.00
Exhaust piping......................................................................................................... 1,433.67

$2,268.67
9. Cooling-water System:

Intakeandwells...................................................................................................... $2,832.90
Equipment rental.........................................  138.38

Elevated, 15,000 gal., steel storage tank oh 50-ft. tower—contract. . . . 2,975.20
Tank foundation...................................................................................................... 323.82
King-Seeleytankgage........................................................................................... 139.65
Pumps, one 400- and one 600-gal. per min.—contract.............................. 1,734.98
Piping and miscellaneous material.................................................................... 1,074.53

$9,219.46
10. Building Heating Equipment:

One—916,000 B.t.u. unit heater........................................................................ $523.43
Piping and office radiation................................................................................... 277.69

$801.12
11. Substation:

One Delta-Star substation tower with bus and switching equipment.. $2,056.54
Foundations............................................................................................................... 310.30
Conductors and erection....................................................................................... 2,529.49
Transformers, 2000-kva., 2300-volt auto and one 833-kva. 2300/6600-

volt power.............................................................................................................. 3,966.35
$8,862.68

12. Engineering:
Hamilton & Weeber, design and consulting engineers............................... $8,827.87
Local inspections...................................................................................................... 3.20

$8,831.07
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Table 16. Details of Construction Costs, Diesel Engine Plant*—

(Concluded)
Total

Including 
Labor and 
Material 

Summary
1. Building....................................................................................................................... $38,105.92
2. Diesel engine units and foundations.........................   113,494.20
3. Switchboard and station power.......................   16,412.01
4. Traveling crane........................................................................  1,681.38
5. Fuel-Oilsystem......................................................................................................... 9,976.18
6. Lubricating-Oil system........................................................................................... 3,733.97
7. Air intake................................................................................................................... 2,184.05
8. Exhaust system........................... ............................................................................ 2,268.67
ə. Cooling-water system............................................................................................. 9,219.46

10. Building heatingequipment.....................  801.12
11. Substation.................................................................................................................. 8,862.68

Subtotal....................................................................................................................... $206,739.64
12. Engineering................................................................................................................ 8,831.07

Total construction cost................      $215,570.71
* From Power, Sept. 22, 1931.

Table 17. Diesel Engine Bids for Greenville, Tex., Municipal Plant*

Make of engine

American
Locomotive

Bush- 
Sulzer

Bush-
Sulzer

Hamilton 
M.A.N. Nordberg Nordberg

Horsepower.................... 1800 1800 2400 2250 1875 2250
Type of engine............... Two-cycle 

mech, in-
6-D-HB-27 8-D-HB-27 Two-cycle 

single
Two-cycle 
mech, in-

Two-cycle 
mech, in-

jection acting jection jection
Actual capacity, k.w.... 1250 1250 1690 1500 1320 1585
R.p,m............................. 277 240 240 240 225 225
Number of cylinders.......
Mean effective pressure,

10 6 8 6 5

65.7

6

65.7ɪb. per sq. in............... 71 61.4 61.4 60
Method of scavenging... Reciprocat-' 

ing pump 
attached

Blower port Blower port Loop Pump Pump

Gal. per min. 90oF. cool-
ing water..................... 450 360 480 350 310 375

Intake-air filter............... Yes Yes Yes Yes Yes
Cost per hp..................... $53.90 $57.03 $53.43 S55.ll $59.00 $57.94
Cost per kw.................... $77.63 $82.13 $75.87 $82.67 $83.70 $82.25
Total installed cost......... $97,036 $102,664 1128,232 $124,000 SI 10,614 $130,337

From Diesel Power, July, 1937.



MECHANICAL POWER TRANSMISSION
BY WILLIAM STANIAK

BELTING
Power belting is one medium of supplying a given amount of power at a 

certain cost per unit of time, which if properly selected and applied should 
result in the transmission of power at a low cost per horsepower per year over 
a long period of useful service.

There are four general classes of power belting: leather, rubber or Neo­
prene, Stitched canvas, and hair. The characteristics, properties, and uses 
of these classes are generally applicable to all types and brands manufactured. 
Therefore, based on the fact that the transmission of power by belting covers 
such an extensive field, it is essential for economy and efficiency that the proper 
belt as to type, width, and thickness be employed for a given installation.

The theory of belt transmission is ably discussed in such mechanical hand­
books as those of Marks and Kent, but in actual practice, type, width, and 
thickness are most important. Therefore, these factors will be treated in a 
condensed form.

Leather Belting
The best leather belting comes from the hides of 3- or 4-year old steers and 

is generally cut from a slab known as the butt bend, 44 to 48 in. from the root 
of .the tail toward the head and 24 in. on each side of the backbone of the 
animal. The location of the cut in its relation to the backbone is most 
important. The process of building the belt is a series of operations which 
include cutting to required widths, matching ends for thickness, scarfing and 
tapering the ends of the strip, squaring of the scarfed ends, and, finally, the 
cementing and the inspection.

There are numerous grades and brands of leather belting, but, essentially, 
there are three distinct types, namely, (1) regular oak tanned, cemented 
with a non-waterproof glue if a non-waterproof belt is desired, or cemented 
with a waterproof pyroxylin cement if a waterproof belt is desired, (2) mineral 
retanned, and (3) the combination of oak tanned and mineral retanned.

Regular Oak Tanned.
Characteristics. Made in 1 ply, 2 ply, and 3 ply. Known as singles, doubles, and 

triples. 4 ply is very rare.
Thickness of singles, 1%4 to >⅜4 in.; doubles, ⅞ to ⅝ in.; triples, 1⅝2 to ∙%4 in.
Widths of singles, ⅛ to 10 in.; doubles, 1 to 72 in.; triples, 24 to 72 in.
Fabricated with a hot non-water-resisting glue. It does not possess flexibility when 

new. Ultimate tensile strength, 4000 to 6500 lb. per sq. in. Ithaslowstreteb. Coeffi­
cient of friction: new oak, 0.27 to 0.45; well-worn oak, 0.35 to 0.60. It will take any 
type of metallic fastener and can be made endless at the point of application if necessary.

Uses. Singles: (1) Small power applications: (2) light machine-tool driving; (3) 
on pulleys 3 and 4 in. diameter and over; (4) on light shifting drives; (5) where moisture 
or acid is not present.

Doubles: (1) medium and heavy power applications; (2) all manner of machine-tool 
driving; (3) if light double, on pulleys 6 in. diameter and over; (4) if regular double, on 
pulleys 10 iri. diameter and over; (5) on shifting drives; (6) where moisture or acid is 
not present.

Waterproof Cemented Oak-tanned Belting.
Characteristics. This type is made in similar plies, thicknesses, and widths to, and 

possesses all the characteristics of, non-waterproof oak, but it has the advantage of 
2494



MECHANICAL POWER TRANSMISSION 2495being water- and moisture-proof. Its cost is approximately 10 per cent higher thanregular oak, but this additional expenditure is insurance against premature destruc­tion. This type is steam-proof and can be operated immersed in water if necessary.
Uses. (1) All places where regular oak is applicable; (2) in moisture, steam, andsloppy conditions; (3) not in the presence of acid.
Mineral-retanned Leather Belting.
Characteristics. This type is an entirely different leather from the regular oak- tanned variety and, therefore, has definite characteristics of its own. It is made in similar thicknesses and widths to regular oak, but its ability to transmit power is greater, ply for ply and width for width. It possesses a tensile strength of approximately 6000 lb. per sq. in. and has a coefficient of friction of 0.60 to 1.10. It possesses low “stretch.” It has extreme flexibility and, therefore, is efficient on high-speed, small pulley work. It is fabricated with a waterproof cement and, therefore is impervious to the action of moisture. It is moisture-, steam-, and heat-proof and will resist the action of corrosive acids for a considerable period of time. It will take any type of metallic fastener and can be made endless at the point of application. It can be repaired, cut down, rebuilt, and salvaged in a manner similar to oak-tanned leather.
Uses. Singles: (1) High-speed motor drives, up to 7⅜ hp., 1200 to 1800 r.p.m.; (2) high-speed spindle drives of various machine tools such as internal and external grinders; (3) mule-pulley installations on small single- and multiple-drill presses; (4) on pulleys as small as 1¼ in. diameter; (5) pivoted motor-base drives when made endless.
Doubles: (1) High-speed motor drives, 10 hp. and up, 720 to 1200 r.p.m.; (2) high­speed pulleys 6 in. diameter and over; (3) high-speed spindle drives of the larger machine tools; (4) automatic idler and pivoted motor-base drives when made endless.
Combination Oak- and Mineral-retanned Leather.
Characteristics. This type of leather belting is made, as the name implies, of a combination of the regular oak-tanned and mineral-retanned types joined flesh side to flesh side with a cement insoluble in water. It is made in doubles only. It is made in similar widths to regular oak. It is specially manufactured for shifting, step-cone, and flanged-pulley drives because the oak tannage resists the transverse crumpling action on the flexible retanned type of leather caused by the action of shifter forks and pulley flanges. It is moisture- and steam-proof, but will not resist the action of corrosive acids. It will take any style of metallic fastener and can be made endless at point of application. Its repair and salvage values are similar to those of all types of leather.
Uses. (1) Heavy slow-speed loads, such as 200 to 500 ft. per min.; (2) shifting and loose pulley drives; (3) step-cone and flanged-pulley drives; (4) pulleys should not be under 8 in. diameter; (5) heavy-duty milling machines or lathe work.
Formulas for Leather Belting. Where T equals allowable effective 

pull; W, width of belt in inches; and S, speed of belt in feet per minute.
Single Oak Leather Belting. Heavy single, 1⅜4 to 1⅜4 in. thick. Allow­

able effective pull T in tight side per inch of width == 45 lb.
Formula:

ττ TWSHorsepower = ————
33,000

DoubleOakLeather Belting. Medium double, to 1⅛2 ɪɪɪ* thick. Allow­
able effective pull T in tight side per inch of width = 65 lb.

Formula:
ττ TWSHorsepower = -

33,000
Single Special Tannage Leather Belting. Heavy single, 1⅜4 to 3-⅜4 in. 

thick. Allowable effective pull T in tight side per inch of width = 50 lb.
Formula:

ττ TWS
Horsepower = 55-θθ5
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Double Special Tannage and Combination of Oak and Special Tannage Leather 
Belting. Double, to 1⅝2 ɪɪɪ- thick. Allowable effective pull Tin tight 
side per inch of width = 70 lb.

Formula:
TWS 

Horsepower = --- --
33,000

Atmospheric Effects on Leather Belting. Regular Oak Non-water­
proof Cemented: An atmosphere charged with steam or moisture causes 
separation of the lap and plies because of its action on the cement or glue. An 
atmosphere charged with the mists or vapors of the corrosive acids attacks the 
leather causing rapid deterioration.

Regular Oak Waterproof Cemented: An atmosphere charged with steam 
or moisture has no effect because in this type the leather is dressed and the 
pyroxylin cement is impervious to the action of moisture. An atmosphere 
charged with the mists or vapors of the corrosive acids attacks the leather 
regardless of the dressing causing rapid deterioration.

Special Tannage Waterproof Cemented: An atmosphere charged with 
steam or moisture has no effect on this type because of the special tanning of 
the leather and the pyroxylin cement. An atmosphere charged with the mists 
or vapors of the corrosive acids attacks this type but is slow in its action.

Combination of Oak and Special Tannage : This type is waterproof due 
to the pyroxylin cement, but the oak ply will not resist the action of the mists 
and vapors of the corrosive acids.

Leather-belting Dressings. There are numerous cheap and low-grade 
stick and semiliquid dressings on the market most of which contain resin, tar, 
and graphite. All such ingredients are injurious to leather and also to its 
power-transmitting ability; therefore caution should be exercised in their 
use. Belting of any type does not pull its load by being stuck to the pulleys. 
It functions through its own natural frictional grip.

Leather belting requires periodical lubrication or dressing because the 
heat generated by the transmission of power is absorbed by the belt, resulting 
in a drying out of the cod oil and beef tallow used in the currying process. In 
view of this, a dressing should contain similar ingredients so that penetration 
and lubrication of the fibrous structure will result. Reputable leather-belting 
manufacturers supply dressings containing the above currying materials 
which can always be employed to an advantage on oak leather belting whether 
waterproof or non-waterproof. Special tannage leather requires a special 
dressing which is also supplied by the respective manufacturers.

Under normal operating conditions leather belting should be dressed every 
two or three weeks, and the most effective results are obtained by applying 
the dressing to the outer ply. This allows the material to work its way 
through the leather and, therefore, prevents an accumulation on the pulley 
side of the belt.

The Effect of Centrifugal Force. The action of centrifugal force creates 
in a belt centrifugal tension which is in addition to any other existing ten­
sion. . This centrifugal tension is caused by the action of the different portions 
of the belt upon the belt itself based on the speed in feet per minute. How­
ever, in the average industrial belt drive, this action is not of sufficient moment 
to cause anxiety because the average horsepower formula takes this factor 
into consideration. The following formula may be used to ascertain the 
centrifugal tension in a belt:

WSτTc
116,000
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where Tc is centrifugal tension in pounds; W, weight of belt in pounds per 
foot; and S = speed in feet per minute;

Horsepower Losses Due to Centrifugal Tension
Speed of Belt, Ft. per Min. Percentage off Rated hp.

Notes: At 10,000 ft. per min. centrifugal tension almost equals effective tension or 
T1 - T2.

These losses are applicable to belts operating without automatic-idler or pivoted 
motor-base control.

the most economical and efficient belt velocities
Practical Belt Speeds. Belt speeds of 1000, 1500, 2000, and 3000 ft. 

Per min. are common, but 
range from 3500 to 4500 
ft. per min. At 5000 
ft. per min., centrifugal 
tension is high, causing 
excessive strain and 
Wear on the belt. At 
10,000 ft. per min., the 
centrifugal tension 
equalizes the normal 
tension of the belt which 
theoretically reduces 
the power-transmitting 
ability to zero.

Rubber Belting
Origin. Rubber 

belting made its ap­
pearance approximately 
ɪn the year 1844, but it 
did not receive much 
impetus until after the 
close of the Civil War, 
at which time leather 
became scarce and high 
priced. However, the industry did not reach its real period of growth until 
after 1880.

Construction. The average belting of this type is known as friction 
surface rubber belting, and it is composed of plies of powerful cotton duck 
impregnated or frictioned with a strong, tenacious, slow-aging rubber com­
pound. Modern manufacturing methods produce a belt which is homo­
geneous and inseparable, possessing strength, flexibility, and durability when 
properly selected and applied. The rubber friction is forced into the inter­
stices of the duck by massive iron calender rolls.

Standard Cost in Dollars per Running Foot for Single Ply BeItlSubject to Discount1
Fig. 1.
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BeltWidth in Inches
Fig. 2.-—Relation of number of plies to belt 

width for rubber belting.

Manufacture. After the duck for rubber belting is thoroughly inspected 
and dried, it is impregnated or frictioned with the rubber compound. This 
rubber must be compounded so that the resultant material will be highly 
elastic and tough and be capable of 
retaining these particular qualities 
during the full life of the belt.

The actual manufacture of the belt 
begins with the cutting of the friction 
duck to the desired width, the width 
of the strips depending on the size of 
the belt desired. After cutting, the 
duck is then folded in such a manner 
as to give the width and thickness of 
belt required. The raw belt, con­
structed as described, is then placed, 
a section at a time, in a large hori­
zontal vulcanizing press. The time 
required for vulcanizing usually 
averages from 20 to 40 min., depend­
ing on thickness. After this process, 
it is ready for the transmission of 
power.

Characteristics. It is made in 2, 3, 4, 
5, 6, 7, 8, 9, 10, and 12 plies in thickness 
and from 1 to 84 in. in width. The number of plies increases in proportion to width, 
pulley diameters, and power requirements. The tensile strength depends upon weight 
and quality of the duck employed. It will hold any style of metallic fastener and also 
can be rawhide or wire laced. It can be made endless, but this should be done by the 
manufacturer. It has no salvage 
value.

Uses. (1) High-speed motor 
drives, based on correct number 
of plies for pulley diameters; (2) 
crossover drives from line- to 
countershafts of machine tools 
when controlled by tight and loose 
pulleys; (3) On shifting drives; (4) 
on step-cone and flanged pulleys; 
(5) It is moisture- and steam-proof 
but has very little resistance to the 
action of the corrosive acids and 
will not resist the action of mineral 
or animal oil for any great length 
of time; (6) all manner of belt 
driving when not subjected to the 
atmospheric conditions given.

Fig. 3.—Relation of number of plies to pulley 
diameters and speeds for rubber belting.

12 16 20 24 2δ 32 36 40 44 43 Minimum Pulley Diameter in Inches
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Dressings for Rubber Belting. It is impossible to actually dress or 
lubricate the fibers of a friction surface rubber belt because the rubber fric­
tion compound between and in the duck plies cannot be penetrated. All 
types of dressings applied, based on this fact, remain on the surface causing 
endless amounts of trouble. The immediate use of vegetable castor oil or 
boiled linseed oil on new rubber belting will remove the bloom of the rubber 
and give a non-dangerous adhesiveness to the belt. These oils are beneficial 
if used sparingly on old or worn rubber belting.
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Formula for Rubber Belting. Rubber-belting manufacturers use the 

following formula:
WNS(T1-Te)^ lʌ

HP· = ~33,000------ V1 -R)
^rhere Hp. = horsepower capacity of belt.

W = width, in.
N = number of plies.
/S = belt speed, ft. per min.
Ti = tight-side tension, lb. per in. width.
Tc = centrifugal tension, lb. per in. width.

(1-⅛) = correction factor for arc of contact (see table).

Arc of Contact Correction Factors

Arc of contact, deg. ,-⅛ Arc of contact, deg. '-s

90 0.29 190 0.51
100 .32 200 .53
110 .35 210 .55
120 .37 220 .57
130 .39 230 .58
140 .41 240 .60
150 .44
160 .46
170 .48
180 .50

—

For good quality rubber belting 32-oz. duck is generally used. Based on 
an average ultimate tensile strength for this weight of 440 lb., the allowable 
effective tension is 25 lb. per in. width of duck or a factor of safety of 17⅜. 
{Tχ — Tc) can therefore be calculated as 25 lb. for a 32-oz. duck belt and 20 lb. 
for 28-oz. duck.

Stitched Canvas Belting
Origin. This type originated in England and, after meeting with con­

siderable success, was introduced to the United States.
Construction. There are two types of construction used in the manu­

facture of this class of belting, one known as the round edge and the other 
as the folded edge. The difference in the two methods of construction is in 
the manner in which the duck is folded before stitching and in the building up 
of the various numbers of duck plies.

The round-edge construction gives a smoother surface to the action of 
shifter forks and prevents premature, cracking of the edges of the belt. The 
better grades of this class of belt are usually made from 36- to 37⅜-oz. duck, 
which possesses a tensile strength of from 550 to 600 lb. per in. of width, 
therefore, giving the belt high tensile strength.

After folding for either the round- or folded-edge construction, the belt is 
stitched and is then thoroughly impregnated with certain compounds either 
by the immersion or the pressure process, thus rendering the belt impervious 
to mechanical and atmospheric actions. After the belt is thoroughly impreg­
nated it is stretched and is then ready for the transmission of power.
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Characteristics. It has a high coefficient of friction, extreme flexibility, resistance 
to ply separation, and is elastic. It will hold any type of metallic fastener but is difficult 
to make endless. It has extreme uniformity, therefore results in a true running belt. 
It has no salvage value.

Uses. (1) High-speed motor drives, based on correct number of plies for pulley 
diameters; (2) crossover drives from line- to countershafts of machine tools, preferably 
when clutch controlled; (3) shifting drives, preferably when the belt is of 6-ply construc­
tion; (4) it will resist the action of water, steam, heat, and mineral oil but will not resist 
the action-of the corrosive acids; (5) all manner of slow speed, heavy driving, when not 
subjected to the atmospheric conditions stated.

Formula for Stitched Canvas Belting. As in rubber belting, the 
allowable effective pull is based on so many pounds per inch ply of the belt 
and varies according to the weight of the duck employed. The average 
good grade of stitched canvas belting is made up of 36-oz. duck, 28 lb. per in. 
width allowable effective pull on tight side.

The formula for 36-oz. duck at 28 lb. allowable effective pull per inch is

nwɪ - r<≈)fι - ɪ
Horsepower =-------------ʌ------------ -

33,000
Use 28 lb. for the value of (Ti — 77c) in the above formula.

Hair Belting
Origin. Hair belting originated in Manchester, England, in 1873. In 

the late eighties, a company was formed in the United States for the produc­
tion of this type of belting, and the brand manufactured was known as 
cameΓs hair.

Construction. Belting of this type is made of hair yarn of various kinds 
and mixtures of hair and wool.

Hair yarn must possess high tensile strength, elasticity, and no excessive 
stretch. Belting of this type made of pure camel’s hair which has been 
properly selected and prepared is considered the best. The best camel’s 
hair comes from the long-haired, two-humped Bactrian camel of northern 
China, Mongolia, and Siberia. The cotton yarn used in the best types of 
this class of belting should be of long fiber and the very best quality. This 
type is of the solid-wo ven variety and, prior to weaving the hair, is cleaned, 
and the longest fibers made up into yarn.

In weaving, the hair yarn becomes the warp of the belt while the cotton 
yarn is used as the filler and also a binder to hold the several layers of hair 
together in a compact and homogeneous fabric. The warp or lengthwise hair 
strands form the portion of the belt which gives the traction and takes the 
load pull. The cotton yarn which binds the several layers of camel’s-hair 
yarn together acts as a check on the hair and restrains its stretch.

In some types of hair belting the edges are made of cotton or leather known 
as friction edges. These edges are designed to protect the belt against the 
action of shifter forks.

After weaving, the belt is impregnated with a combination of heavy oils 
which preserve the entire fabric, lubricate it, and aid the frictional qualities.

Characteristics. It is made in the following weights and thicknesses:
Weight

Light.................................
Light, double or single. 
Double..............................
Extra heavy...................

Thicknesa In.
‰ to ⅜

¾6
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It is highly elastic and, therefore, should be placed on the pulleys extremely tight.

It has no laps or plies. It will remain soft and pliable during its life. It possesses aa
average ultimate tensile strength of 6300 lb. per sq. in. It has extreme flexibility and
therefore can be run on high-speed small pulleys. It will hold any style of metallic
fastener but cannot be made endless. It has no salvage value.

Uses. (1) High-speed motor drives, based on correct thickness for pulley diameters; 
(2) intermittent loads where shocks must be absorbed by the belt; (3) shifting and cross 
drives; (4) heavy hard-pull drives; (5) on crossover drives from line to counter of machine 
tools, whether clutch or tight- and loose-pulley control; (6) it is not affected by mineral 
oils unless the amount is excessive. It will stand heat to 300oF. and is not affected by 
extreme cold. It will stand for long periods the action of corrosive acids but should not 
be used where caustic is present. It is moisture- and steam-proof; (7) all manner of 
driving when not subjected to atmospheric conditions stated.

Formula for Hair Belting. Based on the fact that hair belting is a 
solid-woven product and not made up of plies, certain allowable effective 
pulls must be taken as a basis for power capacities, and these naturally must 
vary for the different weights. ∖

On this basis, the same formula as used for the various types of leather 
belting can be used for hair belting.

The following allowable effective pulls on tight side of belt are used in the 
power ratings of the various weights of this class of belting:
Light or single.......................................... ⅜6 in. thick = 40 lb. per in. of width
Light or double........................................ ⅛ iɪɪ- thick = 50 lb. per in. of width
Double................................................⅜2 to ⅜ iɪɪ- thick = 70 lb. per in. of width
Extraheavy............................................... %6 in. thick = 90 lb. per in. of width

Formula: 
ττ TWS
Horsepower = ——

where T is the effective pull (in tight side per inch of width) ; Wt the belt width, 
in inches; and S, the belt velocity in feet per minute.

Table 1

Weights of hair belting Thickness, in. Pulley diameter, in.Under 2000 ft. per min. 2000 to 4000ft. per ɪnin.
Light ................................................................................................... ¾6 3 5Light double.......................................................................... .. ¼ 5 7Double.................................................................................................... %a-⅜ 10 14Extra heavy.......................... ∙............................................................. 16 24

Belt Joining
Improper and careless joining is one of the principal factors of belting 

maintenance costs and one of the causes of short belting life. Based on this, 
the following should be adhered to when making a selection.

The fastener must not unduly strain the belt; must not cut or weaken the 
belt; must resist wear caused by pulley contact; must conform to the pulley 
circumference. It should allow the belt ends to fit closely and prevent break­
age at joint. It must be quick of application.

The Endless Method. Joining a belt so that the result is an endless band 
is the most efficient method because the joint is integral with the belt and, 
therefore, eliminates the use of any foreign material. All types of belting 
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have stretch, a factor which necessitates the use of take-up facilities where the 
endless belt is employed ; otherwise considerable trouble will be experienced.

Leather belting offers the greatest possibilities for the endless or cemented 
joint because in reality the belt itself is composed of cemented joints. To 
make a leather belt endless the ends should be scarfed or scraped down 
to a thin edge, 3, 4, or 6 in. back, depending on the width, and the cement or 
glue applied to the scarfed surfaces. These surfaces are then placed together 
and subjected to continuous pressure for two or three hours. When joining 
with pyroxylin cement as on a waterproof leather belt, the scraped surfaces 
are first sized with the cement and allowed to dry. After drying, another 
application of the cement is made and the surfaces placed together. Pressure 
is then applied for at least three or four hours.

The endless joint should be employed on all drives where center adjustment is 
possible—on high-speed spindle driving of machine tools, on large engine 
installations, and on automatic idler and pivoted motor-base drives.

7¾e endless joint should not be used on drives where center adj ustment is not 
possible—on vertical drives without idlers and on quarter-turn drives.

Endless Rubber Belting. Rubber belting of the ply type can be made 
endless by cutting and stepping the plies back from the ends so that when 
placed together they coincide. When set in this position, vulcanization is 
necessary. This can be done at the point of application by the use of small 
portable vulcanizing machines. Rubber belting of the cord type is now 
manufactured endless, with no joint or splice.

The Laced Joint. Rawhide is the most common material employed for 
making the laced belting joint and if properly made results in a good joint. 
It should always be employed where hand shifting is necessary because of the 
safety feature. Rawhide lacing is being done away with on general driving 
because of the time required to apply it and the advent of the quicker and 
efficient metallic methods. By the courtesy of John Wiley & Sons, Inc., the 
following table is reproduced from Kent’s, “Mechanical Engineers’ Hand­
book,” p. 1308:

Table 2

Width of belt, in.

Punching of Iace holes, 
distance from ends of belt, in. Distance of center 

line of first hole in 
first row from edge 

of belt, in.

Size of belt lace, 
in.

First row Second row

2- 4 ⅜ ⅜ ⅜ M∙
6- 8 ½ ɪ ½ ⅛10-12 ⅝ 1⅛ ⅜ ⅝β

14-16 ⅜ 1½ ¾ ⅜
18-20 ⅞ 1¾ ⅝
22-24 I 2 1 ⅛

Metallic Fasteners. There are a number of metallic fasteners on the 
market, and they are all used extensively because of their efficiency and time­
saving factor of application. The wire hook and pressed-steel-pin type, the 
plate type, and the staple or prong type are the most popular.

The wire hook type can be used on single, light double, and regular double 
leather belting up to 8 in. wide and on all types of rubber and fabric belting 
from 2- to 6-ply up to 8 in. wide, on drives where unfastening must be done 
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quickly, on high-speed work where the endless joint is not practicable, where 
an insert is necessary, and on shifting drives.

The wire hook should not be used on hand-shifted drives, on heavy double 
leather, or on rubber or fabric belting over 6 plies in thickness, on automatic 
idler drives.
Table 3. Minimum Pulley Diameters and Belt Thicknesses for Wire 

Hooks

H∞k size Thickness of belt Minimum pulley diameter, in.

2 2 or 3-ply fabric 2½ and 3
4 4-ply fabric and single leather 6
6 6-ply fabric and regular double leather 12

The plate fastener can be used on single, light, and regular double leather 
from 1 in. to any width required, and on all types of fabric belting from 3 to 
12 ply and in widths from 1 in. to any width required, on open and crossed 
drives, on hard-pull slow-speed driving, and on shifting drives.

The plate fastener should not be used on any type of idler installation, on 
high-speed small pulley work, on hand-shifted belting, or on special tannage 
leather belting.

Table 4. Plate Sizes for Various Belt Widths and Minimum Pulley 
Diameters

Belt width, in.

Number and size of plates

4-in. diam. 
pulley and 

larger

6-in. diam. 
pulley and 

larger

9-in. diam. 
pulley and 

larger

12-in. diam. 
pulley and 

larger

24-in. diam. 
pulley and 

larger

2 1-No. 607 1-No. 63
4 2-No. 607 2-No. 63
6 4-No. 66 4-No. 67 2-No. 103 2-No. 149
8 2-No. 147 4-No. 63 2-No. 189

10 4-No. 83 4-No. 109
12 4-No. 103 4-No. 149 4-No. 1611

4-No. 161114 4-No. 123 4-No. 1409
18 6-No. 149 6-No. 1611
24 6-No,22ll

Care and Treatment of Belting
What to Consider. (1) Select correct type and size for the atmospheric 

and mechanical conditions involved and the power requirements when the 
initial installation is made; (2) over-power rather than under-power; (3) 
make pulleys slightly wider than the belt; (4) select proper joining method and 
see that ends are square before joining; (5) allow belt to pull on bottom if 
possible; (6) centralize the care of belting; (7) keep pulleys and shafting in 
line; (8) inspect the belting lap or splices frequently; (9) inspect the fastening 
method frequently; (10) keep belting clean and periodically dress it with the 
proper lubricant.

Nothing should be used on a belt with the mere object of making it sticky. 
Power is wasted in tearing a belt away from the pulleys, and this tearing 
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action is destructive to the belt. Sticky dressings cause the formation of 
lumps on the surface of the pulleys which create loss of contact and breaking 
of the friction seal between belt and pulley.

Table 5. Minimum Center DistancesBased on. power and ratios
Horsepower to Ratio of Centerbe transmitted driver to driven distance, ft.

1- 4 4-105- 9 8-1210- 14 Y-Yi 8-1415- 24 Yi-¾ 9-1525- 39 ¾-5∕i 10-1640- 49 12-1750- 74 13-1875- 99 Yι-¾ 18-24100-124 ¾~Yι 20-26125-149 Y-¾ 22-28150-200 26-32

Fig. 4.—Loss of contact on driving pulley by high ratios.

BELT DRIVES
Vertical Drives. A belt drive in a vertical position without take-up 

facilities, although necessary at times, is always troublesome. The natural 
stretch of the belting substance causes sag of the belt away from the bottom 
pulley, resulting in power loss and excessive maintenance. When a vertical 
drive must be employed without take-up provisions, use a center distance as 
short as possible be­
cause this provides less 
accumulated stretch per 
foot.

Crossed-beltDrives. 
Belting is crossed for 
the purpose of reversing 
direction of rotation 
and arc of contact in- ’ 
crease, but considera­
tion must be given to pulley diameters, belting width, and type of fastener em­
ployed if good results are to be obtained. The pulleys should be of reasonable 
diameter and as near equal in this dimension as possible. Belting over 8 in. 
wide should not be crossed because of the large area of belt in contact. A poor 
joint or projecting metallic fastener will quickly cause the destruction of a 
crossed belt.

Quarter-twist Drives. Quarter-twist drives are employed for trans­
mitting power by belting at right angles, either vertically or horizontally. 
Leather belting gives the best results because it can be especially constructed 
to suit this type of drive. An empirical rule for this installation follows:

Rule: The center of the face of the loose side of the driver must line with the 
center of the face of the tight side of the driven.

Mule or Guide-pulley Drives. This type of driving makes it possible 
to transmit power by belting up over or around a corner. It is accomplished 
by the aid of a guide or mule pulley as it is generally termed, operating on 
independent spindles or shafts. Machine tools, such as single- and multiple­
drill presses, are frequently driven in this manner. This type of drive is
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difficult to maintain and should not be used unless absolutely necessary. 
Best results are obtained from a narrow belt width, not in excess of 6 in.

Cone-pulley Driving. Tapered cone-pulley drives are employed when 
variation in speed is required, but, unless a properly constructed belt is used, 
constant trouble will result. Crossed belting operates to a better advantage 
on cone pulleys and especially where the taper is extreme. Cone-pulley belts 
are as a rule shifted frequently, and, therefore, lateral stiffness of one ply is 
necessary. This is accomplished by making the outer ply wider and of a 
stiffer material than that which is against the pulley.

Belt slippage causes power loss and destroys belting. It can be caused 
by (1) too small pulleys, (2) overloading, (3) underloading, (4) non-lubrica­
ron of belting, (5) sticky dressings, (6) atmospheric effects, (7) misalignment, 
and (8) bad joining.

Knowledge of these factors and frequent inspection of belting will prevent 
premature destruction from belt slippage. A polished, shiny face of a pulley 
denotes belt slippage.

The Crowning of Pulleys. Belting connecting the pulleys of parallel 
shafting tends to run toward that part of the pulley which is largest in diame­
ter. It is for this reason that pulleys are higher at the center of the face or 
rim than they are on the edges. This raise is termed the crown. Crown­
faced pulleys should be employed on all belted installations with the exception 
of the tight and loose pulley drive. The twin, or tight- and loose-driven, 
pulley should be crowned, but the driver, or drum pulley, should be flat or 
straight faced so as to permit easy sliding of the belt from the loose to tight 
pulley and vice versa.

PULLEYS
There are three general classes of pulleys for the transmission of power 

by belting, namely, cast iron, steel, and wood. There are several types 
and makes of each style manufactured, which in itself causes confusion when 
a selection is to be made. In the average production shop, it is difficult to 
differentiate in regard to the pulley to employ because conditions are generally 
normal, but in industrial plants where chemicals, dyes, paints, etc., are manu­
factured it is a problem.

Cast-iron Pulleys
The cast-iron pulley is made in the following types:

1. Single arm, solid or split.
2. Double arm, solid or split.
3. Keyless or interchangeable bushed.

Construction. Cast-iron pulleys are usually designed and built to with­
stand the strains under which the respective belt can be expected to operate. 
The cast-iron pulley is of rigid construction and therefore runs true if properly 
set and fastened to the shaft. Due to its rigidity, sudden shock, loads, or 
falls are liable to cause cracking or fracture of the iron.

Speeds. Standard pulleys are made for rim speeds of 3500 to 4000 ft. per 
min., and while rim speeds from 5000 to 6000 ft. per min. are permissible.such 
pulleys should be specially made and balanced.

Applications. The cast-iron pulley will stand heat, moisture, steam, and 
acid fumes; therefore, it has a wide range of usefulness. A cast-iron pulley 
will last for years if operated according to its capacity.
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Steel Pulleys
Types. The pressed-steel pulley is made in three distinct types: the 

one-piece rolled edge, crowned rim, split; the one-piece crowned rim, without 
edge roll, split; and the two-piece crowned rim, edge roll, split.

All have respective advantages and disadvantages; therefore, as to their 
usage, it is difficult to say which is the best because for the average industrial 
service the three types are efficient.

Construction. The steel pulley is a fabricated structure; therefore, 
there exists a wide difference in design. Within working limits of belting, 
however, strength of joints and the greatest possible rigidity have been 
secured. The difference in type particularly pertains to the construction of 
the rim, which has been noted in the above paragraph.

Speeds. The pressed-steel pulley can be operated with safety at high 
rim speeds, 4000 to 4500 ft. per min. being common practice. On tests, this 
type of pulley has been run at 14,000 ft. per min. for periods of 30 hr. without 
signs of distress. This would not be practicable in power transmission owing 
to the fact that 4500 ft. peí min. is the most economical belt speed.

Applications. Steel pulleys can be operated in similar places to those 
where cast-iron ones are used, with the exception that they should not be 
used in the presence of corrosive acids or in severe moisture and steam.

This pulley is generally of the split type and is furnished with interchange­
able metallic bushings which make it possible to use either clamp, key, or set 
screw.

Wooden Pulleys
Types. Under normal conditions the modern wooden pulley will perform 

in every way as efficiently as the cast-iron or steel pulley, and, in addition, 
it is light and low in price.

There are three distinct types made, namely, the heavy-duty type of split 
design with standard bore into which the required wooden bushing is placed, 
the wooden-rim iron-center type, and the solid-wood type.

Construction. The wooden pulley is usually of the split type and for 
average driving is clamped to the shaft. It is made from hard maple and 
finished to all standard sizes.

Speeds. The wooden pulley is safe to any speed up to 5000 ft. per min. 
and has long life if operated under correct mechanical and atmospheric 
conditions.

Applications. Wooden pulleys are satisfactory for all ordinary driving 
and in operations such as crushers, stamp mills, oil-well rigs, and in hazardous 
operations such as explosives manufacturing. Wooden pulleys should not 
be used where water, dampness, or steam is present,

Selection. In selecting pulleys the following points should be borne in 
mind: (1) The surface of the rim should have a high coefficient of friction, 
yet it must not be rough because belt slippage cannot be entirely eliminated 
and, when a belt slips on a rough pulley, wear is rapid. (2) A pulley should 
combine strength with light weight. Unnecessary weight loads up the shaft 
and, generally, increases the friction of the drive. (3) The pulley should be 
able to withstand severe service and resist breaking in case of sudden overload 
or shock. (4) A pulley should be, to a certain extent, a heat conductor as 
belt slip generates heat. (5) A split pulley has great advantages over a solid 
pulley because it can be mounted on the shaft with the minimum amount of 
shutdown and labor. (6) A pulley should be exactly round and of such 
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material and construction that it is unaffected by atmospheric conditions. 
(7) A pulley should be designed so that it will rotate with the least amount of 
air resistance.

Ordering Pulleys. Pulley manufacturers are more familiar with their 
products than the consumer; therefore, when ordering pulleys careful observ­
ance of the following rules will avoid errors and save time:

1. Service: Give horsepower, r.p.m., and character of service.
2. Description: State whether solid, split, clamp hub, tight and loose, flanged or 

special.
3. Diameter: Specify diameter in inches. This should be the first dimension given. 

If exact diameter is required, mention this fact and state whether measurement shall 
be made at crown or edge of rim. Unless otherwise specified, the diameter of the pulley 
is the diameter at the top of the crown.

4. Face: Specify face in inches. This should be the second dimension given and 
should be specified in accordance with the width of the belt unless an exact width of 
face is desired in which case the fact should be noted by having the word exact follow 
dimension of face.

5. Bore: Specify exact diameter of shaft in inches. This should be the third dimen­
sion given.

6. Crown or Straight Face: After specifying dimensions of pulleys, state whether 
crown or straight face. If neither is specified, crown face is generally furnished. Drum 
Pulleys for shifting belts have straight faces. Each pulley of a pair of tight and loose 
Pulleys should have crown face.

7. Key-seat or Set-screwed: State whether key-seated or set-screwed, or both.

Belt Width and Pulley Face. The face of a pulley is generally deter­
mined by the width of belt to be employed. As an example, if a 6-in. double 
leather belt is to operate over a 24-in. diameter pulley, the pulley should be 
specified as a 24 by 6 in. However, the actual width of the face of the pulley 
■would be approximately 6% ɪɪɪ- because it is a standard with pulley manu­
facturers to make the face of the pulley at least ⅞ in. wider than the belt to 
be used, so as to overcome the possibility of the belt running off the pulley 
due to weave. Pulleys to accommodate belts wider than 12 to 14 in. up are 
usually made 1 to 1⅜ in. wider in face than the width of the belt.

Relative Characteristics of the Various Types of Pulleys. Cast-iron 
pulleys are made for rim speeds of 3500 to 4000 ft. per min., and while rim 
speeds from 5000 to 6000 ft. per min. are permissible such pulleys should be 
specially made and balanced. The cast-iron pulley can be used for any 
practical power requirements.

Pressedsteel pulleys are made to operate with safety at rim speeds of 4000 
to 4500 ft. per min. However, on tests, pressed-steel pulleys have run at 
14,000 ft. per min. for periods of 30 hr. without signs of distress. The pressed- 
steel pulley can be used for any practical power requirements.

The wooden pulley is safe at any speed up to 5000 ft. per min. and can be 
used for any practical power requirement.

GEARING
The general subject of gearing is so well treated in Marks’ “Mechanical 

Engineering Handbook” and similar handbooks that merely the various 
types will be mentioned here. The various types of power gears are as 
follows: spur, miter, bevel, mortise, worm, herringbone, and helical.

BEARINGS
For the industrial transmission of power there are various types of bearings 

manufactured, and if employed under the mechanical conditions for which 
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they are designed will give efficient and economical service. The four general 
types of bearings are as follows: grease lubricated, self-oiling, antifriction, 
and oilless.

Grease-Iubricated Bearings. There are three general types of grease- 
lubricated bearings, namely, the solid babbitted bearing which should be 
used on shafting or axles under 4%θ in. revolving at slow speed and where 
adjustment is not necessary; the split flat box which is extensively employed 
where moderate powers and speeds are involved but should not be employed 
on shafting over 31⅝β ɪɪɪ* diameter; and the plain rigid pillow block which is 
designed for almost any load on slow-speed shafting.

Self-oiling Bearings. These bearings are made in several types, such 
as the rigid and ball-and-socket pillow block, the ball-and-socket drop hanger, 
post hanger, and bracket hanger, and employ three distinct features of self­
lubrication, namely, the ring oiling system, the capillary system, and the wick 
system. These bearings are applicable to all manner of driving.

The rigid or ball-and-socket pillow block is usually employed to support 
shafting from concrete or wooden piers, the drop hanger to support shafting 
from ceiling or roof truss, and the post hanger to support shafting from 
columns or posts.

Antifriction Bearings. There are two distinct types of antifriction 
bearings, namely, the ball and the roller, each possessing its own individual 
characteristics.

The steel-roller type can be subdivided into three types, namely, the flexi­
ble, the tapered, and the solid.

The ball-bearing type naturally can utilize only the ball.
Antifriction bearings are made for drop hangers, post hangers, and pillow 

blocks, and may be universally employed for transmission purposes.
OilIess Bearings. The oilless or self-lubricating bearings are those that 

contain within themselves sufficient lubrication to assure continuous service. 
The general types are as follows:

The bronze and graphite type which is constructed of high-grade phosphor 
bronze ipto which are cast symmetrical grooves for graphite, varying in design 
according to the service for which the bushing is intended; the hard-wood, 
lubricant-impregnated type which is made of hard seasoned wood, thoroughly 
impregnated with a specially prepared lubricating compound (no additional 
lubricant is ever required) ; and the metaline type which is constructed of 
either phosphor-bronze or gun metal-bronze and into which are inserted 
small-diameter metaline plugs. The metaline plugs are a mixture of graphite 
and antifriction metals. The oilless bearing is particularly adaptable for 
high-speed spindles and in the cotton and textile industries, generally, where 
cleanliness is a feature.

Spacing of Bearings. The number of bearings used on a shaft, and their 
spacing, has a direct influence on the dead-load capacity of the shaft. Deflec­
tion of shafting should not exceed 0.01 of 1 in. per ft. Beyond thiə, binding 
in the bearings occurs, causing increased friction load and the possibility of 
burned-out bearings. There is no definite rule for the exact spacing of bear­
ings; therefore, in most cases it is a matter of judgment. On line shafting, 
8-ft. centers is good practice where the pulleys can be set close to the bearings.

Bearings for Power Shafting. Based on the numerous designs of bear­
ings manufactured, the selection of a type is at times difficult. The factors 
governing bearing selection are: (1) diameter and speed of shaft; (2) power 
and dead load; (3) support; (4) lubricant and lubrication method; (5) space 
limitations; (6) operating conditions; (7) initial and maintenance costs.
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—Monetary losses caused by excessive 
friction loads.

The actual bearing surface should be of a metal softer than the shaft or 
journal, enabling the bearing to wear and not the shaft. The most extensively 
employed bearing metal is known 
as babbitt, which is a mixture of 
antimony, lead, and tin. Brass is 
an excellent bearing metal if the 
bearing surfaces are well scraped 
together with the shaft; otherwise 
heating will occur. The rubbing 
surfaces of bearing and shaft are 
never perfectly true and smooth. 
For this reason babbitt or alloy 
metal is employed as it quickly in 
combination with the lubricant 
conforms to the shaft and the 
shaft to it. The shaft is always 
slightly less in diameter than the 
bearing. The difference is termed 
bearing clearance, which in average 
practice is about ⅜ooo in. per in. 
shaft diameter. Accurate align­
ment of shafting is necessary for 
efficient bearing performance.

Bearing Pressures. These 
pressures are generally moderate 
or excessive: moderate, when 
bearings are designed adequately for the load; and excessive, when undersized 
for heavy dead loads and severe belt 
tensions. Bearings employed for 
industrial power transmission are 
safe for pressures up to 150 lb. per 
sq. in. projected area. This figure 
is rarely reached in this class of 
service.

BearingTemperatures. Bear­
ing temperatures are known as 
moderate and extreme: moderate 
are those not higher than 140oF., 
which is easily maintained in the 
average shafting installation if 
alignment, lubrication, and loading 
are given consideration. Tempera­
tures above 140oF. are due to defi­
cient radiation, internal friction, or 
the effect of high surrounding tem­
perature.

Internal friction can be caused 
by improper mechanical conditions, 
wrong lubricant, or an insufficient 
amount of lubricant.

Antifriction Bearings. Bearings of the ball and roller type reduce the 
internal friction of a bearing to a minimum. The graphic chart (Fig. 5) 
shows the monetary losses involved due to excessive bearing friction. It is 

Fig. 6.—Relation of constant K to revolutions 
per minute.
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based on 4 lb. coal per horsepower-hour, 300 working days per year, 10 
running hours per day, and a coal cost of $4 per ton.

There are two types of antifriction bearings, the ball and the roller. The 
economy of their use has been amply proved in practice, mainly because a 
rolling motion cannot produce as much wear as a sliding motion. These 
bearings cost three to four times that of plain babbitted bearings, but their 
reduced friction, saving of oil, longer life, and decreased maintenance offset 
the initial high cost.
Table 6. Maximum Allowable Velocities for Line-shaft Solid Roller 

Bearings
Shaft Diameter, Maximum Velocity

In. R-p.m.
I1 ⅜β and smaller 600
2⅜6-2i⅝β 400
3⅝6-3*‰ 300
4‰-5i‰ 250

The ball bearing is the most efficient antifriction device known, carrying 
the greatest load with least friction and possessing great strength. The load­
carrying ,capacity of a ball bearing is given by the formula, P = KZD/5, where 
P is the safe load (in pounds); Z, the number of balls; D, the ball diameter, 
⅜ in.; and K, the constant, depending upon the shape and material of the 
surface supporting the ball. The constant (X) as a function of the revolu­
tions per minute is given by the graph in Fig. 6.

SHAFTING
Cold-finished Steel Shafting. Because of its low cost and adequate 

strength for the average power-transmission requirements of industry, cold- 
finished steel shafting is widely employed.

It frequently occurs, however, that stronger steels are required for shafting 
because of slow speed, heavy loads, and shocks. This makes necessary the 
use of the S.A.E. alloy steels.

Specification Numbers for S.A.E. Steels. A numeral index system is 
used for the specification of S.A.E. steels, which facilitates the specifying of 
these steels. Such numerals are partially descriptive of the quality of 
material covered by these numbers. The first numeral of the number 
indicates the class to which the steel belongs; thus the numeral 1 indicates a 
carbon steel, 2 a nickel steel, and 3 a nickel chromium steel. In the case of 
the alloy steels the second numeral of the number generally indicates the 
approximate percentage of the predominant alloying element. Usually the 
last two or three numerals of the number indicate the average carbon content 
in “points” or hundredths of 1 per cent. Thus 2340 indicates a. nickel steel 
of approximately 3 per cent nickel (3.25 to 3.75) and 0.40 per cent carbon 
(0.35 to 0.45) ; 71360 indicates a tungsten steel of about 13 per cent tungsten 
and 0.60 per cent carbon. The basic numerals for the various qualities of 
steels specified are as follows:

Basic 
Steel Numeral

Carbon.............................................................................................................................. 1
Nickel................................................................................................................................ 2
Nickel-Chromium.......................................................................................................... 3
Molybdenum.................................................................................................................. 4
Chromium.......................................................................................................................  5
Chromium-Vanadium.................................................................................................. ɑ
Tungsten.......................................................................................................................... 7
Silicomanganese............................................................................................................. ə
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Physical Properties of Cold-finished Steel Shafting

Type

S.A.E. numbers
Tensile strength, lb. per sq. in.

Yield point, lb. per sq. in.
Elonga­tion, in 2 in. % Reduc­tion of area, % Size diameter, in.

p polled soft steel or screw stock................................,0Idsfimshed screw stock S.A.E. 1112 or 1120., «»id-finished screw stock S.A.E. 1112 or 1120.. ⅛⅛finιshed 35/45 carbon S.A.E. 1040..................ɑɪd-finished annealed 35/45 carbon alloy—
50/60.000 30/35,000 20/30 35/45 I to 270/100,000 55/90,000 10/20 35/60 Up to 150/60,000 30/40,000 20/35 30/45 2⅜to470/90,000 35/50,000 20/30 35/50 l½ to2s∙A∙E. 3140, 2340, 6140, etc........................................... 90/110,000 60/70,000 20/30 55/65 Upto 1½

Shafting Horsepower Formulas
Cold-finished steel

¾ad Shafting (First Shaft from Prime Mover) :
Heavy strains and loads.......................... horsepower = D3Λ∕125
Average loading.......................................... horsepower = Z>3Λ∕110
Lightloading............................................... horsepower = Z>3β∕100

Intermediate Shafting (Such as Jacks and Counters) :
Horsepower = P 3E/90 

Line Shafting:

Heavy load, with bearings about 8 ft.,
center-to-center...................................... horsepower = P3E∕100

Medium IoadtWithbearingsabout 8 ft.,
center-to-center...................................... horsepower = DzR /90

Light load, with bearings about 6 ft.
center-to-center...................................... horsepower = DzR/75

ð a= diameter of shaft.
⅛ = r.p.m. of shaft.

Constants
125 = 2800 lb. fiber stress
110 = 3000 lb. fiber stress
100 = 3200 lb. fiber stress
90 = 3400 lb. fiber stress
75 = 4000 lb. fiber stress

Flexible Shafting. This type of shafting is used for two principal pur­
poses, namely to transmit power and to transmit motion. It will transmit 
sɪnall amounts of power at high or low speeds with the continuity and prop- 
erIies of a solid shaft between points so located with respect to each other 
Ihat a solid shaft cannot be used, i.e.t around corners, at various angles, and 
ɪɪɪ all other cases where the driving and driven elements are not in alignment 
oɪ' must be moved with respect to each other. It will transmit motion to 
eIements which must be moved back and forth or turned through a full circle 
or any arc, whether by hand or automatically, in cases where the elements 
Io be moved are so located that they cannot be readily reached by hand, or 
Where a direct straight connection is impracticable.
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In regard to the maximum size of flexible steel shafting, while it is entirely 
practicable to manufacture flexible shafts larger than % in., factors enter 
into the design and construction of these larger shafts which materially 
increase the cost. The application of a shaft larger than ⅜ in, becomes more 
or less a special problem.

Uses of the Flexible Steel Shaft.
1. Tachometers.
2. Speedometers.
3. Washing machines.
4. Moving-picture cameras.
5. Valve grinding machines.
6. Screw slotting machines.
7. Linotype machines.
8. Milling machines.
9. Glass-cutting machines.

10. Valve controls.
11. Printing presses.
12. Portable grinders.
13. Concrete surfacers.
14. All types of portable tools.

Dicimeferin Inches 
Fig. 7.—Weights of cold-finished steel shafting.

Characteristics. The selection of a flexible shaft best suited for a given 
application requires a definite knowledge of what the shaft should be used
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for, and the specific conditions under which it is to operate. The advisable
Procedure is to make a preliminary selection of a shaft which seems to have the
Proper characteristics of torsional strength and transverse flexibility and the
necessary torque capacity and try it out under the actual operating conditions.

Drive Ends for Flexible Shafts. Shafting of this character is generally 
equipped with special ends for engaging the driving and driven members, 
ɪhe design of these ends is determined by the conditions of the particular 
application. In some cases the same design of end is used on both ends of 
the shaft, while in others different ends are used. The variety of shapes and 
sizes these ends may take is unlimited; for example, they may be forked, 
slotted, splined, square, flat, threaded, or, in fact, of any design and any 
Waterial that the application may demand. It is a good practice, however, 
to have the ends made and attached by the shaft manufacturer.

Casings for Flexible Shafting. Practically every flexible shaft is pro­
vided with a casing which acts as a runway or guide for the shaft and protects 
it from foreign matter. It is sometimes referred to as the “sheath.” Casings 
Way be made of a variety of materials including braided fabric, metal, leather, 
rubber-filled materials, etc., but in practically every design of casing a metal 
winding forms the foundation over which the other material is laid. In the 
characteristics of transverse flexibility, the casing should conform as nearly as 
Possible to the drive shaft which it encloses. In the ideal combination, 
casing and shaft will bend with exactly the same flexure and will parallel 
each other in the bends.

GEAR REDUCTION UNITS
The modern gear speed-reduction units utilize four general types of gearing, 

namely: (1) the worm and worm wheel, (2) the spur, (3) the herringbone, and 
(4) the bevel. These various types have been largely standardized so that 
they are now available in suitable sizes and ratios for almost any power and 
speed-reduction requirement. Each type has inherent limitations; therefore, 
care should be exercised based on the knowledge of the units in question 
before a selection is made for a particular installation. Trade catalogues of 
gear-reduction-unit manufacturers generally list ratios, horsepowers, and 
speed capacities of their respective units. Ratios in single reductions up to 
7:1 can be efficiently handled by belting, chains, or open gearing; and up to 
12:1 by the same mediums if efficiency is of minor importance. The modern 
speed-reduction-gear unit has made possible the elimination of a multiplicity 
of chains, gears, shafting, and belting for ratios such as 15:1 and higher.

1. Worm Reduction Gear Units.
Types. The modern worm-gear speed reducer has been perfected to 

such an extent that all conceptions as to the inefficiencies of this type of 
driving have vanished. Therefore, it is used extensively in all classes of 
industry and may be divided into the following types:

1. The bottom-driven unit.
2. The top-driven unit.
3. The vertical unit.
4. The compound unit.
Construction. The modern worm gear is constructed with as steep a 

helix angle on the worm as possible because the greater the helix angle (up 
to 42 deg.) the greater the efficiency, and the smaller the angle the greater the 
power loss.

The worm of a first-class modern reducer is usually integral with an alloy­
steel shaft with threads hardened and ground. This combination is rigidly 
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supported on ball or roller bearings, the rear bearing being of the double-row 
maximum type, capable of carrying the full thrust load of the worm in either 
direction as well as one-half the radial load. The other half of the radial load 
is taken by the forward bearing.

The worm gear usually consists of a chilled cast-bronze rim shrunk on, 
and pinned to, a high-grade cast-iron center. The entire mechanism is 
encased in a rugged oil-tight cast-iron housing.

Ratios and Speeds. It is possible to obtain extremely large reductions 
with worm-gear units, but in the higher reductions the power loss precludes 
their economic application. Ratios of 60 or 70 to 1 are common, but beyond 
that point the efficiency drops rapidly. To obtain higher reductions and 
still retain the right-angle feature of the worm drive, it is common practice 
to use an auxiliary shaft supported independently, on which can be mounted 
a pinion which in turn meshes with another gear, or to employ a reduction 
unit specially designed with suitable bearings to permit the mounting of the 
pinion directly on the slow-speed shaft.

It is also possible to get very high reductions by means of a compound 
worm-gear reduction unit.

Modern worm-gear reduction units can be operated at worm speeds up to 
4000 r.p.m. and are, therefore, suitable for direct connection to steam turbines.

Applications. The worm-gear reduction unit is essentially a right-angle 
drive, and the housings and gearing arrangements are furnished by manu­
facturers in various forms to suit industrial requirements.

The worm-gear unit is applicable to almost any type of driving where the 
input speed is high and the output speed is low because it can be flexible 
coupled to a motor supported on a base plate, all making one integral unit.

Worm-reduction-gear Ordering. When ordering worm-gear reduction 
units the following information should be given: (1) horsepower of motor or 
driving shaft; (2) actual horsepower to be transmitted; (3) worm speed; (4) 
gear-shaft speed; (5) time during which unit will be in continuous operation; 
(6) description of driven machine or character of service.

Lubrication. The worm-reduction unit will not operate satisfactorily 
without oil. Its rotating parts must operate in a bath of good and suitable 
oil. Without this, short life and poor service can be expected. Never take 
it for granted that the reducer is supplied with sufficient oil when received 
from the manufacturer.

2. Spur-gear Reduction Units. Because the efficiency of the worm­
gear reduction drops rapidly when ratios of 60 to 70:1 are exceeded, the spur­
gear reduction unit has been evolved to cope with higher ratios. Ratios as 
low as 1:1 and as high as 500:1 are practical with the modern spur-gear reduc­
tion unit. This type reduces in a straight line, which in many instances is 
more advantageous than the right-angle feature of the worm-gear reducer.

The spur-gear reducer has peculiarities of its own and can be classified into 
two distinct groups: (α) the planetary and (b) the non-planetary types, both 
having certain advantages.

(a) Planetary Type. This reducer is capable of giving the largest speed 
reduction because it consists of spur gears and idlers radially disposed about 
a central pinion which in turn meshes with a stationary internal gear. The 
idlers must revolve on their own axes and, in addition, must be free to climb 
around the internal gear. To accomplish this, the idlers are mounted on 
studs which are rigidly fastened to a spider mounted upon the slow-speed 
shaft.
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The planetary reducer with single reduction is suitable for ratios between

4 and 8:1 but should not be considered for ratios of less than 3:1. High ratios
such as 100, 200, 400, and 500:1 are obtainable in the planetary type of reducer
by the reductions being doubled or tripled and coupled in series in the same
cast-iron housing.

(b) Non-planetary Type. This reducer has the advantage of giving 
comparatively low reductions and keeping the rotational speeds at minimum. 
Ratios as low as 1:1 and as high as 300:1 are practical.

This type consists of spur gears radially disposed about a central pinion. 
Each of the spur gears is keyed direct to pinions which in turn mesh with a 
central gear mounted upon the slow-speed shaft.

3. Herringbone-gear Reduction Units. The popularity of the worm- 
and spur-gear reduction units is now being shared by the herringbone type 
of reduction unit because it is highly efficient as well as silent in operation, 
ɪt is especially adapted to the transmission of large powers although it is 
rapidly coming into use for intermediate and low horsepowers notwithstand­
ing its comparatively high cost. The herringbone type of speed reducer 
does not possess the right-angle feature of the worm drive or the shaft-in­
line feature of the spur-gear reduction unit. Its high- and low-speed shafts 
are offset, although they are parallel with each other.

The herringbone unit is made in the single-reduction, double-reduction, 
and triple-reduction types, and the gears themselves are either cut with a 
central groove or with teeth having sharp apices.

Ratios and Speeds. The single-reduction herringbone unit consists of 
one pinion and one gear, and is manufactured up to ratios of 7 or 8:1. The 
double-reduction gear is commonly manufactured in ratios up to 60:1. 
Greater ratios are more economically secured by the triple-reduction type.

The herringbone reducer may be direct coupled to high-speed motors.

VARIABLE-SPEED MECHANISMS
Many modern forms of apparatus require minute variations in applying the 

speed. Frequently when such variation is desired, the control must be 
rapidly and easily accessible to the operator.

For many operations of this character the ideal installation is the variable­
speed motors, but it is difficult to obtain fine adjustment with this method. 
Therefore, there are two distinct types of variable-speed control—electric 
and mechanical, the mechanical device being most widely used for graduated 
speed reduction or increase.

Mechanical Infinitely Variable Speed Units. There are two types 
that appear to be the most popular; namely, the Reeves which utilizes 
smooth-surfaced cone disks with their apices facing inward, between which 
operates a specially constructed rubber and wood block belt; and the P.I.V. 
unit which utilizes radially toothed cone disks with their apices facing inward, 
between which operates a laminated toothed chain. The former is available 
in ratios to 16:1 and with horsepower capacities from fractional to 150, 
whereas the latter is available in ratios to 6:1 with horsepower capacities 
from 1 to 15. Selection depends upon installation space available and the 
refinement of infinite variation required. Both types can be had in either 
horizontal or vei,tical construction, and both can be supplied motorized.

Applications. These units can be used wherever variable speed is 
desired. Therefore, they are invaluable in canning, textile, machine, mining, 
paper, and cement industries.
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Advantages. The advantages of utilizing the mechanical speed-varia­
tion unit are: (1) It provides an infinite number of speeds. (2) The trans­
mission of power is positive at all speeds. There is practically no slippage. 
(3) It automatically locks in place at any desired speed. (4) Itmay be 
mounted in any position ; therefore power may be applied easily by belting, 
chain, or gearing. (5) It may be driven in either direction. (6) The speeds 
may be changed while the machine is running. (7) Ratios may be obtained 
as high as 16:1.

Control. These units can be controlled either by hand or remote electric. 
When hand controlled, a hand wheel is provided directly on the machine. If 
the machine is hung on the ceiling, a sprocket is provided on the shifting 
screw over which passes a chain to the hand-controlled sprocket below. 
When the unit is placed at a distance from the operator’s position at the 
driven machine, the electric or remote control has been designed in order that 
the unit may be used to its full advantage.

SHORT-CENTER METHODS OF DRIVING
To overcome the defects of belted power transmission brought about by 

the short-center, open, flat-belting drive, many methods for transmitting 
power at close range have been devised. The ordinary, short-center, open, 
flat-belt drive is constantly a source of trouble due to the high belt tension 
necessitated and, as a rule, high ratios.

Methods.
1. V-belt.
2. Pivoted motor base.
3. Silent or roller chain.
The V-belt Drive. This is an economical and compact means of transmit­

ting power from motor to various types of machinery. The drive consists 
of V-grooved cast-iron or pressed-steel sheaves in combination with one or 
more V-shaped belts made of fabric impregnated with rubber. The basic 
principle of this method is the locking effect developed as the belt seats itself 
in the groove. The top section is under tension and the lower one is forced 
into compression, thus inducing the sides of the belt to bulge, which causes the 
belt to grip the side walls of the groove through lateral stress.

Characteristics. V-belts are made endless and operate on finished 
V-grooved wheels. The drive is silent, operates without vibration, and is 
shock absorbing. There is a minimum of slip. The breakage of one belt 
does not shut down the drive. The drive can be operated at any angle and is 
reversible. The drive requires no oil or dressing. Belt speeds to 5000 ft. per 
min. are permissible.

Where the V-belt Drive Can Be Used. (1) High speeds, (2) for shock or 
pulsating loads, (3) where silence is necessary, (4) where cleanliness is neces­
sary, (5) on short or medium centers, and (6) in wet and sloppy conditions.

Where the V-belt Drive Should Not Be Used. (1) In temperatures above 
120oF., (2) where adjustment between centers is not possible, (3) where arc of 
contact on small wheel is less than 120 deg., (4) on quarter-turn drives, (5) 
on ratios over 7:1, and (6) where excess mineral oil or grease is present.

The Pivoted Motor-base Drive. This drive is available in either the gravity 
or reaction-torque types. Since the motor is free to adjust itself, the drive 
automatically synchronizes belt tension with the load requirements for any 
short-center, flat-belting installation. In addition, it corrects the effect of 
centrifugal tension, takes up belt stretch, and sustains maximum belt efficiency 
at peak loads.
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The gravity type consists of a cast-iron or welded-steel base, a pivot shaft 

and two cast-iron or steel motor-supporting arms which oscillate on the pivot 
shaft. For the best results the flat belt used should be first-quality oak or 
mineral retanned leather made endless. Through the medium of this base 
and arms the motor may be mounted on floor, wall, or ceiling and can be set to 
give the belt tension required. Bases are available in power capacities from 
fractional to 500 hp.

The reaction-torque type employs a definite force inherent in all electric 
motors. This force, known as “reaction torque,” is at any moment equal to 
the force exerted on the belt by the armature of the motor. In the base 
design of this type this force can be utilized because the motor is not attached

Fig. 8.—Horsepower ratings for V-belt. Ratings given are for one belt.

to a fixed foundation but is suspended in a cradle and is free to rotate through 
a limited arc. Since this design is dependent upon reaction torque for its 
effectiveness and since torque acts in a circle, it will function satisfactorily 
when mounted on floor, wall, or ceiling. The drive must be so arranged, 
however, that the reaction torque will tighten, not loosen, the belt, which 
means that the tight or pulling strand of the belt is always nearest the pivot 
axis.

Silent- and Roller-chain Drives. Chains of this character provide positive 
short-center driving with high efficiency. Both types are employed for motor 
driving, but the silent chain is more extensively used for this purpose in view 
of its silence and smoothness of operation. Both types operate on cut-toothed 
sprockets.

CLUTCHES
The problem of connecting full-speed power to dead load is always present 

in industrial operations. In many instances it is solved by the tight-and- 
Ioose pulley, but where starting loads are severe and in cases of chain connec­
tion the clutch must be employed.
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The clutch which controls the load by friction mediums is the one most uni­
versally used. There are numerous types and designs of such clutches on the 
market each possessing some individual characteristic as to the methods 
employed for engaging the friction-resistance portions. However, in the final 
analysis, while their mechanisms may differ, the result is the same.

Friction Clutches. Types. There are a number of friction clutches on 
the market which may be classified as follows:

1. Toggle and wood friction-block clutch.
2. The lined-disk and self-oiling sleeve clutch.
3. High-speed clutches.
4. The worm-and-gear-controlled clutch.
5. The friction pick-up and positive-lock clutch.
6. The coil-spring clutch.

Construction. The modern friction clutch consists generally of three 
principal parts, namely, the sleeve and friction-material drum or ring which 
operates loose on the shaft and to which is keyed the load-connecting medium 
such as pulley, gear, sprocket, or sheave; the clamp disk or part that engages 
the friction ring or blocks of the sleeve drum, this part being keyed to the 
power-input shaft; and the engaging mechanism which is controlled by a slid­
ing yoke and collar.

Application. The friction clutch is applicable to almost any type of driv­
ing and is indispensable to the driving of certain machine tools and where 
the power transmitted by chain is intermittent.

The split clutch should be used on a line shaft or on any shaft where it is 
impossible to slide the clutch from the end of the shaft.

The solid clutch should be used at, or near the end of, a line shaft where it 
can be readily removed without disturbing other elements of transmission.

When using a split clutch the driving member on the sleeve such as pulley, 
gearing, or sheave should be split also.

Speeds. As far as speed is concerned friction clutches are designed in 
two classes, namely, high- and low-speed clutches.

The low-speed clutch can be operated up to 500 r.p.m., while the high-speed 
clutch can be safely operated at speeds as high as 2000 r.p.m.

Cut-off Friction Clutches. This mechanism, sometimes termed a 
friction cut-off coupling, is similar in construction to the regular friction clutch 
with the exception that it has no sleeve. It is used chiefly for connecting 
two lengths of shafting in such a manner that one section can be stopped or 
started at will while the other section is operating. The cut-off clutch makes 
possible a segregation or separate control of the line-shaft equipment as 
required for different departments, rooms, or floors of a manufacturing plant.

The cut-off clutch is the most effective means for the prevention of accidents 
and injuries to workmen by making possible the immediate stoppage of 
shafting or machinery.

Jaw Clutches. The jaw clutch is a convenient method for connecting or 
disconnecting a load where shock is of no consequence and the speed is low. 
Therefore it is usually employed for very rough driving. It should not be 
considered for the average industrial transmission system and not be used on 
speeds exceeding 60 r.p.m.

It is constructed with either square or spiral jaws, and either type may be 
equipped with a sleeve to hold the driving member. This type of clutch may 
also be used as a cut-off coupling.
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CHAIN DRIVING
Selection. The transmission of power by chain has progressed rapidly, 

so that at the present time there is a type and design for almost any installa­
tion. The selection of type, therefore, is of the utmost importance because 
each style of chain manufactured is for a specific field and when misapplied is 
costly.

Advantages. The general advantages of chain driving are: (1) Certain 
types are approximately 98 per cent efficient. (2) Relatively high speeds can 
be obtained. (3) Not affected by heat, cold, or moisture. (4) Certain types 
will transmit within reason any amount of power. (5) Give a positive veloc­
ity ratio. (6) Can be used on short or long centers. (7) Chains cannot slip.

Types. There are three distinct types of power-transmission chains, 
namely: (1) malleable-iron detachable, (2) steel roller, and (3) the silent chain. 
Each type has its own construction and applications, and, therefore, will be 
discussed separately.

1. Malleable-iron Detachable Chain. Construction. This type 
is manufactured in approximately 25 stock sizes designated by number. 
Special sizes and designs can be obtained, but they are generally for purposes 
other than the transmission of power. This type is composed of individual 
malleable-iron links so designed as to allow ease of assembly.

Ratios and Speeds. The most desirable speed for this type is 400 ft. per 
min. and under, and the most desirable ratio of sprockets is not more than 
5:1. Higher ratios have a tendency to shorten the life of the chain.

Application and Capacities. This type finds application in practically 
every form of industry where the speeds and ratios are held within the limits 
mentioned.

The power capacities of this chain as to tensile strength and horsepowers are 
usually given in catalogues of the various chain manufacturers.

2. Steel-roller Chains. Types. This chain is manufactured in three 
styles: (α) the light-roller, (ð) the heavy-steel-roller, and (c) the finished 
steel-roller power chains.

(a) Light Steel-roller Chain. This type of chain possesses three times 
the tensile strength of the malleable-iron type and operates on cast tooth 
sprockets. It is constructed with medium-carbon hot-rolled-steel side bars, 
the pins and bushings are of hardened steel, and the rollers are of either mal­
leable iron or hardened steel.

The most desirable speed for this type is 700 ft. per min. or under, and the 
most desirable ratio of sprockets is not more than 5:1.

This type is applicable in practically every industry where the speeds and 
ratios are held within the limits mentioned.

Power capacities are generally given in catalogues of the manufacturers.
(b) Heavy Steel-roller Chain. This type of chain is of more rugged 

construction and operates on cast tooth sprockets. It is constructed with 
medium-carbon hot-rolled-steel side bars, the pins and bushings are of 
hardened steel, and the rollers are of either malleable iron or hardened steel.

The most desirable speeds for this type of chain is 700 ft. per min. or under, 
and the most desirable ratio of sprockets is not more than 5:1.

This type is applicable in practically every industry where the speeds and 
ratios are held within the limits mentioned.

The power capacities can be obtained from catalogues of chain 
manufacturers.
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(c) Finished Steel-roller Chain. This type is intended for general 
power-transmission purposes and is designed to operate on accurately cut 
sprocket wheels. It is much more expensive, but it has demonstrated its 
economy compared with the less costly chains which operate on cast tooth 
wheels.

It is constructed with special rolled-steel heat-treated side bars, the pins 
are made from alloy steel hardened, and the bushings are steel, case hardened. 
The rollers are high-carbon steel, heat treated.

It is possible to operate this type of chain at speeds as high as 1000 ft. per 
min. However, it is more desirable from an economical and long-life stand­
point to limit its operating speed to approximately 700 ft. per min. This 
type allows a wide range of ratios and can be operated successfully as high 
as 10:1. However, the average commercial-ratio requirements vary up to 
7:1.

Based on its strength and accuracy of design, this type of chain is applica­
ble to all manner of industrial driving within the speeds and ratios men­
tioned. This includes driving by motor.

The ultimate or breaking tensile strengths of finished steel-roller chains are 
given in catalogues of the various chain manufacturers.

3. Silent Chain. This is a distinct type of power-transmission chain and 
is manufactured for almost any reasonable power capacity with a sustained 
efficiency of approximately 98.5 per cent.

It is manufactured in several types, but the difference of design is almost 
entirely in the construction òf the pin or joint connection of the links.

There are two types of what may be termed rocker pin construction— 
one-pin and segmental-bushing joint, and a number of single-pin bushless 
joints.

All types of silent chains operate on cut-tooth-steel or cast-iron sprockets, 
and the permissible speeds and ratios are similar for all.

The most desirable speed for the silent chain is 1200 to 1500 ft. per min. 
At speeds higher than 1500 ft. per min., the silent chain should be encased to 
assure proper lubrication. The most desirable ratios for silent-chain driving 
ranges from 1:1 to 7:1. Ratios as high as 15:1, however, have been success­
fully employed.

The power capacities for silent chains are thoroughly given by tables, etc., 
in data books furnished by the various manufacturers of this type of chain.

Lubrication of Power Chains. The severe conditions under which 
most chains operate make exacting demands not only on the manufacturer of 
the chain but on the user. The former produces the best chain possible, 
and the consumer must also do his best to keep the chain clean and well 
lubricated.

Plastic lubrication such as grease and non-fluid oil should be used on the 
malleable-iron and unfinished-steel-roller chains. Fluid lubrication such as 
mineral oil should be used on finished-steel-roller and silent chains. Best 
results are obtained when these types are encased in what is known as an oil­
retaining casing. These casings are supplied by the manufacturer of the 
chain.

LUBRICATION OF POWER-TRANSMISSION EQUIPMENT
Whether bearings, gears, or other relatively moving mechanical elements 

are being dealt with, complete lubrication implies the separation of the 
opposed working parts by an oil film which transmits forces from one part 
to another and ŋrevents contact of metal on metal. Correct lubrication 
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implies, further that the fluid film consists of a correctly selected oil of a 
quality suited to the service, whether the service be one in which the oil per­
forms its duty but once and goes to waste, or one in which it must perform its 
duty repeatedly over long periods of time.

The factors which are essential to the building of the oil film are: (1) The 
presence of a wedge-shaped clearance space, free from grooving such as might 
interfere with formation of an oil film; (2) speed or relative motion of the 
parts by which the carrying action is accomplished; (3) adhesiveness of the 
oil to assure that it will follow the moving surfaces; (4) a certain degree of 
oil body, or viscosity—a characteristic which resists the too rapid escape of 
the oil from the film ; (5) lubricating value of the oil which largely determines 
the strength of the oil film under pressure.

There are also conditions which tend to break down the oil film, chief of 
which are (1) heavy bearing loads, (2) high temperatures. Heavy bearing 
loads create intense pressures. If the carrying effect of speed or the adhesive­
ness or body of the oil is insufficient, a heavy load will prevent the formation 
or maintenance of a complete oil film.

The effect of increased temperature on all oils is to decrease their body or 
viscosity. With any given oil there is therefore a temperature beyond which 
the satisfactory lubrication of a given bearing becomes impossible. The 
maintenance of lubrication therefore depends on securing a satisfactory 
balance between the film-forming factors of oil wedge, speed, adhesiveness, 
oil body, and lubricating value, and the film-destroying influences of pressure 
and temperature.

Efficient lubrication is created and maintained by the action of an oil 
wedge, and this wedge must be maintained by a regular oil supply. In 
modern transmission equipment there are three ways in which the oil is 
supplied :

(1) By the ring, chain, collar, capillary, splash systems, circulating and 
pressure systems, when the same oil is to serve repeatedly; (2) by the auto­
matic system such as drop-feed, wick-feed, and bottle oiler, when the oil 
loss must be compensated for; (3) by the hand-application system, when 
the need is intermittent, periodic, or irregular. When the parts cannot be 
lubricated by any available method of oil application, it may be necessary to 
use grease. Grease cups can at times be applied where an oiling device 
cannot.

HIGH-STARTING TORQUE CONTROL
Direct-connecting a motor to a load, particularly when high ratios are 

involved, generally necessitates rigid connecting methods. In view of the 
absence of mechanical slip with rigid connections, the motor is required to 
come to full speed under the applied load of the driven apparatus. The 
torque required to start a heavy applied load sets up destructive strains in 
both the electrical and the mechanical equipment, unless relieved by either 
electrical or mechanical devices. Economically it is desirable to use standard 
induction motors with “across the line” start, since such a start permits the 
motor to come to full speed in a few seconds provided the load is moderate or 
light. If the load is heavy, severe starting torque strains are produced. This 
condition can be relieved by special motors and electric starting equipment or 
by mechanical devices interposed between motor and load.

Electrical Methods. A.C. Slip-ring Motor. This type accelerates gradu­
ally under load in view of the use of collector rings and adjustable rheostats. 
The acceleration in speed is procured by wasting energy in resistance.
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A.C. High-starting-torque Motor. This type differs from the standard 
induction motor in that it has two windings, one of which controls the resist ­
ance during starting and the other the reactance during running. The start­
ing torque of the standard induction motor is approximately 175 per cent of 
the full-load torque, whereas for a light starting torque motor it is approxi­
mately 250 per cent.

D.C.  Motor. This type possesses large starting torque capacity. The 
series motor can be used when the load is always connected to the motor and 
when the constancy of speed with variations in load is not especially desired. 
The series motor has a rapid rise in speed at high load; ⅛.e., if the load is not 
connected, the motor will race.

D.C. Compound Wound Motor. The advantage of this type is that at 
starting, when the current through the armature and series field winding 
is large, the total field excitation is large; hence there is an increase in torque 
capacity. Another advantage over the series motor is that it will not speed 
up indefinitely when released from load. A disadvantage is that its running 
speed decreases considerably with load increase.

Mechanical Methods. During the past few years, mechanical methods 
for overcoming high starting-torque resistance have been perfected. The 
number in actual use is relatively small when compared with the special 
motor equipment available. However, in view of many advantages, the 
mechanical is becoming a competitor of the electrical.

Advantages. (1) Elimination of expensive electrical starting equipment, 
(2) minimum size of mechanical transmission equipment, (3) economy in 
current where starting and stopping are frequent, (4) possibility of using 
standard induction across-the-line start motors, (5) the motor horsepower 
size can be based on the running instead of the starting load, (6) reduction in 
starting shock, and (7) overload release capacity.

Self-actuating mechanisms for high starting-torque service are of two types: 
those that serve as a coupling (combining flexibility) between motor and load 
and those that act integrally with belt pulleys, chain sprockets, gears, and 
V-belt sheaves. The former are known as high starting-torque couplings, and 
the latter as pulley-, sprocket-, or gear-type starters.

The Mechanical Slip-ring Starter. This is a unit which by slipping friction 
automatically starts machinery smoothly and with uniform acceleration from 
across-the-line start motors regardless of the starting torque involved. It 
consists of a spider, two friction bands, and a drum. The spider or 
driving element is keyed to the motor shaft, and the drum or driven 
element is keyed to the shaft of equipment to be driven. The weighted bands 
which lie inside the drum are secured at one end to the spider. The opposite 
or trailing ends of the bands are free. As the motor speeds up, centrifugal 
force causes the bands to expand and exert a frictional drag on the inside of 
the drum. The torque thus transmitted is dependent upon motor speed, 
diameter of drum, and the weight of the bands.

Performance. The mechanical slip-ring starter is designed to transmit any 
required torque at a specified speed in r.p.m. For any application the full­
load speed of the motor and the maximum horsepower to be transmitted must 
be known. The device is usually proportioned to transmit a maximum of 
125 per cent of the rated horsepower of the motor. The device can, under 
normal conditions, remain in a stalled condition, i.e., with the motor revolving 
at full speed and the drum or driven element held stationary for a few minutes 
without injury to the device or motor. When the driving shaft is at rest, it is 
physically disconnected from the driven shaft. When power is applied, and 
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as the motor increases in speed, centrifugal force acts on the bands and there­
fore develops very gradually a connection between the driving and driven 
shafts. When the driving shaft reaches full speed, the device is transmitting 
its maximum predetermined torque to the driven shaft. The driven shaft 
eventually reaches its full speed. During the period of acceleration, a gradu­
ally diminishing amount of slippage is occurring in the device, but, when the 
driven shaft reaches full speed, all slippage ceases, and the functioning is that 
of an ordinary flexible coupling, with the additional protection of slippage, in 
the event of overload. The device is inherently a limit-torque coupling, since 
it will not transmit to the driven machine, or impose on the motor more than 
the maximum load for which it is designed.

General Applications.
1. High inertia starting loads, such as are encountered in centrifugals, extractors, etc., 

where the power required to start is frequently five or six times the actual running load.
2. Where starting is difficult owing to excessive bearing friction, the device assists 

any motor by permitting almost full speed before the application of the load. This 
allows the use of motors with low starting-torque characteristics.

Horsepower and Speeds for Mechanical Slip-ring Starters 
Coupling and Integral Types

Note. Direction of rotation of driving shaft must always be given.

Size of starter
R.p.m.

495 600 685 750 870 1160 1750
5½ Y 2½ 0.16 0.3 0.45 0.91 2.15 7.56 × 3 .42 0.75 1.13 1.47 2.3 5.5 19.18 × 2½ .95 1.63 2.5 3.27 5.1 12.1 42.29 × 3 1.92 3.4 5.1 6.68 10.4 24.7 86.510 X 3½ 3.27 5.8 8.7 11.4 17.7 42.0 147.010 × 4 3.75 6.65 10.0 13.1 20.3 48.0 169.011 × 5 7.5 13.4 20.0 36.2 40.7 95.7 338.012 × 3½ 6.8 12.2 18.2 24.0 37.5 89.0 310.012 × 4½ 8.6 15.2 22.8 30.0 46.5 111.0 377.012 × 6 12.4 22.0 33.0 43.0 67.0 159.0 555.014 × 5 19.6 34.8 52.2 68.2 106.0 253.015 × 5 24.2 43.0 64.5 84.0 131.0 312.016 × 6 41.0 73.0 109.0 143.0 223.0 530.018 × 6 59.5 105.0 158.0 207.0 322.0 765.018 × 9 89.5 158.0 237.0 310.0 485.0 1150.018 × 12 119.0 210.0 315.0 413.0 645.0 1530.020 × 6 85.0 150.0 225.0 295.0 460.0 1090.020 × 9 127.0 225.0 338.0 445.0 690.0 1640.020 × 12 170.0 302.0 452.0 590.0 920.0 2180.024 × 12 258.0 460.0 690.0 900.0 1410.0 3300.026 × 12 438.0 780.0 1160.0 1520.0 2370.0 5620.028 × 10 750.0 1330.0 2000.0 2520.0 4080.0 9700.028 × 12 900.0 1610.0 2400.0 3150.0 4900.0 11600.0

3. The torque-limiting feature of the device is useful in many cases where sudden 
running overloads or complete stalling of the motor is likely. It is possible to build 
the device to transmit a maximum of 150 to 200 per cent of the motor rating, so that, in 
the event of the driven machinery jamming, the device will slip and allow the motor to 
continue at full speed until the overload relay takes the motor off the line.
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4. In the driving of ball, pebble, and tube mills, where the maximum running load 
can be definitely determined, improved starting and operation can be obtained by select­
ing a motor that is just equal to the running conditions and by applying a mechanical 
slip-ring starter of approximately 15 per cent more horsepower capacity. Such a com­
bination produces jerkless starting with across-the-line control and permits the size of 
the mechanical power equipment to be proportioned to the running instead of the 
starting load.

5. The device makes possible the use of two-speed a.c. motors for very gradual starting 
of heavy loads instead of d.c. or complicated a.c. arrangements. It takes care of the 
acceleration up to the low-speed setting of the motor. The motor control then handles 
the load from low to high speed.

6. With heavy inertia loads it is at times impossible to use synchronous motors because 
of their inability to “pull in.’’ This results in overmotoring. In such cases the 
mechanical slip-ring starter, by eliminating the inertia factor WR2 of the driven machine, 
enables a motor of the correct size for the running load to pull in with ease.

Permissible Speeds. On many low-speed motors the mechanical slip-ring 
starter is practicable, but its proportions become large because of low centri­
fugal force. The most adaptable speeds are from 600 to 1800 r.p.m., although 
3600 r.p.m. is possible.

Power Capacity. Horsepower capacities range from fractional to any 
practical requirement. Mechanically there is no limit.
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Refrigeration as considered in the following may be broadly defined a« 
the art of producing cold, referring particularly to cooling below atmospheric 
temperature. The means most commonly employed for such cooling is to 
induce a change of phase in a heat-abstracting body such as is involved in 
the vaporization of liquid ammonia or the melting of ice. In the production 
of liquid air, however, cooling is brought about by expanding the gas through 
a nozzle (Joule-Thomson effect) or by causing it to do work against a brake 
(Claude system). Other physical changes, such as the contraction of stretched 
rubber or the extension of a steel spring, the passage of an electric current 
through a bimetallic junction, and, in fact, any reversible physical change 
involving the expenditure of work, are capable of producing cold. Radiation 
of heat from the surface of the earth to interstellar space may be used in 
certain localities for freezing water, and cool ground waters have from time 
immemorial been used for preserving foodstuffs.

Definitions.
A refrigerant in its broadest sense may be defined as any material which 

is used for abstracting heat. In a narrower, but more commonly used, sense- 
the term refers only to those materials which are used in mechanical 
refrigeration.

Mechanical refrigeration includes those processes in which the refrigerant 
is recovered and recirculated, as distinguished from those in which the spent 
refrigerant is wasted (ice refrigeration, ice-cream freezing by salt-ice mixtures, 
cold ground waters in spring houses). Mechanical refrigeration falls into 
two general groupings, depending on the method used in recirculating the 
refrigerant.

In the compression system (dense air or vapor-compression machines) a 
compressor is used, which may have either a positive displacement mechanism 
(reciprocating or rotary compressor) or an impeller (centrifugal compressor). 
While the thermodynamic cycle is the same for both types of compression, 
the kinematic considerations, particularly with regard to the refrigerant used, 
are markedly different. The dense-air machine operates on the Carnot cycle 
and the vapor-compression machine on the reversed Rankine (steam-engine) 
cycle.

The absorption system differs essentially from the compression system 
in requiring no positive work input to produce cold though generally requiring 
some accessory power. Circulation is effected by absorption of the refriger­
ant in appropriate liquids or solids which are regenerated by heat in another 
part of the refrigerating system. Absorption machines are classified as 
continuous or intermittent, the latter corresponding quite closely to 
batch processes. All continuous machines use liquid absorbents because of 
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the great practical difficulties in moving a solid absorbent about from the 
absorption side to the generator. When continuous refrigeration is required 
with intermittent units, two or more machines must be installed.

This classification is neither absolute nor all-inclusive. Combinations of 
absorption and compression systems have been developed (Westinghouse- 
Leblanc). The processes for manufacturing liquid air or solid carbon dioxide 
do not fall into the above scheme since they employ compression but do not 
recirculate the refrigerant. The distinctions are useful, however, in consider­
ing the operations involved.

Practically, mechanical refrigeration is the most important branch of the 
art, and developments have centered almost wholly about the vapor-com­
pression machine.

Absorption machines still find considerable industrial application where 
large quantities of waste heat are available. Interest has also been revived 
in absorption systems tied in with heating arrangements for year-round 
air conditioning, involving summer cooling and winter heating. The main 
investigations have been in the direction of developing refrigerant-solvent 
combinations which can produce refrigeration with a minimum heat expendi­
ture. [Zellhoefer, Refrig, Eng., 33, 317 (1937).]

Units of Refrigeration. The unit of refrigeration in the United States 
is the standard ton of 288,000 B.t.u. which is very nearly equal to the heat 
of fusion of 2000 lb. of ice at 32oF. The standard commercial ton of 
refrigeration is at the rate of 200 B.t.u. per min., 12,000 B.t.u. per hr., 
or 288,000 B.t.u. per 24 hr. Note that the standard ton has the dimen­
sions of heat, while the standard commercial ton has the dimensions of 
heat divided by time. The standard rating of a refrigerating machine, 
which applies only to compression and absorption systems using a condensable 
vapor, is the number of commercial tons of refrigeration it performs under 
certain prescribed conditions. These conditions are:

1. Nothing but liquid shall enter the expansion valve, and nothing but vapor shall 
enter the compressor cylinder (impeller in a centrifugal compressor) of the compression 
refrigerating system or the absorber of the absorption system.

2. There shall be 9oF. (5oC.) subcooling of the liquid entering the expansion valve 
and 9oF. (50C.) superheating of the vapor entering the compression cylinder or the 
absorber. The points at which subcooling and superheating are determined must be 
within 10 ft. of the cylinder or absorber.

3. The inlet pressure is that which corresponds to a saturation temperature of 5oF. 
(-15oC.).

4. The outlet pressure from the compressor cylinder or generator is that which corre­
sponds to a saturation temperature of 860F. (30oC.).

The British unit of refrigeration is based on a rate of cooling of 1 kg.-cal. 
per sec. or 237.6 B.t.u. per min., with inlet pressures corresponding to a 
saturation temperature of 23oF. (—5oC.). and outlet pressures corresponding 
to a saturation temperature of 59oF. (15oC.).

The Dense-air Machine. From a thermodynamic standpoint, the 
dense-air machine operating on the Carnot cycle is capable of the highest 
efficiency. In practice, the efficiency is low because of the large volumes of 
air which must be handled for a relatively small effect. The safety of air 
as regards toxicity, flammability, and odor was an important factor in its 
favor some years ago, but in recent years refrigerants have been developed 
which are practically as safe and more efficient. For operating details, the 
reader may consult U.S. Navy, “Manual of Engineering Instructions,’’ 
Chap. 17. Government Printing Office, Washington.
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DESCRIPTION AND THEORY OF OPERATION OF 
VAPOR-COMPRESSION AND ABSORPTION 

REFRIGERATION SYSTEMS
The basic principle involved in both systems is that of transferring heat 

from an environment at low temperature to one at a higher temperature, 
by causing a volatile liquid (the refrigerant) to absorb heat at the low tem­
perature by vaporization and to dissipate this heat at the high temperature 
by condensation. Vaporization and condensation are respectively induced 
by maintaining a lower or higher pressure than the saturation pressures of 
the refrigerant at the lower and higher temperatures. Both systems employ 
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Fig. 1.—Simple vapor-compression machine.

Ύ

an evaporator (expansion coil) and a condenser. The apparatus used for 
transferring the refrigerant from the low- to the high-pressure side is techni­
cally the refrigerating machine, but the term is not always used in strict 
conformity with this definition. In the vapor-compression system this 
machine is actuated by a prime mover and in the absorption machine by 
heat. Economy requires that a given amount of refrigeration be produced 
with a minimum expenditure of work or heat.

The Simple Vapor-compression Refrigerating Machine. A dia­
grammatic representation of a simple compression system of refrigeration is 
shown in Fig. 1. Refrigerant vapor is drawn from the expansion coil A at 
the pressure pi by the compressor B ; forced into the condenser C at a pressure 
P2, dependent on the temperature of the cooling water, where the vapor 
liquefies; and collected in the receiver D from which it returns through the 
expansion valve E, under the pressure difference p% — pi, into the expansion 
coil.

In this process the following heat quantities are involved, which may be 
taken from the tables of thermodynamic properties:

Hb = heat content of vapor leaving evaporator (expansion coil).
Hc — heat content of vapor leaving compressor.
he — heat content of liquid entering evaporator (expansion coil).

If the compression is adiabatic (isentropic) the work expended is
H0 - Hb

The net heat abstracted is
Hb he

Note that this is the heat of evaporation less the heat required to cool the 
liquid refrigerant from the temperature of the receiver to the temperature 
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of the expansion coil. The ratio of the net heat abstracted to the work 
expended is known as the performance coefficient β and may be written,

Hb - Λ,
Hc - Hb (1)

The inverse of this ratio is the efficiency coefficient E of the simple steam 
engine or turbine.

The horsepower and the kilowatts required per standard commercial ton 
of refrigeration follow directly from the definition of β and the conversion 
factors:

This gives

1 horsepower ≈ 2,546 B.t.u. per hr.
1 kilowatt = 3,415 B.t.u. per hr.
1 standard commercial ton = 12,000 B.t.u. per hr.

Horsepower per ton 12,000
2,5460

4,713
β

Kilowatt per ton 12,000
3,4150

3.514
3

(2α)

(2δ)

which represent the theoretical horsepower or kilowatts per standard 
commercial ton of refrigeration.

The theoretical horsepower can be realized only in a frictionless machine 
with a weightless piston. In general it will be very nearly equal to the indi­
cated horsepower shown by the actual card of an indicator, which reveals 
the imperfections in the operation of the valves and the departure from strictly 
adiabatic compression. The brake horsepower is the indicated horsepower 
plus the power necessary to overcome the friction in the cylinder walls and 
bearings and the inertia of the piston. The brake horsepower will be 10 
to 20 per cent more than the theoretical horsepower. The difference between 
brake horsepower and indicated horsepower is sometimes designated as 
friction horsepower. The friction horsepower is relatively larger in small 
than in large machines.

Since refrigeration involves a conversion of work into heat it might appear 
that the performance coefficient is dependent only on the temperature differ­
ence and independent of the refrigerant used. This is only approximately 
true as shown by Table 1. The temperature difference is, however, impor­
tant, and consequently, a machine tested according to the standard American 
temperature interval will show much better performance when tested on the 
British standard.

Sample Calculation of Performance Coefficient. Assume that the 
refrigerant is ammonia; the absolute evaporator pressure (pɪ) 35 lb. per sq. 
in. corresponding to 5.890F., and the absolute condenser pressure (ps) 160 
lb. per sq. in. corresponding to 82.64oF. (see Table 14).

The heat content (Hg) of the saturated vapor in the evaporator is 613.6 
B.t.u. per lb. and the entropy (S) is 1.3236 B.t.u. per lb. per oF.

To determine the heat content (He) of the vapor in the condenser, find the 
heat content of the superheated vapor corresponding to 160 lb. per sq. in. 
and entropy 1.3236. This is 707.5. The temperature of the superheated 
vapor is 199.5oF. (See Table 16, p. 2555.)

The work of compression per pound of vapor is therefore
Hc - Hb = 707.5 - 613.6 = 93.9 B.t.u.
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The heat content of the liquor (⅛) entering the evaporator at 82.64oF. is 
135.0 B.t.u. (Table 14). Hence the net heat extracted is

Hb - A. = 613.6 - 135.0 = 478.6 B.t.u.
The performance coefficient is

and
Horsepower per ton refrigeration = ^t' ɪɜ = 0.925 

5.097
Table 1. Comparison of Refrigerants*

One-ton refrigeration, 5 to 86oF.

Cycle
Weight, 

lb. 
per min.

Volume, 
CU. ft 

per min.

Ratio of 
com­

pression

Coefficient 
of per­

formance

Horse­
power 
per ton

Relative 
effi­

ciencies, 
%

Ideal........................................... 5.74 0.8214 100
Ammonia.................................... 0.4214 3.44 4.93 4.85 0 973 84 5
Propane.......................... ........... 1.396 3.35 3.64 4.88 0 9668 85
Carbon dioxide........................... 3.74 0.999 3.11 2.56 1.843 44 6
Sulfur dioxide............................ 1.388 9.24 5.63 4.735 0 995 82 5
Ethyl ether................................
Dlcliloroethvlene........................

1.555
1.768

60.8
108.4

7.12
8 23

4.86
5 14

0.971 
0 918

84.6
89 4

Trichloroethylene...................... 2.137 513 10.84 5 085 0 928 88 5
Water.........~.............................. 0.1996 1972 21.9 4.1 1.15 71.5

* Carrier and Waterfill, llefτig. Eng., 10, 415 (1923).

Table 1 gives the theoretical performance coefficient for ammonia, which 
will be found to hold approximately for all other refrigerants except those 
boiling much below ammonia. Carbon dioxide, the notable exception, will
Table 2. Large Enclosed York V. S. A. Compressors with Ammonia 

and Freon
Evaporator temperature, 35oF., condenser temperature, 110oF.

Size No. of cylinder Speed, r.pjn. Capacity, tons Brake horsepower 
per ton

Ammonia

. 7½χ 7¼ 2 360 55.2 1.10
8 × 8 2 360 68.4 1.10
9 × 9 2 300 84.3 1.07

10 × 10 2 300 118.7 1.07
il × 13 2 277 173.0 1.07
I2½ × I4½ 2 257 234.0 1.06

Freon

9 X 7½ 2 360 43.7 1.27
11 × 9 2 300 66.5 1.23
12½ × 10 2 300 95.4 1.215
14 X 10 2 300 119.6 1.20
13½ X 13 2 277 133.7 1.20
15 X 13 2 277 165.1 1.19
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require a greater power expenditure. The brake horsepower, arbitrarily 
taken as 10 per cent greater than the theoretical is shown in Figs. 2 and 3.

,A very complete study of the efficiencies of Freon and ammonia was made 
by Williams [Refrig. Eng., 31, 36, (1936)]. The results are given in Table 2.

In case the thermodynamic tables are not available, the horsepower required 
to compress the vapor adiabatically (isentropically) may be calculated from 
the formula

Horsepower = * ~ ɪ]

where pi == absolute intake pressure (35 lb. in above example). 
p¿ = absolute discharge pressure (160 lb. in above example).
Vi = volume com­

pressed, CU. 
ft. per min.

k = the ratio of 
specific heat 
of the vapor, 
cp∕cv.

The volume v∖ may usual­
ly be found with sufficient 
accuracy from the general 
gas law equation express­
ed in the appropriate 
units.

The net heat extracted 
is similarly the difference 
between the heat of evap­
oration at the evaporat­
ing temperature and the 
sensible heat of the liquid 
between the condenser 
temperature and the

Fig. 2.—Brake horsepower per ton of refrigeration for 
ammonia.

evaporator temperature (specific heat times temperature difference).
While the performance coefficients of refrigerants having critical tempera­

tures well above that of the available cooling water will be approximately 
equal for a given temperature interval, the degrees of superheating will 
vary greatly. In an adiabatic compression the following relation holds:

½-l
T2 / Tl∖ & 
Tl ~ ∖pi)

where Ti and pi = absolute suction temperature and pressure.
772 and p∙2 ≈ absolute discharge temperature and pressure. 

k == ratio of specific heats.
The compression ratio p2/p1, which is determined by the latent heats, will 

be nearly the same for all refrigerants (Trouton’s law) while the specific heat 
ratio will be lowest for those refrigerants having high molal heat capacities. 
The refrigerants having complex molecules will therefore have a much smaller 
temperature rise in adiabatic compression than those having simple molecules. 
In the case of ethyl ether (CbHioO) there is actually no superheating but super-



DESCRIPTION AND THEORY OF OPERATION 2533

Fig. 3.—Brake horsepower per ton of refrigeration 
for carbon dioxide.

Brake Hp. per Ton of Refrigeration = 1.1 xX. Hp.

cooling and liquefaction, while ammonia (NHs) and sulfur dioxide (SO2) 
give the greatest superheating on compression.

Indicator Card and Volumetric Efficiency. The work of compression 
is shown by the indicator diagram (Fig. 4). In the ideal case the piston 
at the beginning of the suc­
tion stroke touches the cyl­
inder head and the volume 
is zero. As the piston moves 
out, vapor is drawn in and 
the volume increases at the 
constant pressure pi along 
the line AB. The vapor is 
now compressed adiabatical­
ly along the line BC until 
the pressure equals the con­
denser pressure p2, after 
which it is forced into the 
condenser and the volume 
decreases along the line CH. 
The area ABCH is then a 
measure of the compression 
work.

In an actual compressor it 
is necessary to provide a 
small clearance at the end 
of the compression stroke, represented by the segment EH. Before suc­
tion can actually start, the vapor enclosed in this space expands adiabatically 
along the line EF. The work in an actual compressor is therefore repre­
sented by the area FBCE which is smaller than the area ABCH. However, 
the volume of gas handled by an actual compressor is less than by an ideal

VQiume.
Fig. 4.—Ideal indicator 

diagram for vapor-com­
pression machine.

compressor, the ratio being given by the ratio of the 
lines FB / AB. The work represented by area EF,F is 
the excess of work required by an actual compressor 
handling a volume of gas corresponding to the line 
FB. This excess will become a smaller and smaller 
fraction, as the clearance represented by the line 
EH is decreased.

If the compression were isothermal instead of 
adiabatic, it would follow a line BC' lying below the 
adiabatic BC. The work requirement would there­
fore be less. In practice this cannot be attained completely, but by compress­
ing the vapor in two or more stages and cooling the superheated vapor the 
isothermal line may be approached (see section on Stage Compression, p. 2535.)

The volumetric efficiency is the ratio of vapor volume handled by an 
actual compressor to the volume handled by an ideal compressor of the 
same piston displacement and wiould therefore be equal to the ratio FB / AB. 
In practice the ratio will be lower due to superheating of the vapor entering 
the cylinder, leakage, etc., but reliable manufacturers will guarantee above 
80 per cent. Volumetric efficiencies of ammonia compressors are shown in 
Table 3.

For a centrifugal compressor the compressor work and volumetric efficiency 
do not admit a graphical representation as does the reciprocating compressor. 
A centrifugal compressor has no clearance and therefore a 100 per cent vdlu-
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metric efficiency. However, there are slippage losses around the impeller 
vanes which correspond roughly to clearance losses. The operation of a 
reciprocating compressor may be compared to a series of batch processes, while 
the operation of a centrifugal compressor is more like a continuous process.

Table 3. Volumetric Efficiency of Ammonia Compressors

Condenser 
pressure, lb.
per sq. in. 

gage

Suction pressure, lb. per sq. in., gage

40

120

160

200

A 
B
C

A 
B 
C

A 
B
C

A, No clearance.
B, 4 per cent clearance.
Ct 6 per cent clearance.

0.91
0.84
0.80

0.88
0.80
0.75

0.86
0.75
0.71

When two refrigerating temperatures are required, 
The general principle

From evaporator 
` ʃ ~[> To H-Rside

Γ^ 73 condenser

Dual Compression.
the dual-compression system may be employed.
of this design is to draw in the 
vapor from the low-pressure 
(low-temperature) expansion 
coils, and, at or near the end 
of the stroke, vapor from the 
higher pressure coils will be ad­
mitted. The whole mixture 
will then be compressed to the 
saturation pressure corre- 
sponding to the temperature 
of the condenser water. The 
advantages of this system are 
the use of one condenser for 
the two cooling systems and a 
markedly higher capacity, 
since the low-pressure cooling 
unit requires much larger pis­
ton displacement than the 
higher pressure unit. The 
chief disadvantage is the diffi­
culty of securing continuous 
adjustment between the loads 
on the two systems. Two 
schemes of dual compression (Voorhees and Windhausen) with the correspond­
ing indicator cards are shown in Fig. 5. In some household units, the dual­
compression principle is employed to maintain two temperatures, one for 
freezing ice cubes and a higher one at the optimum value for food preservation.

Condenser-..^ -,—∙
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Atmospheres __ ,
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diagrams for VoQrhees and 
of dual compression. {Re-

Fig. 5.—Indicator 
Windhausen systems 
printed by permission from “ Handbook of Mechanical 
Refrigeration” by H. J. Macintire, John Wiley & 
Sons.)
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Fig. 6.—Multiple-stage (two-stage) compres­
sion. {Macintire, “ Handbook of Meciuxnical 
Refrigeration," Wiley.)

Wet Compression. In wet compression liquid refrigerant is admitted 
with the refrigerant vapor from 
the expansion coils. This liquid 
evaporates during adiabatic 
compression and thereby makes 
the compression approach more 
nearly to the isothermal line. 
The vapor leaves the compressor 
with a much smaller degree of 
superheat which also lessens the 
load on the condenser. While 
the scheme is sound in theory, 
it is difficult in practice to adjust 
the amount of liquid added, and 
the capacity is very much re­
duced owing to the increased 
cylinder volume required by the 
liquid after vaporization. The 
scheme can naturally not be 
used with a refrigerant like ethyl 
ether, which liquefies on adia­
batic compression, and would 
not be particularly advantage­
ous for those refrigerants which 
superheat slightly.

Multistage Compression. 
The most promising develop­
ments toward diminishing the 
power requirements of refrigera­
tion are along the lines of multi­
stage compression. This 
principle has long been usedin air
compression, but in refrigeration the 
problem is more complicated. In 
general it will prove economical with 
ammonia only where suction pres­
sures lower than 5 lb. per sq. in. 
(gage) are encountered. As in the 
case of wet compression, it can be 
applied with advantage only to 
those refrigerants which superheat 
markedly on adiabatic compression 
(ammonia, sulfur dioxide, and car­
bon dioxide but not ethyl ether, 
dichlorodifluoromethane, propane, 
and butane).

Several possibilities in multiple 
compression are presented. First, 
the vapor from the first stage may 
be cooled by water in a heat ex­
changer before going to the second 
stage. Second, the vapor may be cooled by the liquid refrigerant, injected 
into the vapors from the first stage, to the temperature corresponding to the 

Saiuroilpd Temperflturp by liquid Evflporaiion in Intermed­
iate St∣aqe

Fig. 7.—Power saving by multiple-stage 
compression, compared with single-stage com­
pression and evaporation.
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vapor pressure of the refrigerant equal to the pressure at the beginning of the 
second stage. Third, a combination of both may be used. A diagrammatic 
sketch of this third scheme is shown in Fig. 6.

Vapor is pumped from the expansion coils C by low-pressure compressor 
LP into the heat exchanger H where it is cooled by water. From H it passes 
into the accumulator A where it. meets liquid refrigerant from the liquid 
receiver L which cools the vapor further. The high-pressure compressor 
then compresses the vapor to the saturation pressure of the condenser K 
in which it liquefies and is collected by the liquid receiver L. The liquid 
refrigerant then returns to the expansion coils through the valve Ei and to the 
accumulator through the valve E2.

When ammonia is used for low-temperature cooling, a booster compressor 
is generally used to raise the low-pressure vapor to some intermediate pres­
sure. The vapors are 
cooled before going to * 
the high-pressure com- gɔ 
pressor, partly to save *g 
power, partly to take ⅛- 
out the superheat which ɑ. 
would continue to build J- 
up in the second com- ɑ 
pressor. A further ad- u 
vantage is the saving in £ 
cylinder volume. ¿

The power saving and S^∙ 
the correct intermedi- J 
ate pressures are shown ≤ 
in Figs. 7 and 8.

Split-stage Com­
pression or Binary
Cycles (Two or More ɪ^ɪɑ- ɛ-—ɑɑrrθɑt intermediate pressures in multiple-stage 
Refrigerants). When compression.
very low temperatures are required, it is sometimes advantageous to employ 
two or more refrigerants in order to maintain pressures within reasonable 
limits. Thus a refrigerant of relatively high boiling point will have such a 
low vapor pressure at low temperatures that excessive cylinder volume 
will be needed, whereas a refrigerant of low boiling point will have ex­
cessive pressures at the available condenser water temperatures. It may 
also have a critical temperature below that of the available cooling water and 
will therefore fail to liquefy. In such cases, a low boiling refrigerant may 
be used to produce cold and the low temperature, but the condenser is cooled 
by a high boiling refrigerant instead of by water.

A system using carbon dioxide for the low-temperature refrigerant and 
ammonia for cooling the condenser was described by Kitzmiller [Power, 
75, 92 (1932)]. Since ammonia and carbon dioxide react vigorously, great 
care must be taken in sealing joints. Recently developed refrigerants of the 
fluorinated and chlorinated hydrocarbons (Freon) permit combinations of 
refrigerants that are non-reactive, and may often find applications in low- 
temperature problems.

Compressors. Two general types of compressors are used for refrigera­
tion: (1) compressors with positive displacement and (2) centrifugal com­
pressors. Of those with positive displacement, the most common type is 
the reciprocating compressor which may be either horizontal or vertical. 

______ X I/1 / i/I/1 I I ! I I I I ! --1—15 20 25 50 55 40 45 50 55 60 65 70 75 80 85 90 95 100 105 HO Intermediate Pressurein Pounds per Square Inch Gage
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The vertical type is largely displacing the horizontal type, the latter being 
found principally in very large refrigerating systems. In the United States 
two-cylinder compressors are common, but three or four cylinders are also 
Used. Development at the present time tends largely toward the design 
of very high speed machines, since high speed gives greater capacity for a 
given cylinder volume. Electric drive, which is used in the greatest number 
of installations, is also more readily adapted to high speeds, 1200 to 1800 
r.p.m. Oil- and steam-engine drives function more satisfactorily with low- 
speed machines (250 r.p.m.). High-speed machines require more careful 
design with respect to lubrication, balancing, and foundations; demand 
higher priced materials of construction; and have greater power losses due 
to fric⅛ion and inertia in the piston. Water jackets are sometimes employed, 
chiefly to prevent the metal parts from overheating. They thus increase 
the volumetric efficiency but provide hardly enough cooling to make the 
compression isothermal. The poppet valve operated with springs is used 
on low-speed compressors, but high-speed machines often use light-weight 
plate or ribbon valves. Lubrication may be of the splash type if the com­
pressor is enclosed, but for the open-frame construction or higher speed 
machines, forced-feed lubrication is desirable. An oil separator is generally 
provided near the condenser to return oil carried over by the refrigerant 

To overcome these losses, ample 
“streamlined.” Suction valves should

Humber of Stages

vapors.
Carbon dioxide compressors do not differ essentially from ammonia com­

pressors except that heavier construction is required and stuffing boxes are 
more tightly packed. The cylinder diameter is smaller and the stroke longer.

Freon compressors handle a vapor of very high density, and the kinetic 
energy losses are therefore relatively high, 
gas passages must be provided and 
be 80 per cent larger than with am­
monia and discharge valves about 
100 per cent larger. However, 
water jackets are not needed with 
Freon because the gas superheats 
very little on compression. An 
extensive discussion of Freon com­
pressor design is given by Williams 
[Refrig. Eng., 31, 36 (1936)].

Rotary compressors with positive 
displacement may be of the blade 
type operating on an eccentric, the 
blade being kept in contact with the 
casing by centrifugal force; or of the 
pendulum type. Rotary com­
pressors are well adapted to high 
rotative speeds and direct connec­
tion to a high-speed electric motor; 
valves are not needed. They have 
been built only in small units, principally for household use, which show lower 

Fig. 9.—Relative size and number of 
stages required for various refrigerants (5o to 
86oF.). [Carrier and Waterfill, Refrigerating 
Eng., 10, 423 (1924).]

efficiencies than reciprocating compressors, but small units are in general less 
efficient than large ones.

In the centrifugal compressor the low-pressure vapor is drawn into 
impellers which impart a high velocity to the vapors. The high-speed vapors 
emerge through discharge vanes and their kinetic energy is then converted 
into pressure energy. The speed is usually 3000 to 6000 r.p.m. Several
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stages are necessary to raise the vapor to the discharge velocity (see Fig 9). 
Since the kinetic energy is a function of mass, refrigerants of high gas density 
are preferred. Slippage losses are less with low-pressure Tefrigerantsthan 
with high-pressure refrigerants, and since only high-molecular-weight 
refrigerants can give high densities at low pressures, a special class of such 
refrigerants has been developed for these machines.

water vapor may be compressed by high- 
pressure steam in a steam jet, the operation 
involving conversion of kinetic energy into 
pressure-volume energy. In this way a vac­
uum can be created over water with result­
ant evaporation and cooling. This method 
is frequently very useful where moderate 
cooling is needed such as in chilling water for 

Steam Jets. Low-pressure

Fig. 10.—Volume of ammonia 
compressed per ton of refrigeration. 
(Reprinted by permission from 
“ Handbook of Mechanical Refrigera­
tion,” by H. J. Macintire, John 
Wiley & Sons.)

Fig. 11.—Volume of carbon dioxide 
pumped per ton of refrigeration. No liquid 
cooling; dry compression; allowance made 
for volumetric efficiency. (Reprinted by 
permission from “ Handbook of Mechanical 
Refrigeration,” by H. J. Macintire, John 
Wiley & Sons.)

air conditioning or other uses. Temperatures from 35oF. up can generally be 
attained.

The success of such units depends upon the mechanical efficiency of the 
jet, which may be made quite high by proper design. Steam requirement's 
are 25 to 30 lb. per ton of refrigeration with steam pressures of 100 lb. or 
higher. An individual jet does not allow for much change in load, so for 
varying loads several jets in parallel are necessary to turn off or on as the load 
varies. The refrigerating capacity of the jet increases approximately 
20 per cent for an increase of 5oF. in the temperature of the chilled water. 
However, if the temperature of the condensing water is increased 5oF. 
beyond the maximum anticipated in design, the jet may fail to function 
altogether. To avoid this contingency, a reserve of 25 to 50 lb. in steam 
pressure should be provided. Condensing water requirements are about 
three times greater than in conventional compression systems [Bancel, 
Trans. Am. Inst. Chem. Engrs., 30, 136 (1933-1934)].

If adequate height is available, it is desirable to provide a barometric 
condenser to lower the back pressure on the jet.

A full discussion of cycles, standards, thermodynamic diagrams, and test 
codes for steam jets may be found in “Steam Jet Ejector and Vacuum 
Cooling Systems,” Heat Exchange Institute, New York, 1938.
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Lubricants. The oil used for a refrigeration system should have a suffi­

ciently low pour point so that it does not congeal on the coldest parts of the 
system. Most of the oil companies prepare such a grade of mineral oil, the 
usual specification being a pour point of — 20oF. to — 30oF. Such oils may 
be used for ammonia, carbon dioxide, and sulfur dioxide. Propane dissolves 
to a very appreciable extent, and the oil when removed from the oil separator 
foams extensively. Liquid sulfur dioxide has some lubricating effect and 
has a higher specific gravity than oil. The oil used for SO2 machines must 
be highly anhydrous.

Light mineral oils can be used for methyl chloride and ethyl chloride 
machines, but since they are soluble in oil, glycerin is often used as a lubri­
cant with these refrigerants. When propane or butane is used in house­
hold machines, the best results are obtained with glycerin or glycol mixed 
with deflocculated graphite. Household machines in general require extreme 
precautions against infiltration of moisture.

Compressor Capacity. The weight of dry-saturated gas that must be 
compressed by the compressor per minute to produce 1 ton of refrigeration 
per 24 hr. is given by the formula: W = 200∕(2⅞ — Λ<), where W is the weight 
of gas compressed per minute, Hb is the total heat in 1 lb. of vapor at the 
evaporator pressure, he is the heat of the liquid at the receiver pressure, and 200 
is the number of B.t.u. removed per minute to equal 1 ton of refrigeration per 
24 hr. (Table 4 and Figs. 10 and 11).
Table 4. Cubic Feet of Ammonia Gas to Be Pumped per Minute to 

Produce 1 Ton of Refrigeration per Day of 24 Hr.

Condenser

P 103 115 127 139 153 168 185 200 218

T 65o 70° 750 80o 85o 90o 95° 100o 105o

O
S 4 - 200 5.84 5.90 5.96 6.03 6.09 6.16 6.23 6.30 6.43
I 6 -15° 5.35 5.40 5.46 5.52 5.58 5.64 5.70 5.77 5.83

9 -IO0 4.66 4.73 4.76 4.81 4.86 4.91 4.97 5.05 5.08K 13 - 5o 4.09 4.12 -4.17 4.21 4.25 4.30 4.35 4.40 4.44
16 O0 3.59 3.63 3.66 3.70 3.74 3.78 3.83 3.87 3.9I
20 5o 3.20 3.24 3.27 3.30 3.34 3.38 3.41 3.45 3.49
24 10° 2.87 2.90 2.93 2.96 2.99 3.02 3.06 3.09 3.12
28 15° 2.59 2.61 2.65 2.68 2.71 2.73 2.76 2.80 2.82
33 20° 2.31 2.34 2.36 2.38 2.41 2.44 2.46 2.49 2.51
39 25° 2.06 2.08 2.10 2.12 2.15 2.17 2.20 2.22 2.24
45 30° 1.85 1.87 1.89 1.91 1.93 1.95 1.97 2.00 2.Oi
51 35o 1.70 1.72 1.74 1.76 1.77 1.79 1.81 1.83 1.85

The values in this table are calculated theoretical values. In practice, allowance must bə made fas 
losses. Temperatures are in degrees Fahrenheit.

The formula for the theoretical capacity, in tons of refrigeration per 24 
hr., of a double-acting compressor, taking into consideration the specified 
pressures in the condenser and the refrigerator, is

d~ × 0.7854 ×L×2× N ×h
1728 × 200

where T is the tons refrigeration in 24 hr.; d is the diameter of compressor 
cylinder in inches; L is the stroke in inches; N is the number of revolutions 
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per minute; h is the refrigeration effect of 1 cu. ft. of ammonia vapor at refrig­
erator pressure, completely evaporated from liquid at condenser pressure.

For single-acting machines divide the tons of refrigeration found from this 
formula by 2. The capacity of vertical single-acting enclosed machines is 
shown in Table 5.

Table 5. Capacities of V. S. A. Enclosed-type Machines

Piston 
speed per 

minute
Displacement 

per minute Capacity in tons per 24 hr., 185-lb. per sq. in.
, condensing pressure

Cylinder

267.04

13,828
27,646
47,124
74,644

113,146
160,848
217,570
282,744
461,448

Multiply above capacities by factors in Table 6 to obtain capacities at different condenser pressures.

CONTINUOUS ABSORPTION SYSTEMS
In the conventional continuous absorption system (Fig. 12) the refrigerant, 

usually ammonia, is drawn from the expansion coils F at a given pressure 
pi and dissolved in the absorber G where the combined pressure of solvent and 
refrigerant must be less than pi. The refrigerant is recovered by applying 
heat to the generator A’, separated from entrained water by the analyzer or 
rectifier B; liquefied in the condenser C; collected in a liquid receiver D (not 
shown) ; and returned to the expansion coils F through the expansion valve E. 
Since the absorber is at lower pressure than the generator, it is necessary 
to insert between them a pump H to transfer the ammonia solution usually

Table 6. Ammonia Suction Pressure

Condenser 
pressure, lb. 

per sq. in. gage
24 lb. 28 lb. 33 lb.

200
168
153

0.975
1.029
1.046

0.969
1.028
1.049

0.977
1.027
1.05

0.976
1.026
1.042

0.977
1.022
1.042

known as strong aqua. The generator does not remove all the ammonia from 
the water, and this weak aqua solution is returned to the absorber through the 
heat exchanger I. Considerable heat is evolved in the absorption of ammonia 
vapor, and cooling water must be supplied to keep down the temperature and
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pressure. In the absorption system two complete cycles are in operation:
(1) the refrigerant cycle, and (2) the absorbent cycle. Just as the absorbent
contains some ammonia, so the refrigerant contains a small quantity of water.

Cold brine to cold s to rage 
___ _ room or ice tank

Co/cf water

Absorber

ColdwaterH Pump 
Continuous absorption system.

Expansion 
iɪi

Liguid ammonia

Reducing 
valve.

Analyzer

Safety 
valve,

Strong 
ommonia 
solution Exchanger

Bnne Cooler 
or Evotporoitor

. Warm bn ne 
I return

Cooling
,,, water
III to waste

: 'Weak ammonia 
solution

- Strong 
ammonia solution

Bgpass 
relief valve,

In the absorption cycle the heat quantities involved per pound of ammonia 
passing through the expansion valves are

Qi = heat input to the generator.
Q2 = heat absorbed by the expansion coils.
Q3 = heat equivalent of the work of the pump.
Q4 = heat rejected in the condenser.
Q5 = heat rejected in the absorber. 
Qe = heat lost by radiation, etc.

The heat balance is then given by the equation
Qi —|— Q2 ÷ Q3 — Q 4 + Q 5 ÷ Q 6

Of these quantities only Q2, Q3, and Q4 can be computed with any exactness. 
Qi is very nearly the heat of evaporation of 1 lb. of ammonia at the tempera­
ture of the expansion coils. - Similarly Q 4 is very nearly the heat of condensa­
tion of 1 lb. of ammonia at the temperature of the condenser. Qz may be 
found by the equation

Qz = G⅛(p2 — pi) 
where G = strong aqua pumped per pound of refrigerant passed, lb.

V = volume of 1 lb. of strong aqua, cu. ft.
pi = generator pressure, lb. per sq. in.
pi = absorber pressure, lb. per sq. in.

The heat rejected in the absorber Qs is made up of three parts: (1) the heat 
of condensation; (2) the heat of solution in going from weak aqua to strong
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Table 7. Differential Heats of Solution of Liquid Ammonia
B.t.u. given up per pound of ammonia dissolved

* Average concentration; percentages of ammonia by weight.

Con- Heat Con- Heat Con- Heat Con- Heat Con- Heat
centra- of centra- of centra- of centra- of centra- of
tion* solution tion solution tion solution tion solution tion solution tion solution

0 347.4 11 302.8 21 253.8 31 197.6 41 135.0 51 63.0
1 343.8 12 298.2 22 248.4 32 191.9 42 127.8 52 55.8
2 340.2 13 293.6 23 243.0 33 186.1 43 120.6 53 48.6
3 336.6 14 289.0 24 237.6 34 180.4 44 113.4 54 41.4
4 333.0 15 284.4 25 232.2 35 174.6 45 106.2 55 34.2
5 329.4 16 279.4 26 226.4 36 168.1 46 99.0 56 27.4
6 325.0 17 274.3 27 220.7 37 161.6 47 91.8 57 20.5
7 320.6 18 269.2 28 214.9 38 155.2 48 84.6 58 13.7
8 316.2 19 264.2 29 209.2 39 148.7 49 77.4 59 6.8
9 311.8 20 259.2 30 203.4 40 142.2 50 70.2 60 0.0

10 307.4

Table 7a. Integral Heats of Solution of Liquid Ammonia*
Per cent of 
ammonia 
by weight

B.t.u. per 
pound of 
mixture

B.t.u. per 
pound of 
ammonia

0 0 358.0
10 34.4 343.8
20 65.7 328.5
30 92.5 308.2
40 108.2 270.0
50 109.4 218.8
60 101.9 169.7
70 84.8 121.1
80 60.7 75.8
90 31.9 35.5

100 0 0
• Recalculated from data of Zinner, Zeit, gesamte Kälte-Industrie 41, 21, (1934).
Note: Tables 7 and 7a are based on data from different sources and are not perfectly consistent; the 

differences are negligible for most engineering calculations. The data of Table 7a are probably more 
accurate.

Table 8. Test Results at Quincy Market Cold Storage and 
Warehouse Co.

Machine
Capacity 

of 
machine, 

tons

Capacity 
during 
test, 
tons

Suction 
tempera­
ture, oF.

Dis­
charge 

pressure, 
lb. gage

Steam conditions Com­
pressor 

i.h.p. per 
ton of 

refriger­
ation

Steam 
per ton,

lb.

Pres­
sure, 

lb. per 
sq. in.

Super­
heat, 

oF.
Vacuum, 

in. Hg

1 1000 750 + 10 115 150 100 28 0.9 228
2 400 400 -10 115 150 100 28 1.25 390
2 400 400 + 10 115 150 100 28 0.9 282
3 500 288 -27 139 140 125 28 1.34 426
4 500 370 -20 130

¡25 ¡25
1.64

5 150 150 -10 115 28 1.28 430
5 150 150 +10 115 125 125 28 0.92 376
6 100 100 -10 115 125 125 28 1.32 459
6 100 100 + 10 115 125 125 28 0.94 389
7 225 225 -10 115 342.2
7 225 225 + 10 115 316.8

1 and 2, cross-compound Corliss engines; 3, two-stage feather-valve compressor driven by Unifiow 
engine; 4, two-stage electrically driven compressor; 5 and 6, tandem compound engines; 7, absorption 
Waachine.

The discharge pressures in these tests are exceptionally favorable and results in low power consumption. 
The absorption machine was more economical than the 400-ton compression machine with the low- 

temperature suction gas, and less economical than the same machine with high-temperature suction gas.
Station operation results show that absorption machines require 25 to 35 lb. of steam per ton of refrig­

eration with 0° brine and 150 lb. per sq. in. condenser pressure. Makers’ guarantees are from 55 to 60 
lb. of live steam per hour per ton of ice,
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aqua; and (3) the heat which must be removed from the weak aqua solution
to reduce it to the temperature of the absorber. The theoretical heat input
to the generator Qi has three corresponding parts. The values may be
approximately found from Table 7.

Table 9. Ammonia Absorption Machine—Heat Removed in 
Absorber

The tabulated quantities are B.t.u. per pound of ammonia absorbed. The pressure in 
the absorber is that corresponding to the temperature and pressure of the strong solution. 
The ammonia gas is assumed to be dry and saturated as it enters the absorber.

Concentration (%), xι, and temperature (0F.) of strong solution
Concentra­

tion per 
cent of weak 
solution, X2

Tempera­
ture of weak 
solution, oF.

10

80100
120140160

15

80100120140160

20
80100120

140160

The value of Q 6 is obviously indeterminate.
In view of the lack of thermal data on the processes in the absorption 

machine it is practically impossible to calculate efficiencies. Tests conducted 
at the Quincy Market Cold Storage and Warehouse Company (Table 8) 
show how the steam consumption on absorption machines compares with the 
steam consumption if used to operate a steam engine driving a compressor 
unit. Table 9 gives a similar comparison of theoretical performances.
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Table 10. Total Vapor Pressures of Aqua Ammonia
Lb. per sq. in. abs.

MolaI concentration of ammonia in the solutions In percentages

oF.
0 5 10 15 20 25 30 35 40 45 50

32 0.09 0.34 0.60 0.97 1.58 2.60 4.20 6.54 9.93 14.18 19.40
40 0.12 0.45 0.77 1.24 2.01 3.25 5.21 8.06 12.05 17.20 23.39
50 0.18 0.64 1.05 1.65 2.67 4.29 6.75 10.35 15.34 21.65 29.26
60 0.26 0.86 1.42 2.21 3.51 5.55 8.65 13.22 19.30 27.05 36.26
70 0.36 1.17 1.84 2.90 4.56 7.13 11.01 16.56 24.05 33.39 44.42
80 0.51 1.52 2.43 3.76 5.85 9.06 13.86 20.61 29.69 40.96 54.08
90 0.70 2.02 3.15 4.83 7.43 11.40 17.23 25.48 36.34 49.82 65.32

100 0.95 2.62 4.05 6.13 9.34 14.22 21.32 31.16 44.12 59.99 78.30
HO 1.27 3.34 5.14 7.72 11.64 17.58 26.07 37.81 53.16 71.87 93.19
120 1.69 4.27 6.46 9.63 14.42 21.54 31.69 45.62 63.59 85.33 110.20
130 2.22 5.38 8.07 1i.9l 17.67 26.20 38.25 54.55 75.55 100.86 129.50
140 2.89 6.70 9.98 14.63 21.49 31.54 45.73 64.78. 89.19 118.24 151.30
150 3.72 8.29 12.23 17.81 26.00 37.81 54.43 76.61 104.65 138.10 175.40
160 4.74 10.16 14.92 21.54 31.16 45.02 64.25 89.88 122.10 160.20 202.70
170 5.99 12.41 18.01 25.87 37.11 53.27 75.55 104.84 141.75 185.10 233.20
180 7.51 15.00 21.65 30.86 44.02 62.68 88.17 121.68 163.70 212.60 267.00
190 9.34 18.06 25.87 36.60 51.81 73.32 102.56 140.75 188.10 243.30 304.30
200 11.53 21.60 30.72 43.14 60.62 85.33 118.68 161.81 215.20 277.00 345.50
210 14.12 25.61 36.26 50.58 70.72 98.80 136.42 185.10 245.10 314.50 390.70
220 17.19 30.27 42.47 59.00 81.91 113.81 156.41 211.24 278.20 355.10 439.60
230 , 20.78 35.59 49.60 68.46 94.43 130.64 178.28 239.70 314.50 400.20 493.40
240 24.97 41.52 57.65 78.91 108.60 149.20 202.74 270.92 354.10 448.90 552.30
250 29.83 48.32 66.67 90.74 124.08 169.48 229.62 305.60 397,60 502.40

Table 11. Partial Pressures of Water Vapor above Aqua Ammonia 
Lb. per sq. in. abs.

Temp.,
0F.

Molal concentration of ammonia in the solutions in percentages

0 5 10 15 20 25 30 35 40 45 50

32 0.09 0.084 0.079 0.074 0.070 0.065 0.060 0.056 0.051 0.047 0.042
40 0.12 0.115 0.108 0.101 0.095 0.089 0.083 0.076 0.070 0.064 0.058
50 0.18 0.17 0.16 0.15 0.14 0.13 0.12 0.11 0.10 0.094 0.085
60 0.26 0.24 0.23 0.21 0.20 0.19 0.17 0.16 0.15 0.13 0.12
70 0.36 0.34 0.32 0.30 0.28 0.26 0.25 0.23 0.21 0.19 0.17
80 0.51 0.48 0.45 0.42 0.40 0.37 0.34 0.32 0.29 0.27 0.24
90 0.70 0.66 0.63 0.58 0.55 0.51 0.47 0.44 0.40 0.37 0.33

100 0.95 0.90 0.85 0.79 0.74 0.69 0.64 0.59 0.55 0.50 0.45
HO 1.27 1.20 1.14 1.07 1.00 0.93 0.86 0.80 0.73 0.67 0.60
120 1.69 1.60 1.51 1.42 1.33 1.24 1.15 1.06 0.97 0.89 0.80
130 2.22 2.10 1.98 1.86 1.74 1.62 1.51 1.39 1.28 1.17 1.05
140 2.89 2.73 2.57 2.42 2.26 2.11 1.96 1.81 1.66 1.52 1.37
150 3.72 3.51 3.31 3.11 2.91 2.72 2.52 2.33 2.14 1.95 1.76
160 4.74 4.48 4.22 3.97 3.71 3.46 3.22 2.97 2.73 2.49 2.25
170 5.99 5.66 5.34 5.02 4.70 4.38 4.07 3.75 3.45 3.15 2.84
180 7.51 7.10 6.69 6.30 5.89 5.49 5.10 4.71 4.33 3.94 3.57
190 9.34 8.83 8.32 7.82 7.32 6.83 6.34 5.86 5.38 4.91 4.44
200 11.53 10.90 10.27 9.65 9.04 8.43 7.83 7.23 6.64 6.06 5.48
210 _ 14.12 13.35 12.58 11.82 11.07 10.32 9.59 8.86 8.13 7.42 6.71
220 17.19 16.25 15.32 14.39 13.48 12.57 11.67 10.78 9.90 9.03 8.I7
230 20.78 19.64 18.51 17.40 16.29 15.19 14.11 13.03 11.97 10.91 9.87
240 24.97 23.60 22.25 20.91 19.58 18.26 16.95 15.66 14.38 13.12 11.86
250 29.83 28.20 26.58 25.00 23.39 21.82 20.25 18.71 17.18 15.67
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Table 10 gives values of the total vapor pressures of aqua ammonia as a 

function of the temperature and of the concentration. Table 11 gives values 
of the partial pressure of water vapor for various concentrations of aqua 
ammonia as a function of the temperature.

Table 12. Performance of Absorption Machine with DifEerent
Condenser and Suction Pressures*

Condenser pressure, lb. per sq. in. abs.

155 185 215

Suction pressure, lb. per sq. in. abs.

S.L., per cent..
W.L., per cent.
S.G., Ib...........
S.P., Ib...........
Relative capacities { c⅛Sio√.

S.L. is strong liquor.
WJL. is weak liquor.
S.G. is the steam consumption of the generator.
S.P. is the steam consumption of the pump.
* Voorhees, “Refrigerating Machines.”
Absorption machines are gradually becoming obsolete in industrial work. 

They were formerly much favored for low-temperature work. However, 
when large quantities of waste heat are available, it will always be well to 
examine their use. This obsolescence may be traced to several causes: (1) 
the bulkiness of the apparatus, (2) the increasing availability of cheap electric 
power, (3) the development of multistage compression for very low tempera­
ture refrigeration, (4) the lack of flexibility in its operation, (5) the necessity 
of constant and skillful attention for maximum economy, and (6) the corro­
sion of the system by the aqua ammonia solutions, which, however, may be 
largely nullified by sodium bichromate to the extent of 0.2 per cent of the 
total aqua charge (McKelvy and Isaacs, J. Am. Soc. Refrig. Eng., March 
1918).

Absorption Systems with Other Refrigerants. Interest in the use of 
absorption systems for air conditioning has been revived recently (Zell- 
hoefer, Refrig. Eng., May, 1937). Because of its odor, ammonia cannot be 
used in this application, and considerable research has been devoted toward 
finding other combinations of refrigerants and solvents which will be as 
efficient as the ammonia water system. The prime requirement is that the 
refrigerant shall be highly soluble to minimize the heat waste in warming 
the solvent.

Platen-Munters Continuous Absorption System. In the Platen- 
Munters system (Electrolux Household Refrigerator), circulation of 
refrigerant and absorbent is effected by the operation of hydrostatic forces 
developed within the system itself, and consequently there are no mechanical 
moving parts. In order to produce these hydrostatic forces, it is necessary to 
add a third component, which must differ in density (molecular weight) from 
the refrigerant and be capable of separation from the refrigerant. Th⅛ 
usual combination is ammonia, water, and hydrogen.
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Fig. 13.—Electrolux gas-heated refrigerating
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The essential features are shown in Fig. 13. Strong amfnonia solution is 
heated in the lower portion of the generator G, the weak liquor flowing back 
to the absorber A, while the ammonia-water vapors are separated in the 
rectifier R and the ammonia vapors liquefied in the condenser C. The liquid 
ammonia passes through a heat ex­
changer D into the evaporator E. 
In the evaporator it flows into an 
atmosphere of hydrogen and is vap­
orized, though the process is more 
analogous to humidification. The 
ammonia-hydrogen mixture then 
moves back to the absorber A 
through the heat exchanger, and the 
ammonia is dissolved leaving sub­
stantially pure hydrogen. Circu­
lation is produced because the 
column of hydrogen in the absorber 
is opposed by a heavier column of 
hydrogen-ammonia vapors in the 
evaporator, although the total gas 
pressure throughout the unit is 
equal. A difference in hydrostatic unit.
pressure, obtained partly by heat, partly by change in liquid density, also 
prevails between the generator and absorber.

The Platen-Munters principle has as yet found application only in the 
small household refrigerator. To function properly it is necessary that 
leakage be avoided, and this entails excessive construction costs on large
units. The efficiencies and capacities of a 
small unit are shown in Fig. 14, efficiency 
being based on the ratio of refrigeration pro­
duced to heat supplied.

Intermittent Absorption Machine. In 
the intermittent absorption machine the ab­
sorber and generator, and the condenser and 
the ’evaporator, are combined. During the 
cooling period the refrigerant is taken up by 
the absorbent which may be water, silica gel, 
activated charcoal, or chlorides of the alkaline 
earth metals. When the absorbent has be­
come saturated it is regenerated by heating 
and the vapors condensed in the evaporator 
which is cooled by running water. These ma­
chines have not proved very successful for two 
reasons: (1) the general desirability of main­
taining continuous refrigeration and (2) the 
great explosion hazard in overheating during 
regeneration.

Inlet WaierTempGrature Deg.F.
Fig. 14.—Effect of varying 

cooling-water temperature. Gas 
rate 2.5 cu. ft. per hr. Room 
temperature 70oF. Quantity of 
water 7 gal. per hr.

For air-conditioning work they have recently acquired some promise, 
silica gel being used for absorbing moisture from the air and later regenerated 
by gas firing. A good deal of research has been expended on their adapta­
tion to truck and railway refrigeration [Keyes, Ind. Eng. Chern., 21, 477 
(1929)].
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REFRIGERANTS USED IN VAPOR-COMPRESSION AND 
ABSORPTION SYSTEMS

The choice of a refrigerant is always determined by the specific conditions 
of refrigeration to be met. A refrigerant cannot be used in a compression 
machine if the temperature of the available cooling water lies above the 
critical temperature of the refrigerant. The temperature of cooling waters 
in America is usually too high to use carbon dioxide with advantage (see 
Fig. 15). For absorption machines, it is necessary that the absorbent be 
capable of taking up large quantities of the refrigerant. In centrifugal 
compression machines it is necessary that the vapor pressures be as low as 
possible so as to reduce the number of stages and that the molecular weight 
be as high as possible so as to reduce the peripheral speed of the rotor.

Fig. 15.—Surface-water temperatures (during summer months) in the United 
States. (Reprinted by permission from “ Handbook of Mechanical Refrigerationf by 
H. J. Macintiret John Wiley & Sons.)

In vapor-compression machines of the reciprocating type, refrigerants of 
high vapor pressure are desired since these give low piston displacement and 
smaller friction losses. A comparison of the vapor pressures of various mate­
rials is shown in Fig. 16, where the logarithm of the vapor pressure in atmos­
pheres is plotted against the reciprocal of the absolute centigrade temperature. 
The slopes of all the lines are very nearly parallel (Trouton’s law), water 
being the notable exception, and the compression ratios for any given tem­
perature interval are very nearly equal.

Other properties of importance are: chemical stability, inertness to metals 
(corrosion), ease of detection in case of leaks, and behavior with lubricants. 
Cheapness of the refrigerant is a very important item in larger units since 
it is not practicable to prevent leakage altogether.

Ammonia is the most important refrigerant used in industrial work, but 
the irritating and toxic character of the vapor excludes it from certain applica­
tions, such as marine refrigeration or air conditioning, where carbon dioxide 
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and dichlorodifluoromethane are preferred. Although the thermodynamic 
efficiency of ammonia is not very different from other refrigerants, its low- 
gas density is a distinct practical advantage in reducing power losses. In 
•certain chemical processes, notably those in which free chlorine may be 
present, ammonia is also undesirable. Propane having nearly the same 
pressures as ammonia may be substituted in machines designed for ammonia. 
For household refrigeration, air condensers are preferred because of the 
■convenience in moving the units about, and, since ammonia does not work

satisfactorily with an air condenser, it is not used in any of the small machines 
of the vapor-compression type, its use in this field being confined to the gas- 
fired absorption machines. Automatic regulation is also more difficult 
with ammonia because of its high latent heat per pound, which means that 
a small departure from the average flow upsets the temperature a great 
deal more than with a refrigerant of low latent heat.

The most important refrigerants used in household machines are sulfur diox­
ide, methyl chloride, and difluorodichloromethane. The last-named refrigerant 
has been developed in response to the demand for a non-toxic, non-flam­
mable material for household machines. [Midgeley and Henne, Ind. Eng. 
Chem.,22f 542 (1930).] Dimethyl ether, first proposed by Linde at the 
beginning of the modern period of refrigeration developments, is used in some
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German units. The low-pressure, high-molecular-weight refrigerants—-
methylene chloride and the more complex fluoro- chloro- methanes—are used
in centrifugal compressors for air-conditioning work.

Binary mixtures have been proposed as refrigerating fluids, but they have 
been unsuccessful because one of the components is always likely to leak out 
more rapidly than the other and when this happens it becomes impossible to 
interpret indicated pressures satisfactorily. They also require a greater work 
expenditure if any rectification occurs in the evaporator. If two refrigerants 
have nearly identical vapor pressures, such as methyl chloride or dimethyl 
ether, or carbon dioxide and nitrous oxide, they cannot be separated and 
would act as a one-component fluid. Two refrigerants may also form con­
stant boiling mixtures which behave similarly, but the vapor pressures of 
such binaries have not been determined. There are no essential advantages in 
binary mixtures except that the freezing points might be lowered.

Small admixtures of warning or detecting agents are sometimes added. 
Thus peppermint may be added to carbon dioxide, acrolein to methyl chloride 
(both of which have characteristic odors), or ethyl nitrite for the detection 
of pinholes by discoloration of starch-potassium iodide paper. With 
ammonia, a sulfur candle, a piece of litmus paper, or a glass rod dipped in­
acid serves as means of detection. Refrigerants containing chlorine can 
usually be detected by lighting a taper which gives a bluish-green flame in the 
escaping vapors, but this procedure is to be used with care in the case of 
methyl chloride which may form an explosive mixture with air.

The heat-transfer characteristics of refrigerants, in both the liquid and 
gaseous phases, are also important, but very few comparative data have been 
obtained so far. According to R. C. Doremus (Eng. See., Elec. Refrigeration 
News, Sept. 23, 1931) the rate of heat transfer for sulfur dioxide is about 85 
per cent as great as for methyl chloride under the same conditions of evapora­
tion. Thermal conductivities have been measured by Schreiber [Z. Ver. 
deut. Ing., 75, 969 (1931)] with the following results:

SO2......................................... 0.194 B.t.u./sq. ft. (hr.) (0F. per ft.)
CO2........................................ 0.121 B.t.u./sq. ft. (hr.) (oF. per ft.)
NH3....................................... 0.36 B.t.u./sq. ft. (hr.) (0F. per ft.) (approx.)
H20........................................ 0.36 B.t.u./sq. ft. (hr.) (oF. per ft.)

Thermodynamic Properties of Refrigerants. The thermodynamic 
properties of various refrigerants are given in the following tables:

Freezing points of refrigerants............................................................. 12a
Ammonia....................................................................................................... 13, 14, 15, 16
Carbon dioxide........................................................................................... 17
Sulfur dioxide.............................................................................................. 18, 19
Methyl chloride.......................................................................................... 20, 21
Ethyl chloride............................................................................................. 22
Dichlorodifluoromethane......................................................................... 23, 24
Dichloromonofluoromethane.................................................................. 25, 26
Trichloromonofluoromethane................................................................ 27, 28
Propane......................................................................................................... 29
Butane............... ............................................................................................ 30
Isobutane...................................................................................................... 31
Ethane........................................................................................................... 32
Methyl bromide.......................................................................................... 33
Nitrous oxide............................................................................................... 34
Ethyl ether................................................................................................... 35
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Table 12α. Freezing Points of RefrigerantsRefrigerant oF. iC.-107.9 - 77.7Carbon dioxide,* CO2................................................... -109.3 - 78.5Methyl chloride,* CH3Cl.......................................... -132.7 - 91.5Ethyl chloride,* C2H5Cl............................................ -217.7 -138.7Sulfur dioxide,* SÖ2...................................................... -103.2 - 75.2“Freon-12,”t CCl2F2. ............................................. -247.0 -155.0“Freon-11,”t CCl3F.................................................... -126.4 - 88.0"Freon-2I,"t CHCl2F................................................ -196.6 -127.0“Freon-114,”t C2Cl2F4.............................................. -158.0 -105.5* Circ. 2, Am. Soc. Refrig. Eng. (1926). t Courtesy Kinetic Chemicals, Inc.
Table 13. Properties of Liquid Ammonia*

Temp., oF.
t

Saturation Latent heat of pressure variation,B.t.u. per lb. lb. per sq. in.
I

Variation of h with 
p (f con­stant),B.t.u. per lb. lb. per sq. in.
∖∂pjt

Com­press­ibility, lb. per sq. in. × 10«
Jfq

ʌðp/l

Pressure (abs.), lb. per sq. in.
P

Volume, CU. ft. per lb.
V

Den­sity, lb. per CU. ft.1
V

Specific heat, B.t.u. per lb. per oF.
C

Heat content,B.t.u. per lb.
h

Latent heat, B.t.u. per lb.
L

Triple point -100- 95- 90- 85- 80- 75- 70- 65- 60

) Ó.881.241.521.862.272.743.293.944.695.55

0.01961t.02182.02197.02207.02216.02226.02236.02246.02256.02267.02278

51.00t45.8345.5245.3245.1244.9244.7244.5244.3244.1143.91

(1.040)(1.042)(1.043)(1.045)(1.046)(1.048)(1.050)(1.052)1.054

(-63.0)(-57.8)(-52.6)(-47.4)(—42.2)(-36.9)(-31.7)(-26.4)-21.18

(633)(631)(628)(625)(622)(619)(616)(613)610.8 -0.0016 0.0026 4.4- 55 6.54 .02288 43.70 1.056 -15.90 607.5 - .0016 .0026 4.5- 50 7.67 .02299 43.49 1.058 -10.61 604.3 - .0017 .0026 4.6- 45 8.95 .02310 43.28 1.060 - 5.31 600.9 - .0017 .0026 4.7- 40 10.41 .02322 43.08 1.062 0.00 597.6 - .0018 .0025 4.8- 35 12.05 .02333 42.86 1.064 + 5.32 594.2 - .0018 .0025 5.0- 30 13.90 .02345 42.65 1.066 10.66 590.7 - .0019 .0025 5.1- 25 15.98 .02357 42.44 1.068 16.00 587.2 - .0019 .0024 5.2- 20 18.30 .02369 42.22 1.070 21.36 583.6 - .0020 .0024 5.4- 15 20.88 ..02381 42.00 1.073 26.73 580.0 - .0020 .0024 5.5- 10 23.74 .02393 41.78 1.075 32.11 576.4 - .G021 .0023 5.7- 5 26.92 .02406 41.56 1.078 37.51 572.6 - .0022 .0023 5.80 30.42 .02419 41.34 1.080 42.92 568.9 - .0022 .0022 6.034.27 .02432 41.11 1.083 48.35 565.0 - .0023 .0022 6.2W 38.51 .02446 40.89 1.085 53.79 561.1 - .0024 .0021 6.415 43.14 .02460 40.66 1.088 59.24 557. Î - .0025 .0021 6.620 48.21 .02474 40.43 1.091 64.71 553.1 - .0025 .0020 6.825 53.73 .02488 40.20 1.094 70.20 548.9 - .0026 .0020 7.030 59.74 .02503 39.96 1.097 75.71 544.8 - .0027 .0019 7.335 66.26 .02518 39.72 1.100 81.23 540.5 - .0028 .0019 7.540 73.32 .02533 39.49 1.104 86.77 536.2 - .0029 .0018 7.845 80.96 .02548 39.24 1.108 92.34 531.8 - .0030 .0017 8.1
* Dept, of Commerce, U. S. Bur. Standards, Circ. 142, 1923. t Properties of solid ammonia at the triple point (—107.86oF.).
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Table 13. Properties of Liquid Ammonia—(,Concluded)

Note.—The figures in parentheses were calculated from empirical equations given ..._________ __________,
Sei: Papers 313 and 315 and represent values obtained by extrapolation beyond the range covered in the experimental work.

Saturation Latent Variation
p (i con­stant),Temp. oF. Pressure Volume, Den- Specific Heat Latent pressure variation,B.t.u. per lb.

press- ibility,(abs.), lb. per sq. in. heat,B.t.u, per lb. per 0F content, B.t.u. per lb. heat, B.t.u. per lb. B.t.u. per lb.lb. peí CU. ft. in. × 10«per lb. lb. per sq. in. lb. per sq. in.
t P C 1

V C h L 1
(-)∖⅜∕i fʌðp/

50 89.19 0.02564 39.00 1.112 97.93 527.3 -0.0031 0.0017 8.455 98.06 .02581 38.75 1.116 103.54 522.8 - .0032 .0016 8.860 107.6 .02597 38.50 1.120 109.18 518.1 - .0033 .0015 9.165 117.8 .02614 38.25 !.125 114.85 513.4 - .0034 .0014 9.570 128.8 .02632 38.00 1.129 120.54 508.6 - .0035 .0013 10.075 140.5 .02650 37.74 1.133 126.25 503.7 - .0037 .0012 10.480 153.0 .02668 37.48 1.138 131.99 498.7 - .0038 .0011 10.985 166.4 .02687 37.21 1.142 137.75 493.6 - .0040 .0010 11.490 180.6 .02707 36.95 1.147 143.54 488.5 - .0041 .0009 12.095 195.8 .02727 36.67 1.151 149.36 483.2 - .0043 .0008 12.6100 211.9 .02747 36.40 1.156 155.21 477.8 - .0045 .0006 13.3105 228.9 .02769 36.12 1.162 161.09 472.3 - .0047 .0005 14.1110 247.0 .02790 35.84 1.168 167.01 466.7 - .0049 .0003 14.9115 266.2 .02813 35.55 1.176 172.97 460.9 - .0051 .0001 15.8120 286.4 .02836 35.26 1.183 178.98 455.0 - .0053 .0000 16.7125 307.8 .02860 34.96 (1.189) (185) (499)130 330.3 .02885 34.66 (1.197) (191) (443)135 354.1 .02911 34.35 (1.205) (197) (436)140 379.1 .02938 34.04 (1.213) (203) (430)145 405.5 .02966 33.72 (1.222) (210) (423)150 433.2 .02995 33.39 (1.23 ) (216) (416)155 462.3 .03025 33.06 (1.24 ) (222) (409)160 492.8 .03056 32.72 (I-25 ) (229) (401)165 524.8 .03089 32 37 (∣.26 ) (235) (394)170 558.4 .03124 32.01 (1.27 ) (241) (386)175 593.5 .03160 31.65 (1.29 ) (248) (377)180 630.3 .03198 31.27 (1.30 ) (255) (369)185 668.7 .03238 30.88 (1.32 ) (262) (360)190 708.9 .03281 30.48 (1.34 ) (269) (351)195 750.9 .03326 30.06 (1.36 ) (276) (342)200 794.7 .03375 29.63 (1.38 ) (283) (332)210 888.1 .03482 28.72 (∣.43 ) (297) (310)220 989.5 .0361 27.7 (1.49 ) ¢313) (287)230 1,099.5 .0376 26.6 (1.57 ) (329) (260)240 1,218.5 .0395 25.3 (1.70 ) (346) (229)250 1,347 .0422 23 7 (1.90 ) (365) (192)260 1,486 .0463 21.6 (2.33 ) (387) (142)270 1,635 .0577 17.3 (5.30 ) (419) ( 52)Critical 1,657 .0686 14.6 ∞ (433) 0 ---  OO »
in But. Standards
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Table 14. Saturated Ammonia, Temperature Tablet
Pressure Heat content Entropy

Abs., Gage, of vapor of vapor, . Liquid, Vapor, heat, Liquid, Vapor,
oF. lb. per lb. per vU. ft. B.t.u. per B.t.u. per B.t.u. per B.t.u. per

sq. in. sq. in. vU. ft. lb. ɪb. ɪb. per 0F. lb. per 0F.
i P OP ∙ V ∣∕F Λ H l « S

-60 5.55 *18.6 44.73 0.02235 -21.2 589.6 610.8 -0.0517 1.4769
-58 5.93 *17.8 42.05 .02378 -19.1 590.4 609.5 - .0464 1.4713
-56 6.33 *17.0 39.56 .02528 -17.0 591.2 608.2 - .0412 1.4658
-54 6.75 *16.2 37.24 .02685 -14.8 592.1 606.9 - .0360 1.4604
-52 7.20 •15.3 35.09 .02850 -12.7 592.9 605.6 - .0307 1.4551
-50 7.67 *14.3 33.08 .03023 -10.6 593.7 .604.3 - .0256 1.4497
-48 8.16 *13.3 31.20 .03205 - 8.5 594.4 602.9 - .0204 1.4445
-46 8.68 •12.2 29.45 .03395 - 6.4 595.2 601.6 - .0153 1.4393-44 9.23 •11.1 27.82 .03595 - 4.3 596.0 600.3 - .0102 1.4342
-42 9.81 *10.0 26.29 .03804 - 2.1 596.8 598.9 - .0051 1.4292
-40 10.41 *8.7 24.86 .04022 0.0 597.6 597.6 .0000 1.4242
-38 11.04 •7.4 23.53 .04251 2.1 598.3 596.2 .0051 1.4193
-36 11.71 •6.1 22.27 .04489 4.3 599.1 594.8 .0101 1.4144
-34 12.41 *4.7 21.10 .04739 6.4 599.9 593.5 .0151 1.4096
-32 13.14 •3.2 20.00 .04999 8.5 600.6 592.1 .0201 1.4048
-30 13.90 *1.6 18.97 .05271 10.7 601.4 590.7 .0250 1.4001
-28 14.71 0.0 18.00 .05555 12.8 602.1 589.3 .0300 1.3955
-26 15.55 0.8 17.09 .05850 14.9 602.8 587.9 .0350 1.3909
-24 16.42 1.7 16.24 .06158 17.1 603.6 586.5 .0399 1.3863
-22 17.34 2.6 15.43 .06479 19.2 604.3 585.1 .0448 1.3818
-20 18.30 3.6 14.68 .06813 21.4 605.0 583.6 .0497 1.3774-18 19.30 4.6 13.97 .07161 23.5 605.7 582.2 .0545 1.3729
-16 20.34 5.6 13.29 .07522 25.6 606.4 580.8 .0594 1.3686
-14 21.43 6.7 12.66 .07898 27.8 607.1 579.3 .0642 1.3643
-12 22.56 7.9 12.06 .08289 30.0 607.8 577.8 .0690 1.3600
-10 23.74 9.0 11.50 .08695 32.1 608.5 576.4 .0738 1.3558
- 8 24.97 10.3 10.97 .09117 34.3 609.2 574.9 .0786 1.3516
- 6 26.26 11.6 10.47 .09555 36.4 609.8 573.4 .0833 1.3474
- 4 27.59 12.9 9.991 .1001 38.6 610.5 571.9 .0880 1.3433
- 2 28.98 14.3 9.541 .1048 40.7 611.1 570.4 .0928 1.3393

0 30.42 15.7 9.116 .1097 42.9 611.8 568.9 .0975 1.3352
2 31.92 17.2 8.714 .1148 45.1 612.4 567.3 .1022 1.3312
4 33.47 18.8 8.333 .1200 47.2 613.0 565.8 .1069 1.3273
6 35.09 20.4 7.971 .1254 49.4 613.6 564.2 .1115 1.3234
8 36.77 22.1 7.629 .1311 51.6 614.3 562.7 .1162 1.3195

10 38.51 23.8 7.304 .1369 53.8 614.9 561.1 .1208 1.3157
12 40.31 25.6 6.996 .1429 56.0 615.5 559.5 .1254 1.3118
14 42.18 27.5 6.703 .1492 58.2 616.1 557.9 .1300 1.3081
16 44.12 29.4 6.425 .1556 60.3 616.6 556.3 .1346 1.3043
18 46.13 31.4 6.161 . 1623 62.5 617.2 554.7 .1392 1.3006

20 48.21 33.5 5.910 .1692 64.7 617.8 553.1 .1437 1.2969
22 50.36 35.7 5.671 .1763 66.9 618.3 551.4 .1483 1.2933
24 52.59 37.9 5.443 .1837 69.1 618.9 549.8 .1528 1.2897
26 54.90 40.2 5.227 .1913 71.3 619.4 548.1 .1573 1.2861
28 57.28 42.6 5.021 .1992 73.5 619.9 546.4 .1618 1.2825

30 59.74 45.0 4.825 .2073 75.7 620.5 544.8 .1663 1.2790
32 62.29 47.6 4.637 .2156 77.9 621.0 543.1 .1708 1.2755
34 64.91 50.2 4.459 .2243 80.1 621.5 541.4 .1753 1.2721
36 67.63 52.9 4.289 .2332 82.3 622.0 539.7 .1797 1.2686
38 70.43 55.7 4.126 .2423 84.6 622.5 537.9 .1841 1.2652

↑ Dept, of Commerce, U. S. Bur. Standardt, Circ. 142, 1923, 
*In. Hg below 1 standard atm. ¢29.92 in.)
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Table 14. Saturated Ammonia, Temperature Table—(Conctoded)

Temp., oF.
t

Pressure Volume of vapor CU. ft. per lb.
V

Density of vapor, lb. per CU. ft.
1/V

⅛eat content ËntropyAbs., lb. per sq. in.
P

Gage, lb. per βq. in.
O P

Liquid,B.t.u. per lb.
h

Vapor,B,t u. per lb.
H

heat, B.t.u. per lb.
L

Liquid,B.t.u. per lb. per oF.8
Vapor,B.t.u. per lb. perɪ S40 73.32 58.6 3.971 0.2518 86.8 623.0 536.2 0.1885 1.261842 76.31 61.6 3.823 .2616 89.0 623.4 534.4 .1930 1.258544 79.38 64.7 3.682 .2716 91.2 623.9 532.7 .1974 1.255246 82.55 67.9 3.547 .2819 93.5 624.4 530.9 .2018 1.251948 85.82 71.1 3.418 .2926 95.7 624.8 529.1 .2062 1.248650 89.19 74.5 3.294 .3036 97.9 625.2 527.3 .2105 1.245352 92.66 78.0 3.176 .3149 100.2 625.7 525.5 .2149 1.242154 96.23 81.5 3.063 .3265 102.4 626.1 523.7 .2192 1.238956 99.91 85.2 2.954 .3385 104.7 626.5 521.8 .2236 1.235758 103.7 89.0 2.851 .3508 106.9 626.9 520.0 .2279 1.232560 107.6 92.9 2.751 .3635 109.2 627.3 518.1 .2322 1.229462 111.6 96.9 2.656 .3765 111.5 627.7 516.2 .2365 1.226264 115.7 101.0 2.565 .3899 113.7 628.0 514.3 .2408 1.223166 120.0 105.3 2.477 .4037 116.0 628.4 512.4 .2451 1.220168 124.3 109.6 2.393 .4179 118.3 628.8 510.5 .2494 1.217070 128.8 114.1 2.312 .4325 120.5 629.1 508.6 .2537 1.214072 133.4 118.7 2.235 .4474 122.8 629.4 506.6 .2579 1.211074 138.1 123.4 2.161 .4628 125.1 629.8 504.7 .2622 1.208076 143.0 128.3 2.089 .4786 127.4 630.1 502.7 .2664 1.205078 147.9 133.2 2.021 .4949 129.7 630.4 500.7 .2706 1.202080 153.0 138.3 1.955 .5115 132.0 630.7 498.7 .2749 1.199182 158.3 143.6 1.892 .5287 134.3 631.0 496.7 .2791 1.196284 163.7 149.0 1.831 .5462 136.6 631.3 494.7 .2833 1.193386 169.2 154.5 1.772 .5643 138.9 631.5 492.6 .2875 1.190488 174.8 160.1 1.716 .5828 141.2 631.8 490.6 .2917 1.187590 180.6 165.9 1.661 .6019 143.5 632.0 488.5 .2958 1.184692 186.6 171.9 1.609 .6214 145.8 632.2 486.4 .3000 1.181894 192.7 178.0 1.559 .6415 148.2 632.5 484.3 .3041 1.178996 198.9 184.2 1.510 .6620 150.5 632.6 482.1 .3083 1.176198 205.3 190.6 1.464 .6832 152.9 632.9 480.0 .3125 1.1733100 211.9 197.2 1.419 .7048 155.2 633.0 477.8 .3166 1.1705102 218.6 203.9 1.375 .7270 157.6 633.2 475.6 .3207 1.1677104 225.4 210.7 1.334 .7498 159.9 633.4 473.5 .3248 1.1649106 232.5 217.8 1.293 .7732 162.3 633.5 471.2 .3289 1.1621108 239.7 225.0 1.254 .7972 164.6 633.6 469.0 .3330 1.1593110 247.0 232.3 1.217 .8219 167.0 633.7 466.7 .3372 1.1566112 254.5 239.8 1.180 .8471 169.4 633.8 464.4 .3413 1.1538114 262.2 247.5 1.145 .8730 171.8 633.9 462.1 .3453 1.1510116 270.1 255.4 1.112 .8996 174.2 634.0 459.8 .3495 1.1483118 278.2 263.5 1.079 .9269 176.6 634.0 457.4 .3535 1.1455120 286.4 271.7 1.047 .9549 179.0 634.0 455.0 .3576 1.1427122 294.8 280.1 1.017 .9837 181.4 634.0 452.6 .3618 1.1400124 303.4 288.7 0.987 1.0132 183.9 634.0 450.1 .3659 1.1372125 307.8 293.1 0.973 1.028 1 185,1 634.0 448.9 .3679 I 1.1358
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Table 15. Saturated Ammonia, Absolute Pressure Table*

Dept, of Commerce, U. S. Bur. Standards, Circ. 142, 1923.

Pressure (abs.), lb. per sq. in.
P

Temp., oF.
t

Volume of vaporCU. ft. per lb.
V

Density of vapor lb. per CU. ft.
i∕T

Heat content Latent heat, B.t.u. per lb.
L

Entropy
Liquid, B.t.u. per lb.

h

Vapor, B.t.u. per lb.
H

Liquid, B.t.u. per lb. per oF.
S

Evapora­tion,B.t.u. per lb. per oF.
L/T

Vapor, B.t.u. per lb. per oF.
-S

5.0 -63.11 49.31 0.02029 -24.5 588.3 612.8 -0.0599 1.5456 1.48577.5 -50.70 33.77 .02962 -11.3 593.4 604.7 - .0274 1.4790 1.451610.0 -41.34 25.81 .03874 - 1.4 597.1 598.5 - .0034 1.4310 I.427612.5 -33.74 20.96 .04772 6.7 600.0 593.3 .0157 1.3933 1.409015.0 -27.29 17.67 .05658 13.6 602,4 588.8 .0318 1.3620 1.393817.5 -21.66 15.30 .06535 19.6 604.4 584.8 .0456 1.3354 1.381020.0 -16.64 13.50 .07405 25.0 606.2 581.2 .0578 1.3122 1.370022.5 -12.11 12.09 .08268 29.8 607.7 577.9 .0687 1.2915 I.360225.0 - 7.96 10.96 .09126 34.3 609.1 574.8 .0787 1.2728 1.351527.5 - 4.13 10.02 .09979 38.4 610.4 572.0 .0878 1.2558 1.343630 - 0.57 9.236 .1083 42.3 611.6 569.3 .0962 1.2402 1.336435 5.89 7.991 .1251 49.3 613.6 564.3 .1113 1.2123 1.323640 11.66 7.047 .1419 55.6 615.4 559.8 .1246 1.1879 1.312545 16.88 6.307 .1586 61.3 616.9 555.6 .1366 I.1661 1.302750 21.67 5.710 .1751 66.5 618.2 551.7 .1475 1.1464 1.293955 26.09 5.218 .1917 71.4 619.4 548.0 .1575 1.1284 1.285960 30.21 4.805 .2081 75.9 620.5 544.6 .1668 1.1119 1.278765 34.06 4.453 .2245 80.2 621.5 541.3 .1754 1.0966 1.272070 37.70 4.151 .2409 84.2 622.4 538.2 .1835 1.0823 1.265875 41.13 3.887 .2573 88.0 623.2 535.2 .1910 1.0689 1.259980 44.40 3.655 .2736 91.7 624.0 532.3 .1982 1.0563 1.254585 47.50 3.449 .2899 95.1 624.7 529.6 .2051 1.0443 1.249490 50.47 3.266 .3062 98.4 625.3 526.9 .2115 1.0330 1.244595 53.32 3.101 .3225 101.6 625.9 524.3 .2177 1.0222 1.2399100 56.05 2.952 .3388 104.7 626.5 521.8 .2237 1.0119 1.2356110 61.21 2.693 .3713 110.5 627.5 517.0 .2348 0.9927 1.2275120 66.02 2.476 .4039 116.0 628.4 512.4 .2452 0.9749 1.220!130 70.53 2.291 .4364 121.1 629.2 508.1 .2548 0.9584 1.2132140 74.79 2.132 .4690 126.0 629.9 503.9 .2638 0.9430 1.2068150 78.81 1.994 .5016 130.6 630.5 499.9 .2724 0.9285 1.2009160 82.64 1.872 .5343 135.0 631.1 496.1 .2804 0.9148 1.1952170 86.29 1.764 .5670 139.3 631.6 492.3 .2881 0.9019 1.1900180 89.78 1.667 .5998 143.3 632.0 488.7 .2954 0.8896 1.1850190 93.13 1.581 .6326 147.2 632.4 485.2 .3024 0.8778 1.1802200 96.34 1.502 .6656 150.9 632.7 481.8 .3090 0.8666 1.1756225 103.87 1.336 .7484 159.7 633.3 473.6 .3246 0.8405 1.1651250 110.80 1.202 .8319 168.0 633.8 465.8 .3388 0.8167 1.1555275 117.22 1.091 .9162 175.6 634.0 458.4 .3519 0.7947 1.1466300 123.21 0.999 1.0015 182.9 634.0 451.1 .3642 0.7741 1.1383
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Table 16. Properties of Superheated AmmoniaVapor*

(V = volume in cu. ft. per lb.; H = heat content in B.t.u. per lb.; S = entropy in
B.t.u. per lb. per oF.)Absolute pressure in ɪb. per sq. in. (Saturation temperature in italics.)Temp., oF. 5

—63.11°
6

-57.64°
7

—52.88°
V H S V Ä S V H S

Sat. 49.31 588.3 1.4s57 41.59 590.6 1.4703 36.01 592.5 1.4574-50 51.05 595.2 1.5025 42.44 594.6 1.4803 36.29 594.0 1.4611-40 52.36 600.3 1.5149 43.55 599.8 1.4928 37.25 599.3 1.4739-30 53.67 605.4 1.5269 44.64 604.9 1.5049 38.19 604.5 1.4861-20 54.97 610.4 1.5385 45.73 610.0 1.5166 39.13 609.6 1.4979—10 56.26 615.4 1.5498 46.82 615.1 1.5280 40.07 614.7 1.50940 57.55 620.4 1.5608 47.90 620.1 1.5391 41.00 619.8 1.520610 58.84 625.4 1.5716 48.98 625.2 1.5499 41.93 624.9 1.531420 60.12 630.4 1.5821 50.05 630.2 1.5605 42.85 629.9 1.542130 61.41 635.4 1.5925 51.12 635.2 1.5708 43.77 635.0 1.552540 62.69 640.4 1.6026 52.19 640.2 1.5810 44.69 640.0 1.562750 63.96 645.5 1.6125 53.26 645.2 1.5910 45.61 645.0 1.572760 65.24 650.5 1.6223 54.32 650.3 1.6008 46.53 650.1 1.582570 66.51 655.5 1.6319 55.39 655.3 1.6104 47.44 655.2 1.592180 67.79 660.6 1.6413 56.45 660.4 1.6199 48.36 660.2 1.601690 69.06 665.6 1.6506 57.51 665.5 1.6292 49.27 665.3 1.6110100 70.33 670.7 1.6598 58.58 670.6 1.6384 50.18 670.4 1.6202110 71.60 675.8 1.6689 59.64 675.7 1.6474 51.09 675.5 1.6292120 72.87 680.9 1.6778 60.70 680.8 1.6563 52.00 680.7 1.6382130 74.14 686.1 1.6865 61.76 685.9 1.6651 52.91 685.8 1.6470140 75.41 691.2 1.6952 62.82 691.1 1.6738 53.82 691.0 1.6557150 76.68 696.4 1.7038 63.87 696.3 1.6824 54.73 696.2 1.6643160 77.95 701.6 1.7122 64.93 701.5 1.6909 55.63 701.4 1.6727170 79.21 706.8 1.7206 65.99 706.7 1.6992 56.54 706.6 1.6811180 80.48 712.1 1.7289 67.05 712.0 1.7075 57.45 711.9 1.68948 9 10
—48.64 41.34

Sat. 31.79 594.2 28.48 595.7 1.4363 25.81 597.1 1.4276-50-40 32.52 598.8 1.4573 28.85 598.3 1.4426-30 33.36 604.1 1.4697 29.59 603.6 1.4551 26.58 603.2 1.4420-20 34.19 609.3 1.4816 30.34 608.9 1.4672 27.26 608.5 1.4542-10 35.01 614.4 1.4932 31.07 614.0 1.4788 27.92 613.7 1.46590 35.83 619.5 1.5044 31.80 619.2 1.4902 28.58 618.9 1.477310 36.64 624.6 1.5154 32.53 624.3 1.5012 29.24 624.0 1.488420 37.45 629.7 1.5261 33.26 629.4 1.5119 29.90 629.1 1.499230 38.26 634.7 1.5365 33.98 634.5 1.5224 30.55 634.2 1.509740 39.07 639.8 1.5467 34.70 639.5 1.5327 31.20 639.3 1.520050 39.88 644.8 1.5568 35.42 644.6 1.5427 31.85 644.4 1.530160 40.68 649.9 1.5666 36.13 649.7 1.5526 32.49 649.5 1.540070 41.48 655.0 1.5763 36.85 654.8 1.5623 33.14 654.6 1.549780 42.28 660.1 1.5858 37.56 659.9 1.5718 33.78 659.7 1.559390 43.08 665.2 1.5952 38.27 665.0 1.5812 34.42 664.8 1.5687100 43.88 670.3 1.6044 38.98 670.1 1.5904 35.07 670.0 1.5779no 44.68 675.4 1.6135 39.70 675.3 1.5995 35.71 675.1 1.5870120 45.48 680.5 1.6224 40.40 680.4 1.6085 36.35 680.3 1.5960130 46.27 685.7 1.6312 41.11 685.6 1.6173 36.99 685.4 1.6049140 47.07 690.9 1.6399 41.82 690.7 1.6260 37.62 690.6 1.6136150 47.87 696.1 1.6485 42.53 695.9 1.6346 38.26 695.8 1.6222160 48.66 701.3 1.6570 43.24 701.2 1.6431 38.90 701.1 1.6307170 49.46 706.5 1.6654 43.95 706.4 1.6515 39.54 706.3 1.6391180 50.25 711.8 1.6737 44.65 711.7 1.6598 40.17 711.6 1.64741.6556190200 40.81 716.941.45 722.2 1.6637Dept, of Commerce, U. S. Bur. Standards, Circ. 142, 1923.
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Table 16. Properties of Superheated Ammonia Vapor—{Continued)
V = volume in cu. ft. per Ib.; H = heat content in B.t.u. per lb.; 5 = entropy in B.t.u.

per lb. per oF.Absolute pressure in lb. per sq. in. (Saturation temperature in italics.)Temp., oF. 12 
-35.16°

14
—29.76°

16
-24.05°7 H S V H S V I H I S

Sat. 21.77 599 4 14124 18.85 6014 1.3996 16.64 603.2 1.3885-30 22.07 602.3 1.4190-20 22.64 607.7 1.4314 19.33 606.8 1.4119 16.86 606.0 1.3948-10 23.20 613.0 1.4434 19.82 612.2 1.4241 17.29 611.5 1.40720 23.75 618.2 1.4549 20.30 617.6 1.4358 17.72 616.9 1.419110 24.31 623.4 1.4661 20.78 622.8 1.4472 18.14 622.2 1.430620 24.86 628.6 1.4770 21.26 628.0 1.4582 18.56 627.5 1.441730 25.41 633.7 1.4877 21.73 633.2 1.4688 18.97 632.7 I.452540 25.95 638.9 1.4980 22.20 638.4 1.4793 19.39 638.0 1.463050 26.49 644.0 1.5082 22.67 643.6 1.4896 19.80 643.2 1.473360 27.03 649.1 1.5182 23.14 648.7 1.4996 20.21 648.3 1.483470 27.57 654.3 1.5279 23.60 653.9 1.5094 20.62 653.5 1.493380 28.11 659.4 1.5375 24.06 659.0 1.5191 21.03 658.7 1.503090 28.65 664.5 1.5470 24.53 664.2 1.5285 21.43 663.9 1.5125100 29.19 669.7 1.5562 24.99 669.4 1.5378 21.84 669.1 1.5218110 29.72 674.8 1.5654 25.45 674.5 1.5470 22.24 674.3 1.5310120 30.26 680.0 1.5744 25.91 679.7 1.5560 22.65 679.5 1.5401BO 30.79 685.2 1.5833 26.37 684.9 1.5649 23.05 684.7 1.5490140 31.33 690.4 1.5920 26.83 690.1 1.5737 23.45 689.9 1.5578150 31.86 695.6 1.6006 27.29 695.4 1.5824 23.86 695.1 1.5665160 32.39 700.8 1.6092 27.74 700.6 1.5909 24.26 700.4 1.5750170 32.92 706.1 1.6176 28.20 705.9 1.5993 24.66 705.7 1.5835180 33.46 711.4 1.6259 28.66 711.2 1.6076 25.06 711.0 1.5918190 33.99 716.7 1.6341 29.11 716.5 1.6159 25.46 716.3 1.6001200 34.52 722.0 1.6422 29.57 721.8 1.6240 25.86 721.6 1.6082220 26.66 732.3 1.624218 20 22
—20.61 -16.64 —12.98

Sat. 14.90 604.8 1.3787 13.50 606.2 1.3700 12.35 607 4 I.3621-20 14.93 605.1 1.3795-10 15.32 610.7 I.3921 13.74 610.0 1.3784 12.45 609.2 1.36590 15.70 616.2 1.4042 14.09 615.5 1.3907 12.77 614.8 1.378410 16.08 621.6 1.4158 14.44 621.0 1.4025 13.09 620.4 l.39O320 16.46 626.9 1.4270 14.78 626.4 1.4138 13.40 625.8 1.401830 16.83 632.2 1.4380 15.11 631.7 1.4248 13.71 631.2 1.412940 12.20 637.5 1.4486 15.45 637.0 1.4356 14.02 636.6 1.423750 17.57 642.7 1.4590 15.78 642.3 1.4460 14.32 641.9 1.434260 17.94 647.9 1.4691 16.12 647.5 1.4562 14.63 647.1 1.444570 18.30 653.1 1.4790 16.45 652.8 1.4662 14.93 652.4 1.454580 18.67 658.4 1.4887 16.78 658.0 1.4760 15.23 657.7 1.464390 19.03 663.6 1.4983 17.10 663.2 1.4856 15.53 662.9 1.4740100 19.39 668.8 1.5077 17.43 668.5 1.4950 15.83 668.1 1.4834110 19.75 674.0 1.5169 17.76 673.7 1.5042 16.12 673.4 1.4927120 20.11 679.2 1.5260 18.08 678.9 1.5133 16.42 678.6 1.5019130 20.47 684.4 1.5349 18.41 684.2 1.5223 16.72 683.9 1.5109140 20.83 689.7 1.5438 18.73 689.4 1.5312 17.01 689.2 1.5197150 21.19 694.9 1.5525 19.05 694.7 1.5399 17.31 694.4 1.5285160 21.54 700.2 1.5610 19.37 700.0 1.5485 17.60 699.7 1.5371170 21.90 705.5 1.5695 19.70 705.3 1.5569 17.89 705.0 1.5456180 22.26 710.8 1.5778 20.02 710.6 1.5653 18.19 710.4 1.5539190 22.61 716.1 1.5861 20.34 715.9 1.5736 18.48 715.7 1.5622200 22.97 721.4 1.5943 20.66 721.2 1.5817 18.77 721.1 1.5704220 23.68 732.2 1.6103 21.30 732.0 1.5978 19.35 731.8 1.5865240 21.94 742.8 1.6135 19.94 742,7 1.6022
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Table 16. Properties of Superheated Ammonia Vapor—(.Continued.)
V = volume in cu. ft. per lb. ; H = heat content in B.t.u. per lb. ; S = entropy in B.t.u. 

per lb. per oF.Absolute pressure in lb. per sq. in. (Saturation temperature in italics.)Temp., oF. 24
—9.58°

26
-6.39o

28
-3.4θ0

V H •s V I H I S y I H I S
Sat. 11.39 608.6 1.3549 10.56 609.7 1.3482 9.853 610.7 ΛS42∕0 11.67 614.1 1.3670 10.74 613.4 1.3564 9.942 612.7 1.346510 11.96 619.7 1.3791 11.01 619.1 1.3686 10.20 618.4 1.358920 12.25 625.2 1.3907 11.28 624.7 1.3804 10.45 624.1 1.370830 12.54 630.7 1.4019 11.55 630.2 1.3917 10.70 629.6 1.382240 12.82 636.1 1.4128 11.81 635.6 1.4027 10.95 635.1 1.393350 13.11 641.4 1.4234 12.08 641.0 1.4134 11.19 640.5 1.404160 13.39 646.7 1.4337 12.34 646.3 1.4238 11.44 645.9 1.414570 13.66 652.0 1.4438 12.59 651.6 1.4339 11.68 651.2 1.4247 /80 13.94 657.3 1.4537 12.85 656.9 1.4439 11.92 656.6 1.434790 14.22 662.6 1.4634 13.11 662.2 1.4536 12.15 661.9 1.4445100 14.49 667.8 1.4729 13.36 667.5 1.4631 12.39 667.2 1.4540110 14.76 673.1 1.4822 13.61 672.8 1.4725 12.63 672.5 1.4634120 15.04 678.4 1.4914 13.87 678.1 1.4817 12.86 677.8 1.4726130 15.31 683.6 1.5004 14.12 683.4 1.4907 13.10 683.1 1.4817140 15.58 688.9 1.5093 14.37 688.7 1.4996 13.33 688.4 1.4906150 15.85 694.2 1.5180 14.62 694.0 1.5084 13.56 693.7 1.4994160 16.12 699.5 1.5266 14.87 699.3 1.5170 13.80 699.1 1.5081170 16.39 704.8 1.5352 15.12 704.6 1.5256 14.03 704.4 1.5167180 16.66 710.2 I.5436 15.37 710.0 1.5340 14.26 709.8 1.5251190 16.93 715.5 1.5518 15.62 715.3 1.5423 14.49 715.1 1.5334200 17.20 720.9 1.5600 15.86 720.7 1.5505 14.72 720.5 1.5416220 17.73 731.7 1.5761 16.36 731.5 1.5666 15.18 731.3 1.5578240 18.27 742.6 1.5919 16.85 742.4 1.5824 15.64 742.2 1.5736260 17.35 753.3 1.5978 16.10 753 2 1.589030 32 34

4.66°
Sat. 9.236 611.6 1.3364 8.693 612.4 1.3310 8.211 613.2 1.32600 9.250 611.9 1.337110 9.492 617.8 1.3497 8.874 617.1 1.3411 8.328 616.4 1.332820 9.731 623.5 1.3618 9.099 622.9 1.3532 8.542 622.3 1.345230 9.966 629.1 1.3733 9.321 628.5 1.3649 8.753 628.0 1.357040 10.20 634.6 1.3845 9.540 634.1 1.3762 8.960 633.6 1.368450 10.43 640.1 1.3953 9.757 639.6 1.3871 9.166 639.2 1.379360 10.65 645.5 1.4059 9.972 645.1 1.3977 9.369 644.7 1.390070 10.88 650.9 1.4161 10.18 650.5 1.4080 9.570 650.1 1.400480 11.10 656.2 1.4261 10.40 655.9 1.4181 9.770 655.5 1.410590 11.33 661.6 1.4359 10.61 661.2 1.4280 9.969 660.9 1.4204100 11.55 666.9 1.4456 10.81 666.6 1.4376 10.17 666.3 1.4301110 11.77 672.2 1.4550 11.02 671.9 1.4470 10.36 671.6 1.4396120 11.99 677.5 1.4642 11.23 677.3 1.4563 10.56 677.0 1.4489130 12.21 682.9 1.4733 11.44 682.6 1.4655 10.75 682.3 1.4581140 12.43 688.2 1.4823 11.64 687.9 1.4744 10.95 687.7 1.4671150 12.65 693.5 1.4911 11.85 693.3 1.4833 11.14 693.0 1.4759160 12.87 698.8 1.4998 12.05 698.6 1.4920 11.33 698.4 1.4846170 13.08 704.2 1.5083 12.26 704.0 1.5006 11.53 703.8 1.4932180 13.30 709.6 1.5168 12.46 709.4 1.5090 11.72 709.2 1.5017190 13.52 714.9 1.5251 12.66 714.7 1.5174 11.91 714.5 1.5101200 13.73 720.3 1.5334 12.86 720.1 1.5256 12.10 720.0 1.5183220 14.16 731.1 1.5495 13.27 731.0 1.5418 12.48 730.8 1.5346240 14.59 742.0 1.5653 13.67 741.9 1.5576 12.86 741.7 1.5504260 15.02 753.0 1.5808 14.08 752.9 1.5731 13.24 752.7 1.5659280 14.48 763.9 1.5883 13.62 763.8 1.5811



2558 REFRIGERATION

Table 16. Properties of Superheated Ammonia Vapor—(Continued)
V = volume in Cu. ft. per lb.; H = heat content in B.t.u. per lb. ; .S' = entropy in B.t.u. 

per ɪb. per oF.Absolute pressure in lb. per sq. in. (Saturation temperature in italics.)Temp., 36 38 40oF. 7.09° 9.43° 11.66
V I H I S V I H I s V I H I S

Sat. 7.782 614.0 1.3213 7.396 614.7 1.3168 7.047 615.4 1.312510 7.842 615.7 1.3250 7.407 615.0 1.317520 8.046 621.7 1.3375 7.603 621.0 1.3301 7.203 620.4 1.323130 8.247 627.4 1.3494 7.795 626.9 1.3422 7.387 626.3 1.335340 8.445 633.1 1.3609 7.983 632.6 1.3538 7.568 632.1 1.347050 8.640 638.7 1.3720 8.170 638.3 1.3650 7.746 637.8 1.358360 8.833 644.2 1.3827 8.353 643.8 1.3758 7.922 643.4 1.369270 9.024 649.7 1.3932 8.535 649.3 1.3863 8.096 648.9 1.379780 9.214 655.2 1.4033 8.716 654.8 1.3965 8.268 654.4 1.390090 9.402 660.6 1.4133 8.895 660.2 1.4065 8.439 659.9 1.4000100 9.589 666.0 1.4230 9.073 665.6 1.4163 8.609 665.3 1.4098110 9.775 671.3 1.4325 9.250 671.0 1.4258 8.777 670.7 1.4194120 9.961 676.7 1.4419 9.426 676.4 1.4352 8.945 676.1 1.4288130 10.15 682.1 1.4510 9.602 681.8 1.4444 9.112 681.5 1.4381140 10.33 687.4 1.4601 9.776 687.2 1.4534 9.278 686.9 1.4471150 10.51 692.8 1.4689 9.950 692.6 1.4623 9.444 692.3 1.4561160 10.69 698.2 1.4777 10.12 698.0 1.4711 9.609 697.7 1.4648170 10.88 703.6 1.4863 10.30 703.3 1.4797 9.774 703.1 1.4735180 11.06 709.0 1.4948 10.47 708.7 1.4883 9.938 708.5 1.4820190 11.24 714.4 1.5032 10.64 714.2 1.4966 10.10 714.0 1.4904200 11.42 719.8 1.5115 10.81 719.6 1.5049 10.27 719.4 1.4987220 11.78 730.6 1.5277 11.16 730.5 I.5212 10.59 730.3 1.5150240 12.14 741.6 1.5436 11.50 741.4 1.5371 10.92 741.3 1.5309260 12.50 752.6 1.5591 11.84 752.4 1.5526 11.24 752.3 1.5465280 12.86 763.7 1.5743 12.18 763.5 1.5678 11.56 763.4 1 5617300 11.88 774.6 1.576644 48
IS. 88°

no
19.80 23.48°

Sat. 6.443 616.6 1.3046 6.934 617.7 1.2973 5.502 618.7 1.290620 6.513 619.1 1.3099 5.937 617.8 1.297630 6.683 625.2 1.3224 6.096 624.0 1.3103 5.599 622.8 1.299140 6.850 631.1 1.3343 6.251 630.0 1.3225 5.744 629.0 1.311450 7.014 636.8 1.3457 6.404 635.9 1.3341 5.887 634.9 1.323360 7.176 642.5 1.3567 6.554 641.6 1.3453 6.027 640.8 1.334670 7.336 648.1 1.3674 6.702 647.3 1.3561 6.165 646.5 1.345680 7.494 653.7 1.3778 6.848 652.9 1.3666 6.302 652.2 1.356290 7.650 659.2 1.3880 6.993 658.5 1.3768 6.437 657.8 1.3665100 7.806 664.7 1.3978 7.137 664.0 1.3868 6.571 663.4 1.3766110 7.960 670.1 1.4075 7.280 669.5 1.3965 6.704 668.9 1.3864120 8.114 675.6 1.4170 7.421 675.0 1.4061 6.835 674.4 1.3960130 8.267 681.0 1.4263 7.562 680.5 1.4154 6.966 679.9 1.4054140 8.419 686.4 1.4354 7.702 685.9 1.4246 7.096 685.4 1.4146150 8.570 691.9 1.4444 7.842 691.4 1.4336 7.225 690.9 1.4237160 8.721 697.3 1.4532 7.981 696.8 1.4425 7.354 696.4 1.4326170 8.871 702.7 1.4619 8.119 702.3 1.4512 7.483 701.8 1.4413180 9.021 708.1 1.4704 8.257 707.7 1.4598 7.611 707.3 1.4500190 9.171 713.6 1.4789 8.395 713.2 1.4683 7.738 712.8 1.4585200 9.320 719.0 1.4872 8.532 718.7 1.4766 7.865 718.3 1.4668210 7.992 723.8 1.4751220 9.617 730.0 1.5035 8.805 729.6 1.4930 8.118 729.3 1.4833240 9.913 741.0 1.5195 9.077 740.6 1.5090 8.370 740.3 1.4993260 10.21 752.0 1.5350 9.348 751.7 1.5246 8.621 751.4 1.5149280 10.50 763.1 1.5503 9.619 762.9 1.5399 8.871 762.6 1.5303300 10.80 774.3 1.5652 9.888 774.1 1.5548 9.120 773.8 1.5453
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Table 16. Properties of Superheated Ammonia Vapor—(Continued)
V = volume in cu. ft. per lb.; H = heat content in B.t.u. per lb.; S = entropy in B.t.u. 

per lb. per oF.Absolute pressure in lb. per sq. in. (Saturation temperature in italics.)Temp., 56 60 70oF. 26.94° 30.21° 37.70°
V H S V H I S V H S

Sat. 5.129 619.7 1.2844 4.805 620.5 1.2787 4.151 622.4 1.265830 5.m 621.6 1.288440 5.310 627.9 1.3011 4.933 626.8 1.2913 4.177 623.9 1.268850 5.444 633.9 1.3131 5.060 632.9 1.3035 4.290 630.4 1.281660 5.576 639.9 1.3246 5.184 639.0 1.3152 4.401 636.6 1.293770 5.706 645.7 1.3357 5.307 644.9 1.3265 4.509 642.7 1.305480 5.8.34 651.4 1.3465 5.428 650.7 1.3373 4.615 648.7 1.316690 5.960 657.1 1.3569 5.547 656.4 1.3479 4.719 654.6 1.3274100 6.085 662.7 1.3670 5.665 662.1 1.3581 4.822 660.4 1.3378110 6.209 668.3 1.3769 5.781 667.7 1.3681 4.924 666.1 1.3480120 6.333 673.9 1.3866 5.897 673.3 1.3778 5.025 671.8 1.3579130 6.455 679.4 1.3961 6.012 678.9 1.3873 5.125 677.5 1.3676140 6.576 684.9 1.4053 6.126 684.4 1.3966 5.224 683.1 1.3770150 6.697 690.4 1.4144 6.239 689.9 1.4058 5.323 688.7 1.3863160 6.817 695.9 1.4234 6.352 695.5 1.4148 5.420 694.3 1.3954170 6.937 701.4 1.4322 6.464 701.0 1.4236 5.518 699.9 1.4043180 7.056 706.9 1.4408 6.576 706.5 1.4323 5.615 705.5 1.4131190 7.175 712.4 1.4494 6.687 712.0 1.4409 5.711 711.0 1.4217200 7.294 717.9 1.4578 6.798 717.5 1.4493 5.807 716.6 1.4302210 7.412 723.4 1.4661 6.909 723.1 1.4576 5.902 722.2 1.4386220 7.529 728.9 1.4743 7.019 728.6 1.4658 5.998 727.7 1.4469230 6 093 733 3 1 4550240 7.764 740.0 1.4903 7.238 739.7 1.4819 6.187 738.9 1.4631260 7.998 751.1 1.5060 7.457 750.9 1.4976 6.376 750.1 1.4789280 8.230 762.3 1.5213 7.675 762.1 1.5130 6.563 761.4 1.4943300 8∙.462 773.6 1.5364 7.892 773.3 1.5281 6.750 772.7 1.509580 90 100«•40° 50.47° 56.05°
Sat. 3.655 624.0 1.2545 3.266 625.3 l.2445 2.952 626.5 1.235650 3.712 627.7 1.261960 3.812 634.3 1.2745 3.353 631.8 1.2571 2.985 629.3 1.240970 3.909 640.6 1.2866 3.442 638.3 1.2695 3.068 636.0 1.253980 4.005 646.7 1.2981 3.529 644.7 1.2814 3.149 642.6 1.266190 4.098 652.8 1.3092 3.614 650.9 1.2928 3.227 649.0 1.2778100 4.190 658.7 1.3199 3.698 657.0 1.3038 3.304 655.2 1.2891110 4.281 664.6 1.3303 3.780 663.0 1.3144 3.380 661.3 1.2999120 4.371 670.4 1.3404 3.862 668.9 1.3247 3.454 667.3 1.3104130 4.460 676.1 1.3502 3.942 674.7 1.3347 3.527 673.3 1.3206140 4.548 681.8 1.3598 4.021 680.5 1.3444 3.600 679.2 1.3305150 4.635 687.5 1.3692 4.100 686.3 1.3539 3.672 685.0 1.3401160 4.722 693.2 1.3784 4.178 692.0 1.3633 3.743 690.8 1.3495170 4.808 698.8 1.3874 4.255 697.7 1.3724 3.813 69o.6 1.3588180 4.893 704.4 1.3963 4.332 703.4 1.3813 3.883 702.3 1.3678190 4.978 710.0 1.4050 4.408 709.0 1.3901 3.952 708.0 1.3767200 5.063 715.6 1.4136 4.484 714.7 1.3988 4.021 713.7 1.3854210 5.147 721.3 1.4220 4.560 720.4 1.4073 4.090 719.4 1.3940220 5.231 726.9 1.4304 4.635 726.0 1.4157 4.158 725.1 1.4024z30 5.315 732.5 1.4386 4.710 731.7 1.4239 4.226 730.8 1.4108240 5.398 738.1 1.4467 4.785 737.3 1.4321 4.294 736.5 1.4190250 5.482 743.8 1.4547 4.859 743.0 1.4401 4.361 742.2 1.4271260 5.565 749.4 1.4626 4.933 748.7 1.4481 4.428 747.9 1.4350280 5.730 760.7 1.4781 5.081 760.0 1.4637 4.562 759.4 1.4507300 5.894 772.1 1.4933 5.228 771.5 1.4789 4.695 770.8 1.4660
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Table 16. Properties of Superheated Ammonia Vapor—(Continued)
V = volume in cu. ft. per lb. ; H = heat content in B.t.u. per lb. ; *S = entropy in B.t.u.

per lb. per oF.
Absolute pressure in lb. per sq. in. (Saturation temperature in italics.)

Temp., oF. 110
61.21°

120
66.02°

130
70.53°

V H S K H I S V I » I S
Sat. 2.693 627.5 1.2275 2.476 628.4 1.2201 2.291 629.2 1.2132
n 2.761 633.7 1.2392 2.505 631.3 1.2255
80 2.837 640.5 1.2519 2.576 638.3 1.2386 2.355 636.0 1.2260
90 2.910 647.0 1.2640 2.645 645.0 1.2510 2.421 643.0 1.2388

100 i 2.981 653.4 1.2755 2.712 651.6 1.2628 2.484 649.7 1.2509
110 3.051 659.7 1.2866 2.778 658.0 1.2741 2.546 656.3 1.2625
120 3.120 665.8 1.2972 2.842 664.2 1.2850 2.606 662.7 1.2736
130 3.188 671.9 1.3076 2.905 670.4 1.2956 2.665 688.9 1.2843
140 3.255 677.8 1.3176 2.967 676.5 1.3058 2.724 675.1 1.2947
150 3.321 683.7 1.3274 3.029 682.5 1.3157 2.781 681.2 1.3048
160 3.386 689.6 1.3370 3.089 688.4 1.3254 2.838 687.2 1.3146
170 3.451 695.4 1.3463 3.149 694.3 1.3348 2.894 693.2 1.3241
180 3.515 701.2 1.3555 3.209 700.2 1.3441 2.949 699.1 1.3335
190 3.579 707.0 1.3644 3.268 706.0 1.3531 3.004 705.0 1.3426
200 3.642 712.8 1.3732 3.326 711.8 1.3620 3.059 710.9 1.3516
210 3.705 718.5 1.3819 3.385 717.6 1.3707 3.113 716.7 1.3604
220 3.768 724.3 1.3904 3.442 723.4 1.3793 3.167 722.5 1.3690
230 3.830 730.0 1.3988 3.500 729.2 1.3877 3.220 728.3 1.3775
240 3.892 735.7 1.4070 3.557 734.9 1.3960 3.273 734.1 1.3858
250 3.954 741.5 1.4151 3.614 740.7 1.4042 3.326 739.9 1.3941
260 4.015 747.2 1.4232 3.671 746.5 1.4123 3.379 745.7 1.4022
270 4.076 752.9 1.4311 3 727 752.2 1.4202 3.431 751.5 1.4102
280 4.137 758.7 I.4389 3.783 758.0 1.4281 3.483 757.3 1.4181
290 4.198 764.5 1.4466 3.839 763.8 1.4359 3.535 763.1 1.4259
300 4.259 770.2 1.4543 3.895 769.6 1.4435 3.587 769.0 1.4336
320 3.690 780.6 1.4487

140 150 160
74-79° 78.81° 82.64°

Sat. 2.132 629.9 1.2068 1.994 630.5 1.2009 1.872 631.1 1.1952
80 2.166 633.8 1.2140 2.001 631.4 1.2025
90 2.228 640.9 I.2272 2.061 638.8 1.2161 1.914 636.6 1.2055

100 ' 2.288 647.8 1.2396 2.118 645.9 1.2289 1.969 643.9 1.2186
HO 2.347 654.5 1.2515 2.174 652.8 1.2410 2.023 651.0 1.2311
120 2 404 661.1 1.2628 2.228 659.4 1.2526 2.075 657.8 1.2429
130 2.460 667.4 1.2738 2.281 665.9 1.2638 2.125 664.4 1.2542
140 2.515 673.7 1.2843 2.334 672.3 1.2745 2.175 670.9 1.2652
150 2.569 679.9 1.2945 2.385 678.6 1.2849 2.224 677.2 1.2757
160 2.622 686.0 1.3045 2.435 684.8 1.2949 2.272 683.5 1.2859
170 2.675 692.0 1.3141 2.485 690.9 1.3047 2.319 689.7 1.2958
180 2.727 698.0 1.3236 2.534 696.9 1.3142 2.365 695.8 1.3054
190 2.779 704.0 1.3328 2.583 702.9 1.3236 2.411 701.9 1.3148
200 2.830 709.9 1.3418 2.631 708.9 1.3327 2.457 707.9 1.3240
210 2.880 715.8 1.3507 2.679 714.8 1.3416 2.502 713.9 1.3331
220 2.931 721.6 1.3594 2.276 720.7 1.3504 2.547 719.9 1.3419
230 2.981 727.5 1.3679 2.773 726.6 1.3590 2.591 725.8 1.3506
240 3.030 733.3 1.3763 2.820 732.5 1.3675 2.635 731.7 1.3591
250 3.080 739.2 1.3846 2.866 738.4 1.3758 2.679 737.6 1.3675
260 3.129 745.0 1.3928 2.912 744.3 1.3840 2.723 743.5 1.3757
270 3.179 750.8 1.4008 2.958 750.1 1.3921 2.766 749.4 1.3838
280 3.227 756.7 1.4088 3.004 756.0 1.4001 2.809 755.3 1.3919
290 3.275 762.5 1.4166 3.049 761.8 1.4079 2.852 761.2 1.3998
300 3.323 768.3 1.4243 3.095 767.7 1.4157 2.895 767.1 1.4076
320 3.420 780.0 1.4395 3.185 779.4 1.4310 2.980 778.9 1.4229
340 3.064 790.7 1.4379



REFRIGERANTS USED 2561
Table 16. Properties of Superheated Ammonia Vapor—(Continued)
V = volume in cu. ft. per lb. ; H = heat content in B.t.u. per lb. ; S = entropy in B.t.u. 

per lb. per oF.

Temp., 
oF.

Absolute pressure in lb. per sq. in. (Saturation temperature in italics.)170
86.29°

180
89.78°

190
93.13°

V I ff I S F I H ɪ <S V I H I S
Sat. 1.764 631.6 1.1900 1.667 632.0 1.1850 1.581 632.4 7.78Û090 1.784 634.4 1.1952 1.668 632.2 1.1853100 1.837 641.9 1.2087 1.720 639.9 1.1992 1.615 637.8 1.1899110 1.889 649.1 1.2215 1.770 647.3 1.2123 1.663 645.4 1.2034120 1.939 656.1 1.2336 1.818 654.4 1.2247 1.710 652.6 1.2160130 1.988 662.8 1.2452 1.865 661 3 1.2364 1.755 659.7 1.2281140 2.035 669.4 1.2563 1.910 668.0 1.2477 1.799 666.5 1.2396150 2.081 675.9 1.2669 1.955 674.6 1.2586 1.842 673.2 1.2506160 2.127 682.3 1.2773 1.999 681.0 1.2691 1.884 679.7 1.2612170 2.172 688.5 1.2873 2.042 687.3 1.2792 1.925 686.1 1.2715180 2.216 694.7 1.2971 2.084 693.6 1.2891 1.966 692.5 1.2815190 2.260 700.8 1.3066 2.126 699.8 1.2987 2.005 698.7 1.2912200 2.303 706.9 1.3159 2.167 705.9 1.3081 2.045 704.9 1.3007210 2.346 713.0 1.3249 2.208 712.0 1.3172 2.084 711.1 1.3099220 2.389 719.0 1.3338 2.248 718.1 1.3262 2.123 717.2 1.3189230 2.431 724.9 1.3426 2.288 724.1 1.3350 2.161 723.2 1.3278240 2.473 730.9 1.3512 2.328 730.1 1.3436 2.199 729.3 1.3365250 2.514 736.8 1.3596 2.367 736.1 1.3521 2.236 735.3 1.3450260 2.555 742.8 1.3679 2.407 742.0 1.3605 2.274 74i.3 1.3534270 2.596 748.7 1.3761 2.446 748.0 1.3687 2.311 747.3 1.3617280 2.637 754.6 1.3841 2.484 753.9 1.3768 2.348 753.2 1.3698290 2.678 760.5 1.3921 2.523 759.9 1.3847 2.384 759.2 1.3778300 2.718 766.4 1.3999 2.561 765.8 1.3926 2.421 765.2 1.3857320 2.798 778.3 1.4153 2.637 777.7 1.4081 2.493 777.1 1.4012340 2.878 790.1 1.4303 2.713 789.6 1.4231 2.565 789.0 1.4163200 220 240

96.34° 102.42^ 108.09°
Sat. 1.502 632.7 1.1756 1.367 633.2 I.7677 1.253 633.6 1.1592110 1.567 643.4 1.1947 1.400 639.4 1.1781 1.261 635.3 1.1621120 1.612 650.9 1.2077 1.443 647.3 1.1917 1.302 643.5 1.1764130 1.656 658.1 1.2200 1.485 654.8 1.2045 1.342 651.3 I.1898140 1.698 665.0 1.2317 1.525 662.0 1.2167 1.380 658.8 1.2025150 1.740 671.8 1.2429 1.564 669.0 I.2281 1.416 666.1 1.2145160 1.780 678.4 1.2537 1.60l 675.8 1.2394 1.452 673.1 1.2259170 1.820 684.9 1.2641 1.638 682.5 1.2501 1.487 680.0 1.2369180 1.859 691.3 1.2742 1.675 689.1 1.2604 1.521 686.7 1.2475190 1.897 697.7 1.2840 1.710 695.5 1.2704 1.554 693.3 1.2577200 1.935 703.9 1.2935 1.745 701.9 1.2801 1.587 699.8 1.2677210 1.972 710.1 1.3029 1.780 708.2 1.2896 1.619 706.2 1.2773220 2.009 716.3 1.3120 1.814 714.4 1.2989 1.651 712.6 1.2867230 2.046 722.4 1.3209 1.848 720.6 1.3079 1.683 718.9 1.2959240 2.082 728.4 1.3296 1.881 726.8 1.3168 1.714 725.1 1.3049250 2.118 734.5 1.3382 1.914 732.9 1.3255 1.745 731.3 1.3137260 2.154 740.5 1.3467 1.947 739.0 1.3340 1.775 737.5 1.3224270 2.189 746.5 1.3550 1.980 745.1 1.3424 1.805 743.6 1.3308280 2.225 752.5 1.3631 2.012 751.1 1.3507 1.835 749.8 1.3392290 2.260 758.5 1.3712 2.044 757.2 1.3588 1.865 755.9 1.3474300 2.295 764.5 1.3791 2.076 763.2 1.3668 1.895 762.0 1.3554320 2.364 776.5 1.3947 2.140 775.3 1.3825 1.954 774.1 1.3712340 2.432 788.5 1.4099 2.203 787.4 1.3978 2.012 786.3 1.3866360 2.500 800.5 1.4247 2.265 799.5 1.4127 2.069 798.4 1.4016380 2.568 812.5 1.4392 2.327 811.6 1.4273 2.126 I 810.6 1.4163
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Table 16. Properties of Superheated Ammonia Vapor—(Concluded)
V = volume in cu. ft. per lb.; H = heat content in B.t.u. per lb.; S = entropy in B.t.u. 

per lb. per oF.
Absolute pressure in lb. per sq. in. (Saturation temperature in italics.)Temp., oF. 260
113.43°

280
118.45°

300
123.21°

V H S. V H S V H s
Sat. 1.155 633.9 1.1518 1.072 634.0 1.1449 0.999 634.0 1.1383120 1.182 639.5 1.1617 1.078 635.4 1.1473130 1.220 647.8 1.1757 1.115 644.0 1.1621 1.023 640.1 1.1487140 1.257 655.6 1.1889 1.151 652.2 1.1759 1.058 648.7 1.1632150 1.292 663.1 1.2014 1.184 660.1 1.1888 1.091 656.9 1.1767160 1.326 670.4 1.2132 1.217 667.6 1.2011 1.123 664.7 1.1894170 1.359 677.5 1.2245 1.249 674.9 1.2127 1.153 672.2 1.2014180 1.391 684.4 1.2354 1.279 681.9 1.2239 1.183 679.5 1.2129190 1.422 691.1 1.2458 1.309 688.9 1.2346 1.211 686.5 1.2239200 1.453 697.7 1.2560 1.339 695.6 1.2449 1.239 693.5 1.2344210 1.484 704.3 1.2658 1.367 702.3 1.2550 1.267 700.3 1.2447220 1.514 710.7 1.2754 1.396 708.8 1.2647 1.294 706.9 1.2546230 1.543 717.1 1.2847 1.424 715.3 1.2742 1.320 713.5 1.2642240 1.572 723.4 1.2938 1.451 721.8 1.2834 1.346 720.0 1.2736250 1.601 729.7 1.3027 1.478 728.1 1.2924 1.372 726.5 1.2827260 1.630 736.0 1.3115 1.505 734.4 1.3013 1.397 732.9 1.2917270 1.658 742.2 1.3200 1.532 740.7 1.3099 1.422 739.2 1.3004280 1.686 748.4 1.3285 1.558 747.0 1.3184 1.447 745.5 1.3090290 1.714 754.5 1.3367 1.584 753.2 1.3268 1.472 751.8 1.3175300 1.741 760.7 1.3449 1.610 759.4 1.3350 1.496 758.1 1.3257320 1.796 772.9 1.3608 1.661 771.7 1.3511 1.544 770.5 l.3419340 1.850 785.2 1.3763 1.712 784.0 1.3667 1.592 782.9 1.3576360 1.904 797.4 1.3914 1.762 796.3 1.3819 1.639 795.3 1.3729380 1.957 809.6 1.4062 1.811 808.7 1.3967 1.686 807.7 1.3878400 2.009 821.9 1.4206 1.861 821.0 1 4112 1 732 820.1 1.4024
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Table 20. Methyl Chloride (CH3Cl), Saturated Vaporf

* In. Hg below 1 atm.t Tanner, Banning, and Matthewson, Ind. Eng. Chem., 31, 878 (1939). Copyright, 1939, E. ɪ. du Poat de Nemours & Com Inc.

Pressure Volume Density Heat content from -40o Entropy from -40o∖Temp.oF. Abs., Gage, Liquid, Vapor, Liquid, Vapor, Liquid, Latent Vapor, Liquid, B.t.u. per lb. per 0F.
Vapor, B.t.u. per lb. per cF,lb. per lb. per CU. ft. CU. ft. lb. per lb. per B.t.u. B.t.u. B.t.u.sq. in. sq. in. per lb. per lb. CU. ft. CU. ft. per lb. per lb. per lb.

t P Vd V ¾ 1/v 1∕¾ h hg 8/ 8(7-40 6.878 15.92* 0.01553 12.72 64.39 0.07861 0.000 190.66 190.66 0.0000 0.4544-30 9.036 11.52* .01568 9.873 63.78 0.1013 3.562 188.52 192.OS .0084 .4472-20 11.71 6.090* .01583 7.761 63.17 0.1289 7.146 186.34 193.49 .0166 .4405-10 14.96 0.266 .01598 6.176 62.58 0.1619 10.75 184.11 194.87 .0247 .43430 18.90 4.201 .01613 4.969 62.00 0.2013 14.39 181.85 196.23 .0327 .4284
5 21.15 6.455 .01622 4.471 61.65 0.2237 16.21 180.70 196.92 .0367 .425710 23.60 8.903 .01631 4.038 61.31 0.2477 18.04 179.53 197.58 .0406 .422920 29.16 14.46 .01647 3.312 60.72 0.3019 21.73 177.11 198.84 .0484 .417730 35.68 20.98 .01665 2.739 60.06 0.3650 25.44 174.59 200.03 .0560 .412640 43.25 28.56 .01684 2.286 59.38 0.4375 29.17 172.00 201.17 .0636 .407950 51.99 37.29 .01704 1.920 58.69 0.5208 32.93 169.35 202.28 .0710 .403460 62.00 47.30 .01724 1.624 58.00 0.6158 36.71 166.62 203.33 .0784 .399170 73.41 58.71 .01744 1.382 57.34 0.7234 40.52 163.82 204.34 .0856 .395080 86.26 71.56 .01764 1.183 56.69 0.8451 44.36 160.91 205.27 .0928 .391086 94.70 80.00 .01778 1.081 56.24 0.9253 46.67 159.13 205.80 .0970 .388790 100.6 85.95 .01786 1.018 55.99 0.9819 48.21 157.92 206.13 .0998 .3872IOO 116.7 102.0 .01808 0.8814 55.31 1.135 52.09 154.85 206.94 .1069 .3836110 134.5 119.8 .01833 0.7672 54.55 1.303 56.00 151.70 207.70 .1138 .3801120 154.2 139.5 .01859 0.6710 53.79 1.490 59.93 148.46 208.39 .1206 .3768130 175.9 161.1 .01887 0.5889 52.99 1.698 63.89 145.13 209.02 .1274 .3736140 199.6 184.9 .01915 0.5189 52.22 1.927 67.87 141.71 209.58 .1341 .3705150 225.4 210.7 .01945 0.4586 51.41 2.181 71.87 138.23 210.10 .1407 .3674160 253.5 238.8 .01978 0.4070 50.56 2.457 75.90 134.66 210.56 .1473 .3646170 283.9 269.2 .02015 0.3613 49.63 2.768 79.97 130.96 210.93 .1538 .3618
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*Fable 23. Properties of SaturatedVapor of uF-12,,(CC12F2)i

Temp., oF.
Pressure Volume Density Heat content from —40° Entropy from -40oAbs. lb. per sq. in. Gage, lb. per sq. in. Liquid, CU. ft. per lb. Vapor, CU. ft. per lb. Liquid, lb. per CU. ft. Vapor, lb. per CU. ft. Liquid, B.t.u. per lb. Latent B.t.u. per lb. Vapor, B.t.u. per lb.

Liquid, B.t.u. per lb. per oF.
Vapor, B.t.u. per lb. per oF.-40 9.32 *10.92 0.0106 3.911 94.58 0.2557 0 73.50 73.50 0 0.17517-38 9.82 * 9.91 .0106 3.727 94.39 0.2683 0.40 73.34 73.74 0.0009' .17490-36 10.3^ * 8.87 .0106 3.553 94.20 0.2815 0.81 73.17 73.98 .00188 .17463-34 10.87 * 7.8( .0106 3.389 93.99 0.2951 1.21 73.01 74.22 .00282 .17438-32 11.43 √ 6.66 .0107 3.234 93.79 0.3092 1.62 72.84 74.46 .00376 .17412-30 12.02 * 5.45 .0107 3.088 93.59 0.3238 2.03 72.67 74.70 .00471 .17387-28 12.62 * 4.23 .0107 2.950 93.39 0.339C 2.44 72.50 74.94 .00565 .17364-26 13.26 * 2.93 .0107 2.820 93.18 0.3546 2.85 72.33 75.18 .OO655 .17340-24 13.9C * 1.63 .01 Of 2.698 92.98 0.3706 3.25 72.16 75.41 .00753 .17317-22 14.58 ♦ 0.24 .0108 2.583 92.78 0.3871 3.66 71.98 75.64 .00846 .17296-20 15.28 0.58 .0108 2.474 92.58 0.4042 4.07 71.80 75.87 .00940 .17275-18 16.01 1.31 .0108 2.370 92.38 0.4219 4.48 71.63 76.11 .01033 .17253-16 16.77 2.07 .0108 2.271 92.18 0.4403 4.89 71.45 76.34 .01126 .17232-14 17.55 2.85 .0109 2.177 91.97 0.4593 5.30 71.27 76.57 .01218 .17291-12 18.37 3.67 .0109 2.088 91.77 0.4789 5.72 71.09 76.81 .01310 .17124-10 19.20 4.50 .0109 2.003 91.57 0.4993 6.14 70.91 77.05 .01403 .17175- 8 20.08 5.38 .0109 1.922 91.35 0.5203 6.57 70.72 77.29 .01496 .17158- 6 20.98 6.28 .OllC 1.845 91.14 0.5420 6.99 70.53 77.52 .01589 .17140- 4 21.91 7.21 .0110 1.772 90.93 0.5644 7.41 70.34 77.75 .01682 .17123- 2 22.87 8.17 .0110 1.703 90.72 0.5872 7.83 70.15 77.98 .01775 .171070 23.87 9.17 .0110 1.637 90.52 0.6109 8.25 69.96 78.21 .01869 .170912 24.89 10.19 .0110 1.574 90.31 0.6352 8.67 69.77 78.44 .01961 .17075

4 25.96 11.26 .0111 1.514 90.11 0.6606 9.10 69.57 78.67 .02052 .17060t5 26.51 11.81 .0111 1.485 90.00 0.6735 9.32 69.47 78.79 .02097 .170526 27.05 12.35 .0111 1.457 89.88 0.6864 9.53 69.37 78.90 .02143 .170458 28.18 13.48 .0111 1.403 89.68 0.7129 9.96 69.17 79.13 .02235 .17030
10 29.35 14.65 .0112 1.351 89.45 0.7402 10.39 68.97 79.36 .02328 .1701512 30.56 15.86 .0112 1.301 89.24 0.7687 10.82 68.77 79.59 .02419 .1700114 31.80 17.10 .0112 1.253 89.03 0.7981 11.26 68.56 79.82 .02510 .1698716 33.08 18.38 .0112 1.207 88.81 0.8288 11.70 68.35 80.05 .02601 .1697418 34.40 19.70 .0113 1.163 88.58 0.8598 12.12 68.15 80.27 .02692 .1696120 35.75 21.05 .0113 1.121 88.37 0.8921 12.55 67.94 80.49 .02783 .1694922 37.15 22.45 .0113 1.081 88.13 0.9251 13.00 67.72 80.72 .02873 .1693824 38.58 23.88 .0113 1.043 87.91 0.9588 13.44 67.51 80.95 .02963 .1692626 40.07 25.37 .0114 1.007 87.68 0.9930 13.88 67.29 81.17 .03053 .1691328 41.59 26.89 .0114 '.973 87.47 1.028 14.32 67.07 81.39 .03143 .1690030 43.16 28.46 .0115 .939 87.24 1.065 14.76 66.85 81.61 .03233 .1688732 44.77 30.07 .0115 .908 87.02 1.102 15.21 66.62 81.83 .03323 .1687634 46.42 31.72 .0115 .877 86.78 1.140 15.65 66.40 82.05 .03413 .1686536 48.13 33.43 .0116 .848 86.55 1.180 16.10 66.17 82.27 .03502 .1685438 ,49.88 35.18 .0116 .819 86.33 1.221 16.55 65.94 82.49 .03591 .1684340 51.68 36.98 .0116 .792 86.10 1.263 17.00 65.71 82.71 .03680 .1683342 53.51 38.81 .0116 .767 85.88 1.304 17.46 65.47 82.93 .03770 .1682344 55.40 40.70 .0117 .742 85.66 1.349 17.91 65.24 83.15 .03859 .1681346 57.35 42.65 .0117 .718 85.43 1.393 18.36 65.00 83.36 .03948 .1680348 59.35 44.65 .0117 .695 85.19 1.438 18.82 64.74 83.57 I .04037 .16794Î From Am. Soc. Refrigerating Eng., Circ. 12, by permission.* In. Hg. below 1 atm.t Standard ton temperatures.
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Table 23. Propertiesof SaturatedVapor of ‘‘F-12” (CCl2F2)—(,Continued)

Temp., oF.
Pressure Volume Density Heat content from —40° Entropy from—40°Abs. lb. per sq. in. Gage, lb. per sq. in. Liquid, CU. ft. per lb. Vapor, CU. ft. per lb. Liquid, lb. per CU. ft. Vapor, lb. per CU. ft. Liquid, B.t.u. per lb. Latent B.t.u. per lb. Vapor, B.t.u. per lb.

Liquid, B.t.u. per lb. per oF.
Vapor, B.t.u. per lb. per 0F.50 61.39 46.69 0.0118 .673 84.94 1.485 19.27 64.51 83.78 0.0412Ć 0.1678552 63.49 48.79 .0118 .652 84.71 1.534 19.72 64.27 83.99 .04215 .1677954 65.63 50.93 .0118 .632 84.50 1.583 20.18 64.02 84.20 .04304 .1676756 67.8i 53. P .0119 .612 84.28 1.633 20.64 63.77 84.41 .04392 .1675858 70.10 55.40 .0119 .593 84.04 1.686 21.11 63.51 84.62 .04480 .1674960 72.41 57.71 .0119 .575 83.78 1.740 21.57 63.25 84.82 .04568 .1674162 74.77 60.07 .0120 .557 83.57 1.795 22.03 62.99 85.02 .04657 .1673364 77.2( 62.50 .012C .540 83.34 1.851 22.49 62.73 85.22 .04745 .1672566 79.67 64.97 .012C .524 83.10 1.909 22.95 62.47 85.42 .04833 .1671768 82.24 67.54 .0121 .508 82.86 1.968 23.42 62.20 85.62 .04921 .1670970 84.82 70.12 .0121 .493 82.60 2.028 23.90 61.92 85.82 .05009 . 1670172 87.50 72.80 .0121 .479 82.37 2.090 24.37 61.65 86.02 .05097 .1669374 90.20 75.50 .0122 .464 82.12 2.153 24.84 61.38 86.22 .05185 .1668576 93.00 78.30 .0122 .451 81.87 2.218 25.32 61.10 86.42 .05272 .1667778 95.85 81.15 .0123 .438 81.62 2.284 25.80 60.81 86.61 .05359 .1666980 98.76 84.06 .0123 .425 81.39 2.353 26.28 60.52 86.80 .05446 .1666282 101.7 87.00 .0123 .413 81.12 2.423 26.76 60.23 86.99 .05534 .1665584 104.8 90.1 .0124 .401 80.87 2.495 27.24 59.94 87.18 .05621 .16648*86 107.9 93.2 .0124 .389 80.63 2.569 27.72 59.65 87.37 .05708 .1664088 111.1 96.4 .0124 .378 80.37 2.645 28.21 59.35 87.56 .05795 .1663290 114.3 99.6 .0125 .368 80.11 2.721 28.70 59.04 87.74 .05882 .1662492 117.7 103.0 .0125 .357 79.86 2.799 29.19 58.73 87.92 .05969 .1661694 121.0 106.3 .0126 .347 79.60 2.880 29.68 58.42 88.10 .06056 .1660896 124.5 109.8 .0126 .338 79.32 2.963 30.18 58.10 88.28 .06143 .1660098 128.0 113.3 .0126 .328 79.06 3.048 30.67 57.78 88.45 .06230 . 16592100 131.6 116.9 .0127 .319 78.80 3.135 31.16 57.46 88.62 .06316 .16584102 135.3 120.6 .0127 .310 78.54 3.224 31.65 57.14 88.79 .06403 .16576104 139.0 124.3 .0128 .302 78.27 3.316 32.15 56.80 88.95 .06490 .16568106 142.8 128.1 .0128 .293 78.00 3.411 32.65 56.46 89.1∣ .06577 .16560108 146.8 132.1 .0129 .285 77.73 3.509 33.15 56.12 89.27 .06663 .16551no 150.7 136.0 .0129 .277 77.46 3.610 33.65 55.78 89.43 .06749 .16542112 154.8 140.1 .0130 .269 77.18 3.714 34.15 55.43 89.58 .06836 .16533114 158.9 144.2 .0130 .262 76.89 3.823 34.65 55.08 89.73 .06922 .16524116 163.1 148.4 .0131 .254 76.60 3.934 35.15 54.72 89.87 .07008 .16515118 167.4 152.7 .0131 .247 76.32 4.049 35.65 54.36 90.01 .07094 .16505120 171.8 157.1 .0132 .240 76.02 4.167 36.16 53.99 90.15 .07180 .16495122 176.2 161.5 .0132 .233 75.72 4.288 36.66 53.62 90.28 .07266 .16484124 180.8 166.1 .0133 .227 75.40 4.413 37.16 53.24 90.40 .07352 .16473126 185.4 170.7 .0133 .220 75.10 4.541 37.67 52.85 90.52 .07437 .16462128 190.1 175.4 .0134 .214 74.78 4.673 38.18 52.46 90.64 .07522 .16450130 194.9 180.2 .0134 .208 74.46 4.808 38.69 52.07 90.76 .07607 .16438132 199.8 185.1 .0135 .202 74.13 4.948 39.19 51.67 90.86 .07691 .16425134 204.8 190.1 .0135 .196 73.81 5.094 39.70 51.26 90.96 .07775 .16411136 209.9 195.2 .0136 .191 73.46 5.247 40.21 50.85 91.06 .07858 . 16396138 215.0 200.3 .0137 .185 73.10 5.405 40.72 50.43 91.15 .07941 .16380140 220.2 205.5 .0138 .180 72.73 5.571 41.24 50.00 91.24 .08024 .16363* Standard ton temperatures.
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REFRIGERANTS USED 2589
Table 29. Properties of Propanef

Temp., oF. Pressure,lb. per sq. in. Specific volume, cu. ft. per lb. Density, lb. per cu. ft. Heat content, B.t.u. per lb. Latent heat, B.t.u. per lb. Entropy, B.t,u. per lb. per oF.
Abso­lute Gage Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor

-75 6.37 *17.0 0.02660 14.5 37.59 0.0690 -39.5 151.0 190.5 -0.092 0.404-70 7.37 *14.9 .02674 12.9 37.40 0.0775 -37.0 152.5 189.5 - .086 .400-65 8.48 *12.7 .02688 11.3 37.20 0.0885 -34.5 153.5 188.0 - .080 .397-60 9.72 *10.1 .02703 9.93 37.00 0.101 -32.0 155.0 187.0 - .074 .393-55 11.1 * 7.3 .02717 8.70 36.80 0.115 -29.0 156.5 185.5 - .067 .391-50 12.6 * 4.3 .02732 7.74 36.60 0.129 -26.5 158.0 184.5 - .061 .389-45 14.4 * 0.6 .02748 6.89 36.39 0.145 -24.0 159.0 183.0 - .055 .386-40 16.2 1.5 .02763 6.13 36.19 0.163 -21.5 160.0 181.5 - .049 .384-35 18.1 3.4 .02779 5.51 35.99 0.181 -19.0 161.0 180.0 - .042 .382-30 20.3 5.6 .02795 4.93 35.78 0.203 -16.0 163.0 179.0 - .036 .380-25 22.7 8.0 .02811 4.46 35.58 0.224 -13.5 164.0 177.5 - .030 .378-20 25.4 10.7 .02827 4.00 35.37 0.250 -11.0 165.0 176.0 - .024 .377-15 28.3 13.6 .02844 3.60 35.16 0.278 - 8.0 167.0 175.0 - .018 .375-10 31.4 16.7 .02860 3.26 34.96 0.307 - 5.5 168.0 173.5 - .012 .374- 5 34.7 20.0 .02878 2.97 34.75 0.337 - 2.5 169.5 172.0 - .006 .3720 38.2 23.5 .02895 2.71 34.54 0.369 0 170.5 170.5 .000 .37141.9 27.2 .02913 2.48 34.33 0.403 + 3.0 172.0 169.5 + .006 .37010 46.0 31.3 .02931 2.27 34.12 0.441 5.5 173.5 168.0 .012 .37015 50.6 35.9 .02950 2.07 33.90 0.483 8.5 175.0 166.5 .018 .36920 55.5 40.8 .02970 1.90 33.67 0.526 11.0 176.0 165 0 .024 .36825 60.9 46.2 .02991 1.74 33.43 0.575 14.0 177.5 163.5 .030 .36830 66.3 51.6 .03012 1.60 33.20 0.625 17.0 179.0 162.0 .035 .36635 72.0 57.3 .03033 1.48 32.97 0.676 20.0 180.5 160.5 .041 .36640 78.0 63.3 .03055 1.37 32.73 0.730 23.0 182.0 159.0 .047 .36645 84.6 69.9 .03078 1.27 32.49 0.787 26.0 183.5 157.5 .053 .36550 91.8 77.1 .03102 1.18 32.24 0.847 29.0 185.0 156.0 .059 .36555 99.3 84.6 .03125 1.10 32.00 0.909 32.0 186.5 154.5 .065 .36560 107.1 92.4 .03150 1.01 31.75 0.990 35.0 188.0 153.0 .070 .36465 115.4 100.7 .03174 0.945 31.50 1.06 38.0 189.5 151.5 .076 .36470 124.0 109.3 .03201 0.883 31.24 1.13 41.0 190.5 149.5 .082 .36475 133.2 118.5 .03229 0.825 30.97 1.21 44.0 192.0 148.0 .088 .36480 142.8 128.1 .03257 0.770 30.70 1.30 47.5 193.5 146.0 .093 .36485 153.1 138.4 .03287 0.722 30.42 1.39 50.5 195.0 144.5 .099 .36486 155.3 140.5 .03292 0.717 30.38 1.40 51.0 195.5 144.0 .100 .36490 164.0 149.0 .03317 0.673 30.15 1.49 54.0 196.5 142.5 .105 .36495 175.0 160.0 .03348 0.632 29.87 1.58 57.0 197.5 140.5 .111 .364100 187.0 172.0 .03381 0.591 29.58 1.69 60.5 199.0 138.5 .116 .363105 200.0 185.0 .03416 0.553 29.27 1.81 63.5 200.0 136.5 .122 .363110 212.0 197.0 .03481 0.519 28.85 1.96 67.0 201.0 134.0 .128 .363115 226.0 211.0 .03493 0.488 28.63 2.05 70.5 202.0 131.5 .134 .363120 240.0 225.0 .03534 0.459 28.30 2.18 73.5 202.5 129.0 .140 .363125 254.0 239.0 .03575 0.432 27.97 2.31 77.0 203.5 126.5 .145 .362
t Am. Soc. Refrigerating Eng., Circ. 9, by permission.• In. Hg below 1 atm. (29.92 in.).
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Table 30. Properties of Butanef

Temp., oF. Pressure,lb. per sq. in. Specific volume, cu. ft. per lb. Density, lb. per cu. ft. Heat content,B.t.u. per lb. Latent heat, B.t.u. per lb. Entropy, B.t.u. per lb. per oF.
Abso­lute Gage Liquid Vapor Liquid Vapor Liquid Vapor Liqmd Vapor

0 7.3 *15.0 0.02591 11.1 38.59 0.0901 0 170.5 170.5 0.000 0.3705 8.2 *13.2 .02603 9.98 38.41 .100 2.5 172.0 169.5 .006 .37010 9.2 *11.1 .02615 8.95 38.24 .112 5.5 174.0 168.5 .011 .37015 10.4 * 8.8 .02627 8.05 38.07 .124 8.0 176.0 168.0 .017 .37020 11.6 * 6.3 .02639 7.23 37.89 .138 10.5 177.5 167.0 .022 .37025 13.0 * 3.6 .02651 6.55 37.72 .153 13.0 179.0 166.0 .028 .37130 14.4 * 0.6 .02664 5.90 37.54 .169 16.0 181.5 165.5 .033 .37135 16.0 1.3 .02676 5.37 37.37 .186 19.0 183.5 164.5 .039 .37140 17.7 3.0 .02689 4.88 37.19 .205 21.5 185.0 163.5 .044 .37145 19.6 4.9 .02703 4.47 37.00 .224 24.5 187.0 162.5 .050 .37250 21.6 6.9 .02716 4.07 36.82 .246 27.0 188.5 161.5 .056 .37355 23.8 9.1 .02730 3.73 36.63 .268 30.0 190.5 160.5 .061 .37360 26.3 11.6 .02743 3.40 36.45 .294 33.0 192.5 159.5 .067 .37465 28.9 14.2 .02759 3.12 36.24 .321 36.0 194.5 158.5 .072 .37470 31.6 16.9 .02773 2.88 36.06 .347 38.5 196.0 157.5 .078 .37575 34.5 19.8 .02789 2.65 35.86 .377 41.5 198.0 156.5 .083 .37580 37.6 22.9 .02805 2.46 35.65 .407 44.5 199.5 155.0 .089 .37685 40.9 24.2 .02821 2.28 35.45 .439 47.5 201.5 154.0 .094 .37686 41.6 26.9 .02825 2.24 35.40 .446 48.5 202.0 153.5 .095 .37690 44.5 29.8 .02838 2.10 35.24 .476 51.0 203.0 I52.O .100 .37795 48.2 33.5 .02854 1.96 35.04 .510 54.0 205.0 151.0 .105 .377100 52.2 37.5 .02870 1.81 34.84 .552 57.0 206.5 149.5 .111 .378105 .56.4 41.7 .02889 1.70 34.62 .588 60.5 208.5 148.0 .117 .380110 60.8 46.1 .02906 1.58 34.41 .633 63.5 210.5 147.0 .122 .380115 65.6 50.9 .02925 1.48 34.19 .676 66.5 212.0 145.5 .128 .381120 70.8 56.1 .02945 1.38 33.96 .725 70.0 213.5 143.5 .134 .382125 76.0 61.3 .02966 1.30 33.72 .769 73.5 215.5 142.0 .139 .382130 81.4 66.7 .02986 1.21 33.49 .826 76.5 217.0 140.5 .145 .384135 87.0 72.3 .03009 1.14 33.23 .877 80.0 219.0 139.0 .151 .385140 92.6 77.9 .03032 1.07 32.98 .934 83.5 221.0 137.5 .157 .386
t Am. Soc. Refrigeratino Eng., Circ. 9, by permission.* In. Hg below 1 atm. (29.92 in.).
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Table 31. Properties of Isobutanet

Temp., oF. Pressure, Specific volume, cu. ft. per lb. Density, lb. per cu. ft. Heat content, B.t.u. per lb. Latent heat, B.t.u. per lb. Entropy, Ę.tu. per lb. per oF.lb. per sq. in.
Abso­lute Gage Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor

-20 7.50 *14.6 0.02610 10.5 38.35 0.0952 -9.0 156.5 165.5 -0.020 0.356-15 8.30 *13.0 .02620 9.90 38.15 0.101 -7.0 157.0 164.0 - .015 .354-10 9.28 *11.1 .02635 8.91 37.95 0.112 -4.5 158.5 163.0 - .01C .353- 5 10.4 * 8.8 .02645 7.99 37.80 0.125 -2.5 159.5 162.0 - .005 .3510 11.6 * 6.3 .02660 7.17 37.60 0.139 0 160.5 160.5 .OOC .350+ 5 13.1 * 3.3 .02675 6.41 37.40 0.156 +2.5 162.0 159.5 .005 .348'10 14.6 * 0.2 .02690 5.75 37.20 0.174 5.0 163.5 158.5 .011 .34815 16.3 1.6 .02705 5.18 37.00 0.193 7.5 164.5 157.0 .016 .34720 18.2 3.5 .02715 4.68 36.80 0.214 10.0 166.0 156.0 .021 .34625 20.2 5.5 .02730 4.24 36.60 0.236 13.0 167.5 154.5 .027 .34630 22.3 7.6 .02745 3.86 36.40 0.259 15.5 169.0 153.5 .032 .34635 24.6 9.9 .02760 3.52 36.20 0.284 18.0 170.5 152.5 .038 .34640 26.9 12.2 .02780 3.22 36.00 0.311 21.0 172.0 151.0 .044 .34645 29.5 14.8 .02795 2.96 35.80 0.338 24.0 174.0 150.0 .049 .34650 32.5 17.8 .02810 2.71 35.60 0.369 27.0 175.5 148.5 .055 .34655 35.5 20.8 .02825 2.49 35.40 0.402 30.0 177.5 147.5 .061 .34760 38.7 24.0 .02840 2.28 35.20 0.439 33.0 179.0 146.0 .067 .34865 42.2 27.5 .02855 2.10 35.00 0.476 36.5 181.0 144.5 .073 .34970 45.8 31.1 .02875 1.94 34.80 0.515 39.5 183.0 143.5 .079 .35075 49.7 35.0 .02890 1.79 34.60 0.559 43.0 185.0 142.0 .086 .35180 53.9 39.2 .02910 1.66 34.35 0.602 46.5 187.0 140.5 .092 .35285 58.6 43.9 .02930 1.54 34.10 0.649 50.0 189.0 139.0 .098 .35386 59.5 44.8 .02935 1.52 34.10 0,658 50.5 189.5 139.0 .099 .35490 63.3 48.6 .02950 1.42 33.90 0.704 53.5 191.0 137.5 .105 .35695 68.4 53.7 .02965 1.32 33.70 0.758 57.5 193.5 136.0 .112 .358100 73.7 59.0 .02990 1.23 33.45 0.813 61.0 195.5 134.5 .118 .359105 79.3 64.6 .03005 1.14 33.25 0.877 65.0 198.0 133.0 .125 .360110 85.1 70.4 .03030 1.07 33.00 0.935 69.0 200.0 131.0 .132 .362115 91.4 76.7 .03050 0.990 32.80 1.01 73.0 202.5 129.5 .139 .364120 98.0 83.3 .03075 0.926 32.50 1.08 77.0 204.5 127.5 .147 .367125 104.8 90.1 .03095 0.867 32.30 1.15 81.5 207.5 126.0 .!54 .369130 112.0 97.3 .03125 0.811 32.00 1.23 86.0 210.0 124.0 .161 .371135 119.3 104.6 .03145 0.760 31.80 1.32 90.5 212.5 122.0 .169 .375140 126.8 112.1 .03175 0.716 31.80 1.32 95.0 215.5 120.5 .176 .377
t Am. Soc. Refrigerating Eng., Cire. 9, by permission.* In. Hg below 1 atm. (29.92 in.).
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Table 32. Ethane (C3Iis). SaturatedVapor1

Temp., 
oF.

Pressure Volume Density Heat content, above — 40oF. Entropy, from — 40oF.Abs., lb. per sq. in. Gage, lb. per sq. in. Liquid, CU. ft. per lb. Vapor, CU. ft. per lb. Liquid, lb. per CU. ft. Vapor, lb. per CU. ft. Liquid, B.t.u. per lb. Latent, B.t.u. per lb. Vapor, B.t.u. per lb.
Liquid, B.t.u. per lb. per oF.

Vapor, B.t.u. per lb. per oF.-150 7.0 15.6* 0.0284< 16.7 35.10 0.06( 242-145 8.0 13.6* .02865 14.1 34.90 0.07 ....... 240-140 9.7 10.1* .02888 12.1 34.63 0.083 238-135 11.2 7.1* .02901 10.5 34.4734.20 0.0950.113 236-130 13.2 3.0* .0292' 8.85-125 15.5 0.8 .02939 7.69 34.02 0. Î3C ................. 233-120 18.2 3.5 .02961 6.89 33.77 0.145 231-115 21.4 6.7 .02976 5.88 33.60 0.170 ................. 229-110 24.8 10.1 .03001 5.27 33.32 0.190 ................. 227-105 28.5 13.8 .03018 4.55 33.13 0.220 225-100 32.4 17.7 .0305 4.13 32.8 0.242 224-95 36.4 21.7 .0307 3.57 32.6 0.280 222-90 41.0 26.3 .0309 3.23 32.4 0.310 220-85 46.0 31.3 .0311 2.86 32.2 0.350 218-80 51.2 36.5 .0313 2.56 31.9 0.390 216-75 56.8 42.1 .0315 2.35 31.7 0.425 214-70 63.0 48.3 .0318 2.10 31.5 0.477 212-65 70.3 55.6 .0320 1.94 31.3 0.515 210-60 78.2 63.5 .0322 1.75 31.0 0.570 208-55 80.6 75.9 .0325 1.63 30.8 0.615 206-50 95.9 81.2 .0327 1.50 30.5 0.666 204-45 105.0 90.3 .0330 1.39 30.3 0.720 201-40 114.5 99.8 .0333 1.28 30.0 0.780 199-35 124.5 109.8 .0336 1.18 29.8 0.845 196-30 135.0 120.3 .0339 1.13 29.5 0.875 194-25 146.7 132.0 .0342 1.05 29.2 0.950 192-20 159.5 144.8 .0345 0.976 28.9 1.03 190-15 172 157 .0350 0.855 28.6 1.17 187-10 187 172 .0353 0.819 28.3 1.22 185-5 202 187 .0357 0.730 28.0 1.37 1820 219 204 .0361 0.689 27.7 1.45 179+51 236 221 .0365 0.629 27.4 1.59 17610 254 239 .0370 0.581 27.0 1.72 17415 272 257 .0375 0.538 26.7 1.86 17120 292 277 .0379 0.495 26.3 2.02 16825 307 292 .0385 0.457 26.0 2.19 16530 335 320 .0390 0.422 25.6 2.37 16235 358 343 .0397 0.389 25.2 2.57 15840 383 368 .0403 0.360 24.8 2.78 15545 405 390 .0410 0.330 24.4 3.03 15050 428 413 .0417 0.305 24.0 3.28 14655 453 438 .0426 0.279 23.5 3.58 14160 481 466 .0435 0.256 23.0 3.90 13665 511 496 .0444 0.238 22.5 4.20 13070 543 528 .0461 0.214 21.7 4.67 12475 584 569 .0478 0.182 20.9 5.50 11580 625 610 .0508 0.163 19.7 6.14 10785 672 657 .0549 0.128 18.2 7.80 7886Î89.8 681 666 .0569 0.122 17.8 8.2 70718 703 .0775 0.0775 12.9 12.9 01 Linde Air Products Company, Compilers.Pressure: 7 to 32 lb. abs., Maass and Wright;1 31 to 347 lb. abs., Kuenen and Robson;2 162 to 734 lb. abs., A. Heinlen.3Density:f — 162 to — 1010F. (experimental data on liquid), Maass and Wright;4 remainder of liquid, vapor, and latent heat data (calculated), Linde Air Products Co. Laboratory.ɪ J. Am. Chem. Soc., 43, 1098 (1921). 2 Phil. Mag., (6) 3, 149 (1902). ’ Lieb. Ann., 282, 229 (1894). 
4 J. Am. Chem. Soc., p. 1104 (1921).• In. Hg below 1 atm. (29.92 in. = 14,696 lb. per sq. In. abs.).!Probable accuracy: Density, liquid 1. vapor 3, latent heat 10 per cent.I Ptandard ton temperatures.
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Table 34. Nitrous Oxide (N2O)t

Temp.,0F.
Pressure Volume Density

Heat latent, B.t.u. per lb.Abs., lb. per sq. in. Gage, lb. per sq. in. Liquid, CU. ft. per lb. Vapor, CU. ft. per lb. Liquid, lb. per CU. ft. Vapor, lb. per CU. ft.
-130 14.2 0.5 0.01232 5.940 81.17 0.165 172.3-121 19.6 4.9 .01248 4.370 80.13 .23 168.9-112 26.8 12.0 .01264 3.200 79.11 .30 165.6-103 35.5 20.8 .01280 2.480 78.12 .40 162.3-94 47.3 32.6 .01296 1.880 77.16 .53 158.9-85 59.6 44.9 .01312 1.510 76.22 .66 155.0-76 75.0 60.3 .01314 1.220 76.10 .82 150.7-67 92.3 77.6 .01376 0.9990 72.67 1.00 148.9-58 113.0 98.3 .01408 0.8270 71.02 1.20 145.8-49 135.0 120.3 .01440 0.6960 69.44 1.40 142.5-40 160.0 145.3 .01472 0.6000 67.93 1.65 139.1-31 190.0 175.3 .01504 0.5120 66.49 1.95 135.6-22 223.0 208.3 .01536 0.4430 65.10 2.25 132.3-13 257.0 242.3 .01568 0.3950 63.77 2.50 129.0—4 295.0 280.3 .01600 0.3470 62.50 2.85 125.2+5∙ 333.0 318.3 .01632 0.3080 61.27 3.25 121.414 375.0 360.3 .01680 0.2690 59.52 3.70 116.823 422.0 405.3 .01728 0.2340 57.87 4.25 111.932 471.0 456.3 .01776 0.2017 56.30 4.95 107.541 528.0 513.3 .01845 0.1744 54.19 5.70 103.250 592.0 577.3 .01920 0.1496 52.08 6.65 95.859 663.0 648.3 .02016 0.1276 46.73 7.80 88.268 745.0 730.3 .02140 0.1076 45.60 9.30 73.677 832.0 817.3 .02300 0.0896 43.48 11.20 66.9↑86 930.0 915.3 .02560 0.0726 39.06 13.80 51.195 1035.0 1020.3 .03136 0.0634 3’ 88 18.70 24.496 1055.0 1040.3 .03498 0.0537 u. 58 23.50 13.297 1065.0 1040.3 .04080 0.0408 24.51 24.50 0.0

t Am. Soc. Refrigeratin(/ Eng., Circ. 9, by permission.* Standard ton temperatures.
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Table 35. Ethyl Ether [(C2H5)2OJt

PressureTemp.,0F. Abs., lb. per sq. in. Gage, in.vac.
Volume of vapor, cu. ft. per lb.

Density of vapor,CU. ft. per lb.
Heat content above 320F.

Liquid, B.t.u. per lb. Latent, B.t.u. per lb. Vapor, B.t.u. per lb.
0 1.3 27.28*5 1.5 26.8710 1.8 26.2615 2.2 25.4620 2.5 24.84

9095
100

13.414.716.0 2.720.00
1.3t

38.035.032.530.027.0

5.14.84.5

0.0263.0285.0332.0352.0372.0417.0468.0518.0588.0666.0757.1280.1430.1620.I860.1880.1960.2130.2220

-18.00-15.00-12.00-9.50-6.50-4.00-1.50+ 1.404.006.609.5720.0423.4026.4029.0029.5031.5034.0036.50

171.0170.8170.4170.2170.0169.6169.4168.8168.4168.0167.6165.4164.8164.2163.8163.5163.0162.2161.5

153.00155.80158.43161.70163.50165.60167.90170.20172.40174.60177.17185.44188.20190.60192.80193.00194.50196.20197.50
* Standard ton-temperatures.t Am. Soc. Refrig. Eng., Circ. 9, by permission.

CONDENSERS
The primary function of the condenser is to transfer to the environment 

(usually water or air) the heat extracted at the lower temperature. If c 
is the specific heat of water (or air), W the weight of water sent through the 
condenser per minute, ∆i the temperature rise in degrees Fahrenheit, and n 
the number of tons refrigeration produced, then

c∆i
Usually ∆i will not be more than 30oF., from which it follows that W is approx­
imately 7 lb. per min. per ton refrigeration or about 1100 to 1200 gal. per day 
per ton refrigeration. In considering any refrigeration installation it is 
always important to determine whether the water requirements can be met 
from the available sources. In large metropolitan centers this may often be a 
Berious problem. The question of cooling-water economy is discussed by 
Sherwood {Refrig. Eng., February, 1927) and Waterfill (op. cit., September, 
1927).

Types of Condensers. Condensers may be divided into the following 
types: (1) submerged coil; (2) atmospheric; (3) atmospheric counterflow; 
(4) double pipe; (5) multicoil; (6) flooded; (7) vertical shell and tube; (8) 
horizontal shell and tube.

Submerged-coil Condensers. The early condensers consisted of pipe 
coils placed in a tank. Ammonia flowed downward through the coil while
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water was introduced at the lower part of the tank and overflowed through
This was a cheap condenser to build but

The most serious fault was that only a
λ X - ---· As a consequence, the amount

a connection near the tank top. 
had several objectionable features, 
small part of the water touched the pipe coil, 
of heat removed per gallon of 
water was very low, and to ob­
tain a given capacity a large 
condenser tank was necessary. 
In addition the water tended to 
remain stagnant along the coil, 
and this interfered with the 
transfer of heat from the am­
monia vapor to the coil, so that 
30 B.t.u./(sq. ft.)/(deg. F.) (per 
hr.) was about the maximum 
rate.

Atmospheric Condensers.
Atmospheric condensers are 
made of a vertical row of horizontal pipe lengths, from 8 to 20 in number, with 
the ends connected by return bends forming a continuous pipe through which 
the ammonia passes. Ammonia enters at the top from a header connecting 
two or more of the rows of pipes and flows downward, losing its heat to the 
water. Liquid ammonia settles in the bottom coils and passes off to the 
receiver or storage tank. Water is fed into a trough placed over the top 
pipe and, overflowing, drops into the top pipe and thence successively flows 
over each pipe into a basin beneath the coil. This type is illustrated in Fig. 
17. It will be noted that both the ammonia and water flows are cross 
current. The condensed ammonia cannot be lower in temperature than the 
temperature of the discharged 
water.

Bottom-inlet Atmospheric 
Condensers. In bottom-inlet 
condensers the flow is made 
countercurrent by feeding the 
vapor at the bottom and by 
taking liquid off at the top, but, 
Iiuless bleeder connections are 
taken off every few coils, the 
liquid tends to flow back toward the bottom. The condition prevails in those 
condensers where, after passing upward through the two lower pipes, the am­
monia vapor is conveyed by an outside connection to the top pipe and then 
flows downward through the remainder of the bank. Both designs are erratic 
in operation and are subject to flooding and slugging.

Countercurrent Atmospheric Condensers. As stated above, the 
coldest water in the ordinary atmospheric condenser is at the top in contact 
with the hottest gases, while the hottest water at the bottom is in contact 
with the coldest ammonia. To reduce the ammonia temperature on leaving 
the condenser, condensers are designed with the gas inlet at the bottom 
where it meets the hottest water and the liquid discharge higher where the 
water is cooler. In its passage upward through the coils the condensing 
ammonia will have a tendency to trickle downward against the entering vapor. 
To prevent the bottom coils from filling up with liquid, trap drains are pro­
vided at several points.

NH3 Hquict
Fig. 17.—Atmospheric condenser.

Gas inlet ■ -.

Gas outlet··'

Fig. 18.—Double -pipe condenser.

Water 
outlet

Wafer
,et∙



CONDENSERS 2597

_ _. Water distributor J 
Safety ∣^ 
valve

Air∖ 

valve G

Dronn F'

Fig.

valve E 
□h^∙'

. Feed
?outlet B

γ Equalizing
’ line C

19.—Vertical shell-and-tube 
condenser.

inlet A

Deflector

Double-pip© Condensers. The desirability of having a condenser 
suitable for locations where the splashing of water by an atmospheric con­
denser could not be permitted led to the use of the double-pipe condenser, 
Fig. 18. In this design, two pipes are placed 
one within the other. The inner one is usually 
1¼ ɪɪɪ- ɪɪɪ diameter and is filled with cooling 
water. The outer pipe is 2 in. in diameter, 
and the ammonia gas flows between the inner 
and outer pipes. Suitable connections permit 
the water to flow from one inner pipe to the 
next upper one, while at the same time the 
ammonia ga∙s can pass in the opposite direc­
tion. The inner pipe extends through the 
fitting and through two stuffing boxes which 
seal the connection against leakage.

Shθll-and-tube Condensers. A type of 
construction of the vertical single-pass multi­
tube condenser is illustrated in Fig. 19. This 
consists of a welded shell with flared ends 
riveted to heavy tube sheets and a number of 
charcoal-iron tubes. The ammonia gas inlet 
is at the point A. In order to provide for a 
more even distribution of the gas at the in­
let, a special deflector is attached to the inlet 
nozzle as shown. The ammonia is condensed 
on the tubes, collects in the bottom part of the 
shell, and is drained oft’ at the feed outlet B. 
An equalizing line is provided at C. A drain 
is installed at F, while purge connections may 
be made at points E and F. A circular water 
box H is attached to the top sheet, and a 
serrated edges K, is placed within the water box as shown, 
tributing devices J are placed on the top end of each tube.

special water baffle I, having 
W ater-dis- 
These dis-

tributors are made of cast
iron and are hollow and with 
spiral grooves, and cause the 
water to flow in a corkscrew 
motion down the tube. A 
certain amount of air is 
drawn in through the hollow 
cores of the device. The 
vertical shell-and-tube con­
denser has the advantage 
that a greater amount of 
cooling surface can be ob-

Fig. 20.—Horizontal multipass condenser. {Courtesy 
Struthers Wells.)

tained for a given floor space than with any other type.
Horizontal Multipass Condenser. A construction of a horizontal 

multipass condenser is illustrated in Fig. 20. Water enters at the inlet A 
and passes through a bank of l⅜-in. tubes in the lower part of the shell, then 
flows backward and forward several times through the tubes in the upper 
part and finally out through the exit B. Refrigerant vapors enter at the inlet 
C placed on the top of the shell near the middle. The vapors condense, and 
the condensate is removed at D where it meets the coldest cooling water. A
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0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 Condenser Water in GaLper Min. per Sq.Ft.
Fig. 21.—Comparative performances of various condensers.
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1. The thickness of the layer of liquid ammonia adhering to the tubes of the vertical shell-and- tube condenser materially affects the rate of heat transfer per unit of surface.2. At a constant water rate the coefficient of heat transfer decreases with increasing values of the mean temperature difference between the am­monia and the water in the vertical shell-and-tube condenser.3. Irrespective of the proportions of the vertical shell-and-tube condenser no appreciable subcool­ing of the liquid occurs.4. The condenser tonnage developed per square foot of surface in the shell-and-tube condenser is independent of the size or proportions of the condenser and is a function only of the initial temperature of the water and the amount circulated per square foot of surface per unit of time.5. The condenser tonnage developed per square foot of surface in the condensers when the effective surface is altered by raising the liquid level or by plugging pumps, as

purge for non-condensable gases is provided at E. A safety valve is installed
at F, and a drain valve at G. The number of passes depends on the diameter
of the shell, being 2 to 6 on a 12-in. shell and 8 to 12 on a 24-in. shell,
total number of tubes varies from about
30 on a 12-in. shell to 160 on a 24-in.
shell.

Heat Transfer in Ammonia Con­
densers (See section on Flow of Heat, 
pp. 947 to 1029). Exhaustive investiga­
tions on heat transfer in ammonia con­
densers were carried on by the University 
of Illinois; the results appear in the Uni­
versity of Illinois Bulletin 25. In these 
investigations tests were run on shell- 
a n d-t u b e, atmospheric-bleeder, and 
double-pipe condensers, and both the 
unit condenser tonnage and the total 
condenser tonnage have been plotted 
against the unit water rate for initial 
water temperature of 68oF. as shown in 
Fig. 21. When the total tonnage de­
veloped is taken into consideration the 
shell-and-tube condenser shows the 
greatest capacity. The total area of the 
bleeder condenser exppsed to saturated 
ammonia is 105 sq. ft., while that of the double-pipe condenser is 92 sq. ft. 
and in the case of the shell-and-tube condenser it is 251 sq. ft.

As reported by the University of Illinois Bulletin 186, the coefficient of 
heat transfer of a 16-ft. vertical shell-and-tube condenser having thirty 2-in. 
tubes is found to vary with the water ve­
locity, or water flow, as shown in Fig. 22 
and Table 36. The variations in heat 
transfer with varying water flows and ton­
nages are shown in Fig. 23.

The conclusions reached in these tests 
were as follows:

Fig. 22.—Condenser water re­quirements. {Reprinted by permis­
sion from “ Handbook of Mechanical 
Refrigeration,” by H. J. Macintire, 
John Wiley & Sons.)

B.t.u. perlon of Refrigeration per Minute 
Removed by condenser
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was done in the investigation, 
arrangement of surface if a given 
amount of water at a given ini­
tial temperature is circulated per 
square foot of surface in a given 
time.

6. One square foot of surface 
is approximately eight times as 
effective in transferring heat 
from saturated ammonia vapor 
to water as it is in transferring 
heat from superheated ammonia 
gas to water.*

7. For conditions of viscous 
flow on the water side, the co­
efficient of heat transfer in a 
superheat remover is a linear 
function of the water velocity.*

* If the superheated vapor is condensing, the rate of heat transfer is probably as good 
as for saturated vapor. The above conclusions apply to the case in which superheated 
vapor goes to a lower degree of superheat.

80 120 160 200 240 280 320 360

Condenser Water in Lb. per Min

Fig. 23.—Variation of heat transfer with water rate 
for shell-and-tube condensers.

Condenser Water. The 
amount of water required
in the condenser depends upon the quantity of heat which must be removed

Table 36. Gallons Condenser Water per Ton Refrigeration

60oF. water 70oF. water 80oF. water

Condenser 
pressure, 

lb. per 
sq. in. 
gage

Corre­
sponding 

temp., 
oF.

Water per ton of 
refrigeration, gal. 

per min.
Suction pressure, 

lb. gage Range,
0F.

Water per ton of 
refrigeration, gal. 

per min.
Suction pressure, 

lb. gage Range, 
oF.

Water per ton of 
refrigeration gaL 

per min.
Suction pressure, 

lb. gage

15 20 25 15 20 25 15 20 25

5.00
3.75
3.00
2.52
2.13
1.92
1.70
1.53
1.40
1.30
1.20
1.12
1.05
1.00

4.90
3.70
2.95
2.48
2.10
1.85
1.67
1.50
1.37
1.28
1.16
1.08
1.02
0.98

4.80
3.65
2.90
2.43
2.06
1.83
1.63
1.48
1.35
1.25
1.15
1.06
1.00
0.95
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to liquefy the ammonia. This may 
be calculated as follows: first, find 
the weight of ammonia to be circu­
lated per minute per ton.

The heat to be removed per pound 
is Q = H9 — hi, where Q is the B.t.u. 
to be removed by the cooling water; 
H9 is the total heat in 1 lb. of dis­
charge gas; hi is the heat of ammonia 
liquid at discharge pressure. The 
pounds of water required per pound 
of ammonia is found by the formula:

Q

where t0

ti

CfO

= temperature of outlet 
water.

= temperature of inlet 
water.

= Specificheatofwater = 1.
The condensing pressure depends 

on the temperatures and quantity of 
the cooling water. With 60oF. water 
in large quantities, it is possible to get 
a condensing pressure as low as 145 
lb. per sq. in.; with 75oF. water, 165 
lb. per sq. in.; with 85oF. water, 185 
lb. per sq. in. In ordinary practice 
the pressure may be somewhat 
higher.

Table 37 gives the performances 
obtained on a multipass condenser.

The temperature of the condenser 
water should be as low as possible. 
If water costs are high, it may be 
more economical to1 provide cooling 
towers and use less water. Carbon 
dioxide condensers cannot operate 
with water above 88oF., the critical 
temperature. Before installing car­
bon dioxide machines, the maximum 
temperature of the available water 
should accordingly be ascertained.

Cooling-water Towers. (See 
Cooling Towers Sec. 9.) In most 
places water is too costly to be wasted 
after use over the condenser and is 
recovered either by a cooling tower 
or pond.

Towers are usually figured for a 
small range of water cooling, about 
50F. and are designed to handle ap-
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proximately 6 gal. water per ton of refrigeration and cool this to within 5oF. of
the wet-bulb temperature with an assumed air velocity of 5 m.p.h.

Corrosion in Condenser Systems. Ammonia condensers present 
a severe corrosion problem. A large area of iron or steel is exposed to a 
continuous flow of water, which is frequently quite corrosive. To obtain 
efficient heat transfer it is desirable to have the metal bare, and ordinary 
methods of protection, such as painting, are used at the expense of con­
densing efficiency. Similarly heavy rust films retard corrosion but to the 
detriment of operating efficiency.

Corrosion of steel in water is dependent upon a supply of dissolved oxygen. 
Except in closed condenser or cooling systems, where the water is kept out 
of contact with the air, it is uneconomical to remove the oxygen.

Silicate Treatment of Condenser Water: Where fresh water is recir­
culated, passing over the condensers and then through a spray pond or tower, 
the addition of sodium silicate to the condenser water has been found to 
be a practical means of preventing corrosion. This treatment has been in 
use in some plants and its behavior warrants continued trial.

COOLING SYSTEMS
Cooling Systems (see Cooling Towers, pp. 1108-1117). Two systems 

of removing heat from cold-storage rooms are used, the direct-evaporation 
and the indirect or brine systems.

With the direct-expansion system, where ammonia is allowed to boil in 
the cold-storage rooms, there is danger from ammonia leakage at all times. 
The pipe lines may become corroded or may split due to imperfect welding, 
or fittings may be broken accidentally with resulting damage to life or com­
modities. In a large system with long supply and return pipes, or extensive 
refrigerating piping, the amount of the initial charge has to be very large and 
constant care to maintain the piping tight at all times is required. The result 
is that, except under certain particular conditions, the so-called brine system 
is best. This has the further advantage that very appreciable amounts of 
refrigeration may be stored up in the brine to take up peak loads or provide 
for refrigeration during closing-down periods.

In the brine system of indirect refrigeration, the high-pressure side 
is the same as in the direct-expansion system. The low-pressure side con­
sists of a brine cooler, usually of the shell-and-tube type, similar in construc­
tion to a steam condenser. The brine is a non-freezing solution of sodium 
chloride or calcium chloride, of such concentration as will not freeze at the 
temperature carried in the cooling system. The brine system then is really 
an additional unit, in which the brine is kept cool by boiling ammonia and the 
cold-storage rooms or other refrigerating applications are kept cold by the brine.

In the direct-expansion system one less heat transfer is necessary, and 
consequently the expansion coils can be maintained at a higher temperature 
and pressure so that the compression work is less. Moreover, the refrigerant 
extracts heat by evaporation (latent heat) so it can be distributed at room 
temperatures, whereas brine extracts heat only by being colder than the 
surroundings (sensible heat) and must be distributed cold in well-insulated 
piping. The direct-expansion system is therefore much more efficient in 
theory, and the only obstacle to its general adoption is the difficulty of con­
structing leakproof systems.

Evaporation or Expansion Coils. * Just as the function of the condenser 
is to dissipate heat, so the function of the evaporating coil is to collect heat

* For a more general discussion see Consley, Heat Transfer in Ammonia Shell-and- 
tube Brine Coolers as Affected by Operating Conditions, Refrig. Eng., 36, 409 (1938).
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'K. Suction header
.......------......-.... ... ...... >

Liquid header
Fig. 24. — Continuous-coil 

evaporator.
∖To compressor 

Fron^∙γ^ Accumulator with liquid 
receiver·^' ∙ ^∙

at the lower temperature of the refrigerating system. It is quite possible to 
inject the liquid refrigerant into the material to be cooled and then cause it to 
evaporate, but this is in general undesirable for two reasons : first, the refriger­
ant will have a deleterious effect on the substance cooled, and, second, its 
vapor pressure will be lower because of dilution and the power expenditure 
in compression will be greater. However, in case the refrigerant can also 
be used as a solvent, this system may prove very satisfactory, and one notable 
application is found in the Edeleanu process of 
extracting asphaltic materials from mineral oils 
with sulfur dioxide.

The simplest method of cooling brine is to 
thrust a pipe coil into the brine tank with one 
end connected to the liquid refrigerant supply 
and the other to the compressor. An older 
form of construction with a series of continuous 
coils attached to headers is shown in Fig. 24. 
Liquid ammonia is fed into the bottom and 
drawn off on top. Under these conditions 
liquid ammonia is present on the inside sur­
face of the coils, and if this is accidentally drawn 
into the compressor it may fill up the clearance 
space in the cylinder and blow off the head on 
the compression stroke. This difficulty is over­
come by placing an accumulator (shown by 
dotted lines in Fig. 25) between the expansion 
coil and the compressor. The accumulator may 
serve the further purpose of precooling the 
liquid ammonia returning to the expansion coil. 
This arrangement of coils with accumulator is 
known as the flooded system. In order to 
facilitate transfer of heat, brine tanks may be 
built with partitions and bulkheads so arranged 
that the brine may be agitated and swirled

∙yprecoohng coit 
h
⅛ Suction header

!
'Liquid. header

25.—Evaporator coil with 
accumulator.

va Suction cutlet

Header

Fig.

■Header
-Short evaporator coil.

Header
Liquid 
inlet

^Suction outlet I
:->1

Header

Fig. 27.—Herringbone coil.

around and through the coils.
A modern short evaporator coil is shown in 

Fig. 26. This is sometimes made with three 
sets of pipes between the upper and lower head­
ers and placed in a covered brine compartment. 
The herringbone coil, shown in Fig. 27, can be 
placed in a trough through which the brine is 
circulated at high velocity.

Besides the submerged types of coils, which are used chiefly in ice making, 
shell-and-tube brine coolers, and double-pipe brine coolers with brine flowing 
through the inner tube are also used. Shell-and-tube coolers are largely 
displacing other types in more recent installations (Fig. 28). Brine flows 
through the tubes, and a surface of 8 to 15 sq. ft. is usually allowed per ton 
of refrigeration. They may be placed either upright or horizontal and 
require small floor space. A float valve can be placed in the liquid receiver 
to regulate the amount of ammonia fed to the expansion coils.

Heat Transfer in Evaporators. (See Section 7, pp. 947-1029.) The 
York Ice Machinery Corporation conducted a series of tests on heat transfer in 
various evaporators. For shell-and-tube evaporators with tube arrangements 
and liquid levels shown in Fig. 28 the results were as given in Table 38.

For short flooded coils, the results obtained are shown in Table 39.
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Liquid Controls. In order to prevent evaporating coils from over­

flowing with liquid refrigerant, some form of automatic control valve is 
usually employed. These may be classified into four groups (see Sec. 17,

Fig. 28.—Liquid levels used in shell-and-tube coolers.

OOOOOO
∞OOOOO

pp. 2009-2089) :
1. The diaphragm-operated 

pressure-reducing valves control­
ling the refrigerant feed to the 
evaporator according to the pres­
sure in the evaporator.

2. Diaphragm-operated pres­
sure-reducing valves controlling 
the refrigerant feed to the evapo­
rator by means of the tempera­
ture of the refrigerant gas leaving 
the evaporator.

3. Thermostatically con­
trolled shut-off valves actuated 
by change of temperature in 
room or tank and used in series 
with hand-adjusted expansion 
valves or valves under group 1 
or 2.

4. Float-c ontrolled valves 
which function according to the 
change in liquid refrigerant level 
in the evaporators, or used as 
liquid traps to pass the refrigerant from the high side to the evaporator as it is condensed.

Brine Piping. Brine is seldom allowed to warm more than 20oF. in 
performing refrigeration, and the heat absorbed per pound is much smaller 
than that absorbed by the evaporation of an equal weight of refrigerant. 
Consequently brine piping is larger than refrigerant piping. Standard­
weight piping is sufficient for all ordinary purposes.

17.9° brine in 34o brine in
Table 38. Results of Tests on ShelBand-Tube Cooler*

A B C D A B C D
Brine temp., oF................................................. 17.6 17.9 17.9 17.8 34.3 34.0 33.9 33.6Suction pressure at cooler, lb. gage 14.9 13.9 10.6 6.3 24.6 22.7 18.0 10.5Superheat at cooler, oF.............................. 3.4 7.3 13.3 23.0 3.5 7.8 14.5 28.7Tons of refrigeration.................................... 61.4 59.0 51.3 41.0 79.2 75.5 66.2 49.8Tube surface below liquid level, %. 87.5 62.5 37.5 12.5 87.5 62.5 37.5 12.5Height of ammonia, in.............................. 26.4 20.0 13.4 6.5 26.4 20.0 13.4 6.5Mean temp, difference............................... 15.5 17.3 22.7 30.6 19.3 21.3 27.5 38.9B.t.u. transfer per sq. ft. per hr. per degree mean temp, difference 62.5 54.5 36.4 21.5 68.4 56.8 38.6 20.5Brine velocity, ft. per min...................... 129 131 134 133 133 133 135 133

* The York Ice Machinery Corporation, by permission.
The same rule for threads applies as in any threaded pipe work. Threads 

should not be shouldered and should be entered three or four by hand. A 
5-in. pipe ought to enter the fitting about ¾ or ⅞ in. and have two or three 
threads sticking out to make certain that it is not shouldered.
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Table 39. Results with Short Flooded Coils*

A B C D

1 ¼-1n. pipe, ft.................................................... 500’ 500 500 500
Ruction pressure, Ih- gage........................................................ 19.6 21.2 18.9 21.5
ferine temperature, oF.............................................................. 14.0 14.0 14.0 14.0
ferine velocity, ft. per τnin....................................................... 133 133 133 133
ιΓons refrigeration..................................................................... 7.3 9.0 12.0 15.7
fe.t.u. transfer........................................................................... 43 68 66 120

* Tbe York Ice Machinery Corporation, by permission.

Red lead is a very good heavy lubricant to be used for screwing the pipe 
together, and it helps a little to seal joints. White lead will make a better 
seal, but sets so hard that pipes are separated with difficulty and is little used. 
A little asphalt mixed with red lead makes a better joint in case of imperfec­
tions in the threads. (Private information from Torrance, Carbondale 
ice Machine Company.)

Copper Piping. Copper piping has recently been introduced extensively 
because joints can be sweated together and can readily be bent around 
obstructions. However, ammonia attacks copper and such tubing can there­
fore not be used except with the Freon type of refrigerants or methyl and 
ethyl chlorides. Small commercial installations of 1 to 5 tons capacity 
are tending to go over to copper piping with these refrigerants because of the 
ease of installation.

Refrigeration Pipe Lines. There are two general systems of pipe-line 
refrigeration in use in the United States—those circulating ammonia and 
those circulating brine solutions as refrigerating mediums. The latter seems 
to be the preferred method. A brine system operated by the Merchants 
Refrigerating Company, New York, serving the dairy products, poultry, and 
produce trades, carries 400 refrigerator boxes, varying in size from 200 cu. ft. 
to 15,000 cu. ft. aggregating a total of 2,750,000 cu. ft. refrigerated space 
(Oakley, Am. Soc. Refrigerating Eng., annual meeting, 1924).

Brine is cooled to 0oF. by two horizontal multipass shell-and-tube brine 
coolers and is circulated through the system by means of four 12-in. mains, 
making a dual system on the trunk lines so that in the event of a break in one 
pair of trunk lines the other pair will carry the load. These mains are carried 
under the street at a depth of 4 to 7 ft. and are properly supported and insur 
Iated with three or more layers of 1-in. hair felt. The mains are full-weight 
wrought-iron pipe with flanged joints and ring gaskets, alternate joints being 
fitted with heavy cast-iron sleeves and calked with lead. Expansion joints 
of the corrugated type are introduced to take up the initial movement of the 
pipe. Great care must be exercised in construction to keep the losses at a 
minimum. The normal brine losses average about ½ bbl. a day, while the 
accidental losses over which the distributor has no control are about twice 
this amount. The specific gravity of the brine is maintained at about 1.23. 
The solution is tested several times a year and kept slightly alkaline. No 
trouble is experienced with deterioration of the mains, some of which have 
been in service over 30 years.

Centrifugal pumps are used to circulate the brine throughout the system, 
which during the summer conditions requires about 3000 gal. per min. giving 
a brine velocity in the mains of about 250 ft. per min. The pumps are
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designed to give maximum efficiency over a rather wide range of head to take 
care of increasing business and changing load.

In St. Louis and Los Angeles, liquid ammonia is distributed for refrigeration 
from a central compressor station, and the vapors drawn back by the com­
pressor suction. The total length of pipe line is about 15 miles in each city.

In a brine-circulating system there are power losses due to the indirect 
method which are absent in a direct-expansion system, such as the lower 
operating back pressure to the compressor, the cost of brine pumping, and 
the consequent heat delivered to the brine through pumping. However, 
this is offset by features of safety, simplicity, and a more uniform suction 
pressure to the compressor by having the ammonia confined to bring coolers 
under immediate control.

The general application of 
pipe-line refrigeration is most 
successful in market districts 
where the demand for service is 
in confined territory. Power is 
the greatest item of expense, 
and, therefore, the cost per ton <⅛ 
of refrigeration delivered to the 
system should be kept to a min­
imum (Fig. 29).

Pipe-line systems should be 
equipped with instruments to 
obtain data properly, and rec­
ords should be kept of such 
items as tons of refrigeration delivered to the system, cost of power to deliver 
a ton, etc.

Insulation Values of Building Materials (see Flow of Heat, Sec. 7, 
pp. 951#. and 996).

An important factor in insulation is the perfection of construction, which 
is subject to wide variations. Unless the joints are carefully made and air­
tight, moisture will get in and freeze, causing the ultimate deterioration of 
the insulation. This is probably the factor most responsible for the diver­
gence in laboratory experiments and practical results. A liberal factor of 
safety should be allowed to ensure good operating results.

It is customary to assume an average maximum temperature during the 
period of peak refrigerating loads. The average temperatures in the United 
States may be obtained from government reports. The average temperature 
experienced during a 24-hr. period for conditions that are likely to prevail for 
a week’s time should be used in making estimates. The actual choice of 
the thickness of insulation for any particular case will be decided by the 
relative costs of Iheinsulationitself and the book value of a ton of refrigeration.

The standard insulation of the American Warehouse Association 
is: For the walls, ceilings, floors, partitions, etc., of cold-storage buildings, the 
insulation consists of corkboard of good quality and of medium density with 
both outer surfaces sealed by either dipping or coating with an asphaltic 
mastic, or by applying a waterproof portland cement plaster as a finish. An 
additional ⅛ in. of waterproof portland cement is used between the layers 
of the cork to seal the voids between the cork granules against atmospheric 
or other moisture. The standard thickness for temperatures down to 320F. 
is two layers of 2-in. corkboard; to this is added 1 in. for each 15oF. below 
32oF. Piping, fittings, etc., should be covered with molded cork covering,

<.≡ 2400 3≡ ⅜-2000 τ≡a t- ∈ 1600 l∙
O-.£ 1200*fe
S 400fr 0 40 80 120 160 200 240 280 320 360 400 Tons of Refrigororfion in 24 Hours

800
Fig. 29.—Brine flow required for varying ton­

nages of refrigeration.
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which should have its outer and inner surfaces sealed with a rubber or asphal­
tic mastic. Standard brine-pipe covering for temperatures down to 0oF. 
varies from 2 to 3 in. thickness with the diameter of the pipe. Table 40 
(taken from Marks’s Handbook, 4th ed., p. 2170) shows the cubic feet of 
space cooled per linear foot of pipe in general storage. Table 41 gives per­
tinent data on the thermal conductivities and densities of various insulating 
materials.

Pipe Lines in CO2 Plants. The present tendency is to weld all connec­
tions in carbon dioxide plants, making provisions for expansion by means of 
bends. All pipe connections should be bent, wherever necessary, with a 
long radius. This gives the gas more chance to flow smoothly and minimizes 
Table 41. Conductivity and Density of Various Insulating Materials*  

U. S. Bureau of Standards

* See Physical and Chemical Data, Sec. 3, pp. 453-455.

Material

Thermal 
conductivity, 

B.t.u./(sq. 
ft.) (in.) (hr. 

per oF.)

Density, 
lb. per 
CU. ft.

Description of material

Alr......................................................... 0.175 0.08 Ideal air space
Air cell, ½ in........................................ 0.458 8.80 Asbestos paper and air spaces
Air cell, Í in.......................................... 0.500 8.80 Asbestos paper and air spaces
Asbestos mill board.............................. 0.830 61.0 Pressed asbestos
Asbestos wood....................................... 3.700 123.0 Asbestos and cement
Balsawood............................................. 0.350 7.5 Light and soft across grain
Calorax.................................................. 0.221 4.0 Fluffy, finely divided mineral matter
Cork....................................................... 0.337 5.3 Granulated ¼ to ¾ β in.
Cork....................................................... 0.330 10.0 Regranulated ¼ β to ⅛ in.
Cork board............................................ 0.279 6.9 No artificial binder—low density
Cork board............................................ 0.308 11.3 No artificial binder—high density
Cotton wool.......................................... 0.292 Loosely packed
Fibrofelt................................... . ........... 0.329 11.3 Felted vegetable fibers
Fire-felt wool....................................... ∏.625 43.0 Asbestos sheet coated with cement
Fire-felt, sheet, ....................................................... 0.583 26.0 Soft, flexible asbestos sheet
Flaxlinum.............................................. 0.329 11.3 Felted vegetable fibers
Hair felt, ....................................... 0.246 17.0
Hard maple wood................................................. 1.125 44.0 Across grain
Infusorial earth..................................... 0.583 43.0 NaturaΓ blocks
Insulite.................................................. 0.296 11.9 Pressed wool pulp—rigid
Kapok .................................................. 0.238 0.88 Vegetable fiber—loosely packed
Keystone hair........................................ 0.271 19.0 Hair felt combined with building paper
Linofelt ............................................. 0.300 11.3 Vegetable fiber combined with paper
Lithboard.............................................. 0.379 12.5 Mineral wool and vegetable fibers
Mineral wool......................................... 0.275 12.5 Medium packed
Mineral wool......................................... 0.288 18.0 Felted in blocks
Oak wood.............................................. 1.000 38.0 Across grain
Planer shavings..................................... 0.417 8.8 Various
Pulp board........................................... 0.458 Stiff pasteboard
Pure wool.............................................. 0.263 5.0
Rock cork.............................................. 0.346 21.0 Mineral wool and binder—rigid
Slag wool............................................... 0.750 15.0
Tar roofing................................................................ 0.707 55.0
Virginia, pine wood.............................................. 0.958 34.0 Across grain
Whiite pine wood................................... 0.791 32.0 Across grain
Wool felt................................................ 0.363 21.0 Flexible paper stock

vibration in the pipe lines. In the discharge lines the gas may attain a veloc­
ity of from 800 to 1,200 ft. per min. at a pressure of from 1000 to 1400 lb. 
Should this gas meet a right-angled bend, it would cause a severe shock, which 
would pass to the hangers and be transmitted to the building.
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In all large carbon dioxide pipe work, it is customary to anchor the lines
to the floor and to provide cork pads so the shock will not be passed to the
building. Elimination of all vibration is a very important factor in air-
conditioning work.

Brines (see also Tables 44 to 116 on specific gravity, Sec. 3, pp. 412— 
427). The brines commonly employed in refrigeration are calcium and 
sodium chlorides. The latter is cheaper but cannot be used below its 
eutectic point of — 6.03oF. Calcium chloride of commercial grade does not 
operate very satisfactorily below -40oF. The specific gravity, freezing 

by weight, and heat content per pound of solution arepoint, composition 
given in Tables 42 
and 43 which have 
been compiled by 
Jessup [Z? e/r i 0. 
Eng., 22, 168-169 
(1931)].

While these 
brines have the 
great advantage of 
low cost, they have 
the disadvantage 
of being extremely 
corrosive and the 
calcium brines that 
of throwing down 
insoluble precipi­
tates with un­
treated waters. 
Corrosion in closed 
systems can be 
largely overcome 
by the addition of 
sodium dichro­
mate, Na2Cr2O 7.- 
2H2O, 100 lb. and 

ɪu GlycerolUSP96.5%.. " ∙ « -Vlll " ^ 60%__ u * " ∙
Fig. 30.—Compositions and freezing points of solutions.¿uu io. Deing re­

quired per 1000 cu. ft. of calcium and sodium brines, respectively. Enough 
caustic is added to make the brines slightly alkaline. In open systems using 
sodium brines, disodium phosphate, Na2HPO4.12H2O, may be used at the rate 
of 100 lb. per 1000 cu. ft., but the solutions should be colorless to 
phenolphthalein. Open calcium-brine systems may be protected by adding 
zinc dust at the rate of 60 lb. per 1000 cu. ft., a little at a time.

New brines have recently been developed in which corrosion is prevented 
by the use of buffers maintaining the proper acidity and protective colloids 
[Reinhartin Brines, Refrig. Eng.y 23, 30 (1932)].

Magnesium chloride brines are used to some extent, but their eutectic 
temperature is not low enough to give them much advantage over sodium 
chloride.

Other materials which may be used are methanol, denatured alcohol, 
ethylene glycol, and glycerin. These have been much used for protection 
of automobile radiators and are no more corrosive than water. Their main 
disadvantage is cost, but they have been used in place of brines for house­
hold refrigerators. A comparison of freezing points is shown in Fig. 30.
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The eutectic for the alcohols has not been determined, but it lies well below
that of calcium chloride. The alcohols will give no difficulty from Crystalliza-

Table 44. Freezing Points and Flow Points of Ethylen® Glycol, 
Methanol, Denatured Alcohol, and Glycerol*:Composition r reezιng point r low pointWeight, % Volume, % oC. °F. oC. oF.Ethylene Glycol10 9.10 - 3.3 26.1 - 4.3 24.320 18.39 - 7.8 18.0 - 8.6 16.630 27.86 -13.5 7.7 -14.0 + 6.835 32.67 -17.1 1.2 -19.1 - 2.440 37.53 -22.1 - 7.8 -24.5 -12.145 42.44 -26.7 -16 -34.5 -30.150 47.41 -35.4 -31.7 -43.9 -47.455 52.42 -41.7 -43.0 -47 -52.660 57.48 -46 -50.8 -53 -63.4Synthetic Methanol10 12.24 - 6.8 19.8 - 8.5 16.715 18.13 -10.5 13.1 -13.9 7.020 23.89 -16.2 2.8 -18.4 - 1.125 29.50 -21.2 - 6.2 -24 -11.230 34.98 -28 -18.4 -34 -19.235 40.33 -35.2 -31.4 -40 -4040 45.56 -42 -43.6 -49.5 — 57.1Denatured Alcohol10 11.9 - 4.3 24.26 - 6 21.215 17.75 - 6.9 19.58 - 8.5 16.720 23.37 -10 14 -14 6.825 28.25 -14 6.8 -16 3.230 34.33 -18.1 - 0.2 -21.4 - 6.535 39.65 -23.5 -10.3 -25.5 -13.940 44.85 -28 -18.4 -34.5 —30.145 49.95 -31.6 -24.9 -39.9 -39.950 54.95 -35.5 -31.9 -42.4 -44.360 64.66 -42.0 -43.6 -46.4 -52.5Glycerol96.5% 100% 96.5% ∣ 60%

10 9.65 8.14 14.23 - 2.2 28.0 - 3 26.620 19.30 16.62 29.09 - 5.3 22.46 - 9.0 15.830 28.95 25.46 44.65 - 8.8 16.3 -15.8 3.535 33.78 30.03 52.71 -12.4 9.5 -18.9 - 2.040 38.60 34.70 60.96 -17.2 1.04 -19.5 - 3.145 43.43 39.47 69.40 -18.0 0.4 -20.5 - 4.950 48.25 44.36 78.03 -21.4 - 6.5 -28 -18.455 53.08 49.35 86.91 -27.5 -17.5 -35.9 -32.660 57.90 54.46 95.98 -34.0 -29.2 -41.9 -43.670 67.55 65.03 ............. —41.5 -42.7* From Ind. Eng. Chem., 22, 1316 (1930).
tion, but if the concentrations of the sodium and calcium brines are greater 
than 23 or 33 per cent, respectively, solid salt may deposit out. When solu­
tions begin to freeze, their fluidity persists until some lower temperature is
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reached. The temperature at which the slush of ice crystals and liquid
ceases to flow through a ¼-in. pipe has arbitrarily been defined as the flow
point [Olsen, Brunjes, and Olsen, Ind. Eng. Chβm., 22, 1316 (1930)]. A
comparison of freezing points and flow points is given in Table 44.

Table 45. Specific Heats (Extrapolated) of Non-freezing Solutions

Weight, % ÷230F. -5oC. + 14oF. -1 ooc. +50F.-15oC. -4oF. -20oC. -13oF. -25oC. -22oF. —30oC. -31 oF. -35oC. —40oF. -40oC.
10203040

1.020.980.920.87 0.98 .92 .87 0.98 .92 .86 0.91.86 0.91 .85 0.85 0.84 0.8350 0.81 .80 .79 .79 .78 .77 .76 .7660 0.76 .76 .75 .74 .73 .73 .72 .7170 0.71 .70 .69 .69 .68 .67 .66 .6680 0.66 .66 .65 .64 .64 .63 .62 .6290 0.62 .61 .60 .60 .59 .58 .58 .57100 0.57 .56 .56 .55 .55 .54 .54 .53
Ethanol [Bose, Z. phys. Cħem., 58, 585 (1907)1

102030405060
1.041.040.990.930.860.80

1.040.990.920.860.79
0.99 .92 .85 .78

0.99.91.84.77 0.91.84.76 0.90 .83 .75 0.82 .75 0.7470 0.73 0.72 .71 .70 .69 .68 .67 .6680 0.66 0.64 .63 .62 .61 .60 .59 .5790 0.59 0.58 .57 .56 .54 .53 .52 .51100 0.54 0.52 .51 .50 .49 .48 .47 .46
Ethylene GlycoI (Tech. Papers, Carbide and Carbon Chemicals Corporation)

Glycerine (“International Critical Tables” and Landolt-Bornstein Tables, 5th ed.)

10 0.9620 .93 0.9330 .89 .89 0.8940 .85 .85 .85 0.8550 .79 .79 .79 .79 0.7960 .76 .77 .77 .77 .77 0.7770 .71 .71 .71 .72 .72 .72 0.72
It seems very probable that future developments in low-temperature 

refrigeration will require the adoption of methanol or ethanol solutions with
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eutectic points of about —200oF. for solutions containing 80 per cent by
weight.

Brine to Be Circulated. The brine required for a given condition may 
be calculated easily. The heat capacity of a certain volume of brine depends 
on the product of the density (specific gravity) and its specific heat (heat 
units required to raise 1 lb. 1 oF.). For instance, the cooling effect of 100
gal. brine in raising 4oF. would be

4 × 100 × 8⅝ × 1.2 × 0.7 = 2800 B.t.u.
Degrees Number of Weight of Specific Specific
of range gallons gallons of gravity of heat of

water brine brine
assuming 1.2 for the specific gravity and 0.7 for the specific heat of the brine. 
These values change with each concentration of brine solution.

If it is required to find the amount of brine per minute necessary to provide 
1 ton of refrigeration with a 4o range of temperature, the calculation becomes

200 = number of gallons × 8.33 × 1.2 × 0.7 × 4

Number of gallons = ^33 χ ɪ 0.7 χ 4 = ɪ = 7.14 gal. per min.

The concentration or density of calcium or sodium chloride brines is deter­
mined by a hydrometer, the Baume hydrometer being largely used for the 
purpose. The density is also measured by a salinometer, which gives a 
hydrometric reading four times that on the corresponding Baume scale. 
For methanol, alcohol, or glycol solutions, hydrometers such as are used for 
testing antifreeze in automobile radiators may be used.

Nessler’s Solution. To determine ammonia leakage into the brine 
Nessler’s solution is used, which is prepared as follows: Dissolve 17 g. mercuric 
chloride in about 300 cc. distilled water; dissolve 35 g. potassium iodide in 
100 cc. water. Add the former solution to the latter, with constant stirring, 
until a slight permanent red precipitate is formed. Next dissolve 120 g. 
potassium hydrate in about 200 cc. water; allow the solution to cool and then 
add to the previous solution and make up with water to 1 1. Add mercuric 
chloride solution until a permanent precipitate again forms. Allow to stand 
till settled and decant off the clear solution for use. Store in glass-stoppered 
blue bottles in a dark place.

In calcium chloride brine, Nessler’s solution will form a yellow precipitate, 
but if no ammonia is present the precipitate will be almost white. In water 
or brine the precipitate will be yellow if there is but a trace of ammonia pres­
ent, and a reddish brown if there is considerable ammonia in the sample.

Pressure Drop and Power Required in Brine Circulation. The 
pressure drop in brine pipes is determined by the rate of flow, the internal 
diameter and length of the pipe, and the viscosity of the brine. The method 
for finding the pressure drop with water has already been discussed in Sec. 
6, pp. 803 to 826 and Fig. 5. The pressure drop for brines may be found 
by multiplying the values for water by the ratio of the kinematic viscosities 
of brine and water. This factor f is given by the formula

_ viscosity of brine × density of water 
viscosity of water density of brine

The viscosities of most solutions have not been experimentally determined 
at low temperatures. However, the curve obtained by plotting the logarithm
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Table 46. Viscosities (Extrapolated) of Refrigerating Solutions
(Centipoises)Sodium Chloride [Jessup, Refrig. Eng., 12, 171 (1925)]

Weight, % 0oC.32βF. -5oC.13oF. - 10oC. 14oF. -15oC.5oF. -20oC. -4oF. -250C. -13oF. -30oC. -22oF. -350C.—31oF. ¾
⅛

 
I 

I

Freezing point
10.516.821.0 2.12.42.7 2.42.83.1 123.6 4 2 +20oF.+10oF.0oF.

Calcium Chloride [Jessup, Refrig. Eng., 12, 171 (1925)]
11.0 2.1 2.4 +20oF.16.0 2.6 2.9 3.3 + 10oF.20.0 3.1 3.5 4.0 4.5 0oF.22.8 3.6 4.1 4.6 5.2 5.9 - 10oF.25.2 4.0 4.6 5.1 5.8 6.6 7.4 -20oF.27.2 4.6 5.2 5.8 6.6 7.5 8.4 9.6 -30oF.29.0 5.1 5.8 6.6 7.4 8.4 9.5 10.8 12.3 14.1 —40oF.

Methanol (“International Critical Tables” and Landolt-Bornstein Tables, 5th ed.)

Ethanol (“International Critical Tables” and Landolt-Bornstein Tables, 5th ed.)

Glycerol [Green and Parke, J. Soc. Chem. Ind., 58, 319 (1939)]
30405060

6.510.318.841.6 14.424.459.1 48.1108.0 244.0
+ 15oF.+ 4.3oF.- 9.4oF.—30.5oF.

of the absolute viscosity against the logarithm of the absolute temperature 
gives a straight line [Genereaux, Ind. Eng. Chem., 22, 1382 (1930)]. Extra­
polation of this plot has given the viscosities in Table 46. Thermal conduc­
tivities of brines are given in Table 47.

Small-scale Refrigeration. The construction of fractional-tonnage 
refrigeration machines equipped with condenser and cooling system has 
become an important industry. They fall normally into two classes:

1. Commercial units from ¼ to 5 tons for use in retail stores, butcher shops, clubs, 
etc. 2. Household units, with ice-melting capacities of from 50 to 500 lb. per day 
(⅛o to ¼ ton).
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The commercial units are nearly all compression systems, usually operated

with electric power and using a water-cooled condenser. Intermittent­
absorption systems of this size were popular a few years ago, but a number of
disastrous explosions, mainly due to inexperienced operation, have rendered
them practically obsolete.

Table 47. Thermal Conductivities of Refrigerating Brines

Brines Weight, % Temp., oC. Conductivity, Í cal. per cm. per sec. per oC.
*NaCl..................................................................................................... 12 5 3225.0 32 .001141*CaCl2.................................................................................................... 15 0 3230.0 32 .001315*MgCl2.................................................................................................. 11 0 3214.5 32 .00132922.0 32 .00129029.0 32 .001238ICH3OH.............................................................................................. 0 19 .0014125 19 .0010750 19 .0007875 19 .00061100 19 .00050IC2HiOH............................................................................................ 0 11 .0014925 10 .0010450 11 .0007975 12 .00059100 10 .000470 20 0014025 20 .0011950 20 .0010175 20 .00081100 20 .00070*Ethylene glycol......................................................................... 100 0 .00064* Landolt-Bornstein Tabellen, 5th ed.↑Lees, Phil. Trans. Roy. Soc., (A) 191, 399 (1898). + For conversion factors see pp. 106 and 948.

Household machines must be automatic in operation, which, with the 
compression system, necessitates electric drive. In these systems the 
condenser is usually air cooled, by either a fan or a combined condenser 
radiator on top of the cabinet. The refrigerants commonly used are sulfur 
dioxide, methyl chloride, ethyl chloride, and Freon (F-12). Dimethylether 
has been used in some German household units. Ammonia, however, is 
seldom used in machines with an air condenser. Among the household refrig­
erators, there is only one important unit employing the absorption system, 
namely the Electrolux (cf. Continuous Absorption Systems, p. 2540). This 
unit is noiseless since it has no moving mechanical parts and gives no inter­
ference with radio reception since it has no motor.

The automatic control of small machines is effected by a thermostat which 
turns off the power at any desired temperature and by an automatic pressure­
reducing valve for maintaining a constant suction pressure. In addition to 
the automatic control many commercial units are usually equipped with brine
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tanks for storing up refrigeration. Alcohol may be used in place of brine
to provide a non-freezing solution and has the advantage over brine of being
non-corrosive.

In designing household machines it is imperative to prevent all leakage. 
This would not only be dangerous to health but would seriously interfere 
with the operation of the machine.

Small machines are usually less efficient than large ones (see Table 48), 
but their operating costs are not excessive (1 to 2 kw.-hr. per day for com­
pression units or 50 cu. ft. gas per day for absorption units) and they have 
attained great popularity because of their convenience. They are apt to 
dehydrate the ice-box atmosphere excessively, but hydrators are now available 
for keeping materials which might spoil by 
excessively dry air. Temperatures re­
quired for food preservation are given in 
Tables 49 and 50. A typical diagram of a 
small household unit is shown in Fig. 31.

Natural Refrigeration Processes 
(Non-recirculating Systems). These 
processes, as distinguished from mechani­
cal refrigeration processes,, are those in 
which the heat flow follows its normal 
course from a higher to a lower tempera­
ture. They may also be distinguished 
from the conventional mechanical or ab­
sorption systems in that the refrigerant is 
not recovered. The most important nat­
ural refrigerant is ice, but within recent 
years solid CO2 has become very popular 
and has replaced ice in several instances. 
As far back as 1910, the evaporation of 
liquid ammonia was used for cooling re­
frigerator cars on the Russian railways, the 
vapors being absorbed in water for recov­
ery by redistillation at convenient points. 
Liquid butane and propane have recently 
been applied to truck refrigeration in the 
same way, the vapors being used as fuel 
in the motor {Nat. Petroleum News, Dec. 
.2, 1931, p. 33. “Butane-propane Gases 
Supplement, ” 2d ed., Western Business
Papers, Los Angeles, p. 24, 1937). Chemical methods in which a solid is 
dissolved in a liquid or two solids melt and go into solution are other examples.

ICE MANUFACTURE
Natural ice was formerly the most important means of refrigeration, but 

its use is steadily decreasing because of the uncertainty of both the quality 
.and quantity of the supply due to changing winter conditions. A large space 
is required for storage, considerable shrinkage takes place during storage, 
and it is difficult to cut up into cakes of convenient size and accurate weight 
for the retail trade. Nevertheless there are isolated communities in colder 
climates where it still can compete with the manufactured product.

Manufactured ice is made by tw'o methods: (1) the plate system and (2) 
the can system. In the plate system a plate at 0oF. or lower is immersed in
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a tank of water. In a week’s time a plate of ice about one foot thick is formed
which is removed from the plate by permitting hot gas from the compressor
to run through the hollow part of the plate. While the ice is of excellent
quality, it is non-uniform in thickness and has not found much favor in the
retail trade.

Table 49. Cold-storage Temperatures

Food articles Food articles oF.
FruitApples.......................................................................Bananas..................................................................Berries, fresh......................................................Cranberries..........................................................Cantaloupes........................................................Dates, figs, etc.................................................Fruits, dried........................................................Grapes......................................................................Lemons....................................................................Oranges...................................................................Peaches....................................................................Pears, watermelons......................................MeatsBrined................. .. ..................................................Beef, fresh............................................................Beef, dried............................................................Calves.......................................................................Hams, ribs, shoulders (not brined), Hogs...........................................................................Lard............................................................................Livers........................................................................Sheep, lambs......................................................Ox-tails....................................................................Sausage casings..................................................Tenderloin, butts, etc............................... ..FishFresh fish............................................................... ..Dried fish.................................................................Oysters in shell...................................................Oysters in tubs..................Canned GoodsSardines.....................................................................Fruits...........................................................................Meats..................................................................... .. ..Butter, Eggs, Etc.Butter.........................................................................Butterine...................................................................Cheese.........................................................................Eggs..............................................................................

32- 36
34
36

33- 36
40

50-55
35- 40
34- 36
33- 36
34- 36
34-36
34- 36

38
33

36- 40
32-33

20
29- 32

38
20-30

32
30
20
33

20
36

30- 35
25

35- 40
35-40
35-40

18-20
18-20

34
31

LiquidsBeer, ale, porter, etc..................................................Cider..........................................................................................Gipger ale.............................................................................Wines............................................................. ..........................Flour and MealBuckwheat flour...........................................................Corn meal.............................................................................Oat meal................................................................................Wheat flour.........................................................................VegetablesAsparagus.............................................................................Cabbage..................................................................................Carrots.....................................................................................Celery.......................................................................................Dried beans.........................................................................Dried corn...........................................................................Dried peas...........................................................................Onions......................................................................................Parsnips..................................................................................Potatoes..................................................................................Sauerkraut..................................................................MiscellaneousCigars, tobacco...............................................................Furs, woolens, etc.........................................................Honey.......................................................................................Hops..........................................................................................Maple syrup, sugar.....................................................Oils..................................... ........................................................Poultry, dressed, iced...............................................Poultry, dry picked....................................................Poultry, scalded.............................................................Game, to freeze...............................................................Game, after frozen......................................................Poultry, to freeze..........................................................Poultry, after frozen..................................................Nuts, in shell....................................................................Chestnuts..............................................................................

33
30
36

40-45

36-40
36-40
36-40
36-40

34-35
34-35
34-35
34- 35
32-40

35
35- 40

36
34- 36
36- 40

35

35
35
45
40

40-45
35

28-30 
26-28

20
15-18
25-28
15-18
25-28
35- 40

33

In the can system, a can containing 300 or 400 lb. water is immersed in 
brine at such a temperature that the water will freeze in about 44 hr. time. 
If distilled water is used the freezing is straightforward, but, if raw, hard 
water saturated with air is used, two effects must be overcome. Unless the 
water is agitated, air bubbles will be set free and freeze into the ice giving it 
a marblelike appearance and poor strength. Agitation with low- or high- 
pressure air is the usual method of overcoming this difficulty. The dissolved 
salts in the water will also precipitate on freezing and deposit on the ice 
surface to cause discoloration. Air agitation will also prevent this effect by 
keeping the particles in suspension, but at the end of the freezing period a 
core of turbid water remains. This is removed by a core sucker and replaced
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with fresh water. The air used for agitation must be dehumidified at a
temperature below 32oF. to avoid freezing of the pipes. Air agitation is a
rather expensive operation but is preferable to the use of distilled water such
as was used in the older installations. The brine used for freezing is vigor­
ously stirred to promote heat transfer. At the completion of freezing the

Table 50. Favorable Conditions of Temperature and Humidity 
Artificially Created and Maintained in Various Food­

manufacturing Processes and Storage*

* This table is offered only to demonstrate the wide_variance of conditions which may be demanded even, 
within a single plant. Food Industries, May, 1931.

cans are immersed in water at room temperature or above to loosen the cake, 
which is then removed from the can by dumping. The cake next goes to the 
scoring machine which cuts grooves at the points where it must be split 
up into the 25- and 50-lb. lots for the retail trade. Cakes which have been 
checked or cracked are used for crushed ice.

Ice for refrigerator cars is manufactured in plants at strategic points along 
the railroad lines, with icing platforms sufficiently long to handle a whole 
train of cars at once. The time of icing a vegetable or fruit car with cake ice

Temp., 0F.
Relative 

humidity, 
%

Bakeries
Dough rooms...................................................
Proof box.........................................................
Bread cooling................................ . ............ . .

Prepared powdered beverages and crisp cereals. 
Chewing gum

Rolling, and scoring chicle...............................
Wrapping and packing....................................

Confectionery
Enrobing and hand dipping............................
Hard-candy manufacturing............................
Starch room.....................................................
Packing............................................................

Dairy products
Butter manufacturing.....................................
Chill room........................................................

Fruits
Apple storage..................................................
Avocado packing.............................................

Bananas
Holding ripe fruit............................................
Holding green fruit.........................................
Slow ripening...................................................
Normal ripening..............................................
Fast ripening..,................................................
Danger of chilling...........................................

Meat products
Butter substitutes

Churn room.................................................
Print room...................................................
Chill room....................................................
Cooler...........................................................

Bacon slicing...................................................
Egg candling....................................................

Sugar storage......................................................

70603055606080

80 8090-95 80-9070 6575 35-4075 5070 4560-65 5570 4075-85 5065 5060 6040 6031-34 80-8540 5056 70-7558 70-7560-62 9064-68 9070-72 90Below 49
60606060484835
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is 1 to 2⅜ min. A ear in transit from the Rio Grande Valley to Chicago will
use about 8 to 12 tons of ice. Many attempts have been made to refrigerate
cars by mechanical means, but they have not been successful in this country
though they are used to some extent abroad. The chief objection seems to be
that no systems are wholly reliable without costly supervision.

Ice sheets pee! offat change 
in shape of cylinder

! 'Roller
ChUte

∖,'Thin
∖th ere fore 
∖ flexible

⅛ Nozz eS ∖i.

InsuIaNon- 
Water 
level— 
Sheet r 
Shel)-pi

forage ∖

/i· Outline of 
≈O cylinder 
I shape

Brine ∖ 
drum is

il 
Icesheet ι. _
irf/vctness ʃ (b) Schematic Diagram

(al Cross Section How Frozen Water-Ribbons1PeeI
Fig. 32.—Flakice machine.

Flakice. For numerous applications ice cakes have to be cracked up 
before they can be used. Field has developed a machine for freezing water 
directly in small chips or flakes ∖Refτig. Eng., 31, 95, (1936)]. The machine 
consists of a flexible cylinder with several metal panels separated by rubber 
strips. This cylinder is cooled internally while revolving partly submerged 
in water. A thin layer of ice freezes upon the metal panels, which is dis­
charged from the panels as the freezing edge emerges from the water.

Water 
gland

Brine 
■level Strainer chamber ,Center pipe for outflowing brine 

-FrontendbeII / ,Deflecting roller Rearendbellʌ

.∣Cg⅛*- Brine supply

Center ring

∕<⅛⅜⅛⅛⅜⅛8l⅜ ʌ. ^t 'Guides' '-Nozzles

'Water ζ,u'fdes ''Freezing Brine ''Cehtergear

Water 
level 
glasst
Brine
pipe in
Air i 
vent,' 1 , , χ
Brine gland ^^¡1 Mdes

Fig. 33.—Flakice machine, longitudinal section.

The method of discharge is unique. The freezing cylinder is slightly 
flexible. Inside the cylinder at the point of discharge is a deflecting roller 
which distorts the circular form. The ice sheet being rigid leaves the cylinder
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at a tangent and rolls onto a chute where it cracks up and drops into a
bin. The relation of thickness to time of freezing is shown in Fig. 34.

The operation of the machine is indi­
cated by Figs. 32 and 33.

The width of the strips depends on 
the width of the panels, since no ice forms 
on the rubber separators because of 
their low thermal conductivity. The 
thickness is about ⅜ in. and the length 
not over 2 ft. In storage, about 20 to 
30 per cent of the space is void. The 
chips are usually frozen to a temperature 
10o to 12o below 32oF. and are therefore 
crisp and dry. Because of their large 
exposed surface, the chips cool water 
about six times as rapidly as does 
crushed ice.

Pak-Ice. Another recent develop­
ment in the manufacture of ice is the Pa 
22, 307 (1931)].

Fig. 34.—Freezing curve showing the 
rates of thickness to time of freezing.

:-Ice machine [Taylor, Refrig. Eng.,

A corrugated liner is fitted into an outer casing and liquid ammonia under a 4-ft. head 
is fed into the space between the two. The inside of the liner is filled with circulating 
water (18 ft. per sec.) which freezes rapidly on the liner surface to a thickness not over 
0.008 in. and is constantly removed by tool scrapers.

The ice scraped off the sides is driven toward the center and carried out of the 
machine in a stream of water and transferred to a bin when the water is 
drained off. The machine may also be used to produce frozen brines, a 
eutectic mixture of salt and ice (see Freezing Mixtures, p. 2626).

Both the Flakice and the Pak-Ice systems dispense with the items of air 
agitation, brine circulation, filling, and dumping cans, which, as noted above, 
add considerably to the cost of ice. They do not, however, produce the cakes 
of clear ice demanded by the retail trade.

Eutectic Salt-ice Mixtures. Where temperatures lower than the freez­
ing point of ice are desired, it is possible to freeze a salt solution to the eutectic 
temperature — 6oF. Such mixtures have . been used in sealed cans and 
carried about for the servicing of ice-cream cabinets in isolated localities. 
When the brine melts, the can is returned for freezing. A Flakice machine 
can be used for freezing such mixtures [Field, Refrig. Eng., 31, 95 (1936)]. 
“Ice-cream bullets,” another form of eutectic salt-ice mixture, have been 
manufactured by one of the larger metropolitan ice producers as a substitute 
for salt and cracked ice in making homemade ice cream.

The latent heat of fusion of 1 lb. of eutectic mixture is 101 B.t.u. Hence 
its reserve capacity for storing cold, although less than that of ice, 144 B.t.u., 
is considerably better than that of a cold liquid brine.

MANUFACTURE OF SOLID CARBON DIOXIDE
Solid carbon dioxide has become a very important source of cold, especially 

in the handling and transportation of foods. An exhaustive discussion of 
production and uses is given by Quinn and Jones (“Carbon Dioxide,” Chaps. 
VI to VIII, Reinhold, 1936). Successful manufacture is dependent on a 
cheap supply of pure clean gas, as the product must be free from color, odor, 
taste, or any material injurious to health. The supply should be close to the 
market as there is considerable wastage in transportation.
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The most important source of supply appears to be by product-fermentation 
gas [Jones, Ind. Eng. Chem., 23, 519, 798, 848 (1931)]. Other sources are 
flue gases from combustion and waste gases from lime burning. Certain 
natural gas wells also supply large quantities of gas at favorable pressures 
[Martin, Ind. Eng. Chem., 23, 256 (1931)] but are too far away from the 
market. The same may be said of other industrial sources, such as the pro­
duction of CO2 as a by-product of the manufacture of hydrogen by the water- 
gas reaction.

Recovery of carbon dioxide is generally accomplished by absorption in 
cold sodium or potassium carbonate solutions. On heating, the resulting 
bicarbonate liberates CO2 and reverts to the carbonate. The equilibrium 
concentrations for a 2N K2CO3 solution (12 per cent) for a gas mixture con­
taining 15 per cent CO2 are given by Quinn and Jones (Table 51).

Table 51. Percentages of Carbonate and Bicarbonate at Varying 
Temperatures in a 2N K2CO3 Solution with 15 Per Cent CO2 at 

Atmospheric Pressure

Temp., oC. % KasK5CO3 % K as KHCO3

20 9.5 90.540 14.2 85.860 22.2 77.880 34.0 66.0100 47.9 52.1
Absorption is usually effected in coke towers and desorption in steam- 

heated lye boilers. Water vapor carried out with the gas is removed by 
condensers.

The CO2 gas is next purified by chemical reagents such as permanganate 
or dichroniate, or by adsorption on activated charcoal, silica, or aluminum 
gel. Traces of water vapor are removed by calcium chloride, by refrigera­
tion, or by adsorption.

Following purification, the gas is compressed in three- or four-stage com­
pressors and is condensed. Oil filters or separators are necessary to prevent 
oil contamination. The liquid carbon dioxide is the starting point foi- 
manufacture of the solid, but, if there is a demand for the liquid itself, it 
may be filled into cylinders.

Liquid carbon dioxide is transformed into solid carbon dioxide by the 
cooling effect of its own evaporation. At a temperature of 840F. and 70 
atm., the yield of solid on expansion to atmospheric pressure is 0.23 lb. per 
lb. of liquid, and 0.77 lb. of evaporated gas must be recompressed in a three- 
or four-stage compressor. Several cycles have been devised for carrying 
out this recompression most economically. These are: (α) the simple cycle 
in which the expanded gas is simply recompressed after expansion; (5) the 
precooling cycle in which the expanded gas is allowed to cool the liquid before 
it is expanded; (c) the bleeder cycle in which the liquid is expanded in three 
stages corresponding to the three stages of the compressor, the gas flashing 
in the first expansion being sucked into the third stage of the compressor, 
that from the second expansion into the second stage, and that from the 
last expansion into the first stage; (d) the bleeder precooling cycle, which is a 
combination of (6) and (c) ; (e) the pressure snow-making cycle in which the 
ice is frozen at the triple point rather than at atmospheric pressure; and 
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finally (/) the binary cycle in which the liquid is cooled to some low temperature 
by an auxiliary ammonia refrigeration system.

The power requirements of the various cycles are shown in Table 52.
Table 52. Power Requirements for Solid CO2 for Various Initial 

Temperatures*
Kw.-hr. per Ton

Cycle 40oF. 60oF. 80oF.

Simple................................................................................. 140 175 240
Precooling................................................................................................... 135 160 200
Bleeder..................................................................................... 115 140 155
Bleeder precooling................................................................................. 102 120 145
Pressure snow making.................................................. 98 117 142
Binary......................................................................................................... 90 102 120
Ideal Carnot............................................................................... 65 75 90

* Stickney, Refrig. Rng., 23, 334 (1932).

The simple cycle obviously requires less capital investment than the 
more complicated cycles and may therefore be most satisfactory for small 
plants. The pressure snow-making cycle is used by most large plants. 
For further comparison see Rabe and Duevel, Refrig. Eng., 22, 18, 90, 260, 
388 (1931).

The snow formed by any of the above cycles is in a light fluffy condition 
and is squeezed into solid blocks (10 by 10 by 10 in.) in a hydraulic press 
at 2000 lb. pressure. The transfer from the snow-making equipment to the 
press is effected by rabble arms.

Numerous other processes have been developed. Mention may be made 
of the Carba process in which the solid block is frozen directly without 
auxiliary pressure. Capital expenditures are low, but the regulation is 
delicate. Somewhat similar in principle are the Linde-Siirth and Agefko 
processes. The Maiuri process {Cold Storage and Produce Rev., Sept. 21, 
1931) uses an ammonia absorption system to produce temperatures of 
-—76o to —94oF., which are used to cool an alcohol water bath surrounding 
freezing cans containing liquid carbon dioxide under 80 to 100 lb. pressure.

Solid carbon dioxide in 50-lb. blocks wrapped in paper are shipped in 
specially built refrigerator cars or trucks. When removed from the truck, 
it will not evaporate completely in 24 hours’ time on exposure to the atmos­
phere, which is a decided advantage in handling as compared with water 
ice. Comparison of water ice and solid carbon dioxide is shown in Table 53.

Table 53. Physical Properties of Ice and Solid CO2

Physical Property Solid CO2 Water ice

Specific gravity............................................................................... 1.53 0.90
Melting point, oF........................................................................... -109.6 32
Latent heat of fusion, B.t.u. per Ib............................................... 82.0 144
Latent heat of sublimation, B.t.u. per Ib...................................... 240.6
Sensible heat of gas to 32oF., B.t.u. per Ib................................... 34.4
Net refrigerating effect, B.t.u. per Ib............................................. 275 144

In many applications solid carbon dioxide may be used directly, but in 
some applications the vapors are detrimental, and the condensation of 
moisture may produce excessive dryness in the refrigerated space.. The
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usual method of avoiding these effects is to use the solid indirectly through 
an intermediate low-freezing liquid, such as aqueous solutiońs of alcohol or 
methanol, the flow of which is regulated automatically to meet the refrigerat­
ing requirements. Calcium chloride brines cannot be used as their minimum 
freezing point is — 60oF. (eutectic temperature), but 75 per cent solutions of 
ethanol or methanol in water have 
eutectic temperatures of — 200oF. and 
are never in danger of freezing up by 
solid C∙O2. Systems employing aux­
iliary circulating liquids are used 
extensively in truck refrigeration.

A 
L 
H 
B

FREEZING MIXTURES
It is sometimes convenient to pro­

duce cold for temporary laboratory 
use by using mixtures of ice and 
various chemicals. Temperatures 
obtained by various mixtures of this 
type are shown in Table 54. In 
order to use such mixtures most 
effectively, both salt and ice should 
be finely divided and well stirred.

In freezing mixtures the source of 
cold is the latent heat of the ice and 
heat of solution of the salt. Dissolv­
ing a salt by itself will also produce 
cold (Table 55), but this process 
usually takes place so slowly that it 
is not a practical method with ordi­
nary laboratory reagents. Some 
commercial preparations are occa­
sionally announced which are claimed 
to be effective.

Where solid carbon dioxide is avail­
able, cooling mixtures may be pre­
pared by dropping the cracked solid 
into acetone, methanol, or denatured
alcohol. The solid alone is not very satisfactory for cooling because it can­
not be brought in intimate contact with the vessel to be cooled.

≡ air intake.
= low-pressure compressor.
=> high-pressure compressor.
= medium-pressure tee feeding high- 

pressure compressor.
>= drying tower.
= heat exchanger.
= throttling valve from high to medium 

pressure.
≡ return line for uncondensed medium­

pressure air.
V2 = reducing valve for liquid air at inter­

mediate pressure to atmospheric.
Lz ≡ return line for liquid air evaporated 

in passage from intermediate to 
atmospheric pressure.

V3 == draw-off valve for liquid air.

T
HE 
Vi

Li

LOW-TEMPERATURE PROCESSES
Gas Liquefaction and Separation. (See Wien-Harms, “Handbuch der 

Experimental-Physik,” vol. 9, pt. 1, pp. 45-186.) The liquefaction of gases 
is effected by cooling them below their critical temperature under sufficient 
pressure to cause condensation. Precooling by conventional refrigeration 
equipment is often used, but many refrigerants solidify above these low 
critical temperatures. Consequently the final stages of liquefaction require 
cooling by other means.

Two main processes are employed in attaining these low temperatures, 
respectively, the Linde and Claude processes. In the Linde process, the gas 
is expanded from a high to a low pressure and cools by the Joule-Thomson 
effect. A schematic diagram of the process is shown in Fig. 35.

The operation is as follows: Dry air free of CO2 is compressed from a low 
pressure pi to an intermediate pressure p2, where it is combined with partially 

(Text continued on p. 2635)
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P2-

36.—Linde heat ex­changer.Fig.

Fig. 37.—Claude process for liquid air.
L = low-pressure compressor. 
II = high-pressure compressor. 

HEi, HE∙i, IIE3 = heat exchangers.
M ≈ expansion engine.
B = tee for by-passing part pf air through expansion en­gine.Vi = throttling valve for final Joule-Thomson expansion to produce liquid air.

At very low temperatures Iub-

Precooled air at the same pressure, and further compressed to a high pressure 
2⅞. The high-pressure air is dried and passed through a heat exchanger HE 
where it is further cooled. The throttling valve Vi cools the air by the Joule- 
Thomson effect. Part of the air liquefies, and the 
rest returns to the high-pressure compressor. The 
liquid air from the intermediate pressure passes 
through a reducing valve to atmospheric pressure 
and boils off enough air to drop the temperature to 
the boiling point at atmospheric pressure where 
it may be collected in containers. In order to P∣ 
utilize heat exchange to the utmost, the tubes 
carrying the gases are gathered together in such a 
way that the low-pressure air is on the outside and 
the high-pressure air on the inside, as shown in 
Fig. 36.

When only small quantités of liquid air are needed, a Hampson spiral may 
be used. This consists of layers of one or more spirally wound-copper tubes. 
High-pressure air is carried through these spirals and through a throttling 
valve, the uncondensed air returning 
through the free space around the 
spirals.

The Linde process can be applied 
only to gases which cool on expansion 
by throttling. The cooling effect is 
more pronounced the lower the tem­
perature from which the expansion 
starts, and precooling by conventional 
refrigeration systems is therefore ad­
vantageous. Helium and hydrogen 
warm on expansion at normal tem­
peratures and are therefore usually 
prepared in liquid form by auxiliary 
cooling with liquid nitrogen at low 
pressure. Preparation of liquid 
helium or hydrogen is, however, of 
little commercial interest.

In the Claude (or Heylandt) proc­
ess the compressed gas is made to 
perform work in an expansion engine 
in much the same way as is the air 
in a dense-air refrigerating machine. 
The work done by the expansion en­
gine could theoretically be used for 
recompression but is so fluctuating as 
to be of little value and is usually dis­
sipated in a brake or an electrical resistance, 
rication is a serious problem. Liquid pentane is used in the more modern 
machines. The expansion engine is used not to drop the temperature to the 
point of condensation but only to precool the gas just above this point. The 
final liquefaction is by a Joule-Thomson expansion. A diagram of the Claude 
system is shown in Fig. 37.

Although the Claude process seems inherently more efficient than the 
Linde process, the power requirements are in practice about equal. For the
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Linde system they are 0.6 to 1.6 hp.-hr. per lb. of oxygen and for the Claude
system 0.77 hp.-hr. for oxygen of 88 per cent purity.

The separation of gases by liquefaction is essentially a process of fractional 
distillation and follows the same general principles (see Sec. 12). However, 
since the fractionation is carried out at low temperatures, the heat given off 
by the reflux or condensate must be raised from a low to a high temperature, 
which involves an expenditure of work. The cost of supplying this work 
is a large cost item and for that reason the horsepower-hour requirements 
per unit of gas separated is an important consideration.

Dodge and Housem [Trans. Am. Inst. Chem. Engrs., 19,117-151 (1927)] have 
shown that the minimum work required to separate two gases by liquefaction is 
equal to the work of isothermal compression for each gas from its partial 
pressure in the mixture to the total pressure. In the specific case of air, 
the minimum work requirement is the isothermal compression of 21 volumes 
of oxygen from a partial pressure of 0.21 to 1.00 atm. and of 79 volumes of 
nitrogen from 0.79 to 1.00 atm. In making this calculation, it is important 
to use the correct conversion factor, and the detailed calculation follows 
based on the separation of 1 mol of pure oxygen and 3.76 mois of nitrogen 
from air having an average composition of 21 per cent oxygen and 79 per cent 
nitrogen at a temperature of 273oK. (oC.).

The work of isothermal compression is given by the formula

J*Pi  i*Pi  ViVdP = I RTdlnP = RTln-

P2 Jp2 ' P2
The volume of a gram mol is 22.4 1. Since we are using atmospheres as 

the unit of pressure, the gas constant R should be expressed in liter-atmos­
pheres (B = 0.08206—Table 1, p. 617).

The work of isothermal compression for 1 mol of oxygen is:

W0 = (0.08206) (273) In = 34.95 l.-atm.

and for 3.176 mois of nitrogen:

Wn = (3.76) (0.08206) (273) In ∣1∣5 = 2θ.25 l.-atm.

The total work = Wo + Wy = 55.20 l.-atm.
1 l.-atm. == 0.00003774 hp.-hr. (p. 104)
1 cu. ft. = 28.32 1.

Therefore, the work requirements per 1000 cu. ft. of oxygen and 3760 cu. ft. 
of nitrogen are:

(98 39∖
)(1000) = 2.645 hp.-hr.

This is the minimum work requirement. Dodge and Housem conclude 
that the efficiency is about 10 per cent of the ideal, and the actual require­
ments are therefore ten times larger.

If oxygen of 80 per cent purity were required, the work expenditure would 
be somewhat less, and the calculation may be carried out as before, though 
it is a little more involved.

Initial conditions: Pq2 = 0.21 atm.
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and

Final conditions:
Pn2 = 0.79 atm.

Oxygenrichfraetion: P0j = 0.80 atm. ; = 0.20 atm.

Nitrogen rich fraction: P<j 0.20
= ≡atm∙i Pn. 3.56

= 3J76 atm-

There are now four work terms, two of which will be negative numerically, 
since the nitrogen in the oxygen fraction will be compressed from a high to a 
low pressure and similarly for the oxygen in the nitrogen fraction.

Oxygen fraction:

TFo2 = (0.8)(0.08206)(273) In = 24.00

Wn, = (0.2)(0.08206)(273) In = -6.16
2 0./9

Nitrogen fraction:

W0 = (0.2)(0.08206)(273) In = -6.162 0.21
0 948Wn2 = (3.56)(0.08206)(273) In = 14.58

Net work per gram mol = 26.26 l.-atm.
Net work per 1000 cu. ft. of 80 per cent oxygen == 1.26 hp.-hr.

There is thus an appreciable saving in power requirements if gas of slightly 
inferior purity will serve the purpose.

For the separation of gases boiling below oxygen and nitrogen by liquefac­
tion, the actual efficiency would be less than 10 per cent of the theoretical
prevailing for the separation of air, because the 
heat of refluxing has to be elevated through a 
much wider temperature interval. Conversely, 
gases of higher boiling point can be separated with 
somewhat greater efficiency.

In processes for the separation of hydrogen 
from coke oven gas, or helium from natural gas, 
it is only necessary to condense the unwanted 
constituents. The hydrogen and helium do not 
require liquefaction.

The most important practical problem in gas 
liquefaction and separation is to reduce to a 
minimum the temperature difference at which 
heat is exchanged. All the heat transfer surfaces 
should be clean. Heat losses to the surroundings 
should be reduced by good insulation, and ade

Compressor , _ „ 
r—j∣ ⅛ Condenser(Zieafer) 

flapper.,^

Cuidoor a∕r^≡ 'ddoorair

Cooiingcoiisor 
beafpιck-up

Fig. 38.—Heat-pump instal­
lation.

quate heat transfer surface should be provided.
The Heat-pump Principle. In a mechanical refrigeration system, heat 

is abstracted in one part of the cycle at a low temperature and transferred 
in another part of the cycle to a higher temperature. While mechanical 
refrigeration is primarily designed to produce a temperature lower than that 
of the environment, it can also be used to produce a higher temperature. 
The first proposal of this sort was made by Lord Kelvin, who showed that a 
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more efficient utilization of heat for warming could be obtained if it were 
applied to a steam engine operating between steam temperature and outside 
atmospheric temperature, driving a refrigerating machine operating between 
outside atmospheric temperature and inside room temperature. This 
proposal has acquired considerable interest in the last few years [Steven­
son, Faust, and Roessler, Refrig. Eng., 23, 83 (1932)]. To illustrate the 
principle, a gas engine may be considered. This has a normal over-all 
efficiency of about 30 per cent in the conversion of heat into work. A 
refrigerating machine operating between an outside freezing temperature 
(32oF.) and normal room temperature (68o) has an over-all efficiency of 
about 900 per cent for the conversion of work into heat. Accordingly 
3000 B.t.u. in the gas engine will produce 900 B.t.u. of work, which will raise 
8100 B.t.u. of heat from 32oF. to 68oF. If the outside temperatures are 
at 0oF., the refrigeration efficiency will drop to about half. Moreover, 
if heat is distributed by the ordinary type of radiator, it will have to be raised 
to a higher temperature level than 68oF. Nevertheless, assuming electric 
power at 2 cts. per kw.-hr. for driving the refrigeration unit and gas to be 
used in a gas furnace at 75 cts. per 1000 cu. ft., the cost of heating by the 
heat pump is only 4 per cent greater in New Orleans, Charleston, S.C., 
and Los Angeles, while it becomes 30 per cent greater in Washington, D.C. 
(Stevenson et al., loe. cit.∖. With lowered costs of electric power and the 
advantage that it can be used in summer for air conditioning, the Kelvin 
warming engine may find considerable development in the future. An 
installation which has been tried in practice is shown in Fig. 38 [Chawner, 
Electric West, 66, 177 (1931)] abstracted in Mech. Eng., 53, 686 (1931).

A further application of the heat-pump principle is found in the vapor 
recompression systems of evaporation (see Sec. 8, p. 1071).

Uses of Refrigeration. Refrigeration is a comparatively new art, 
having received its first real impetus with the development of the ammonia 
compression machine by Linde in 1873. The first important applications 
were in the food industries, which have in recent years been further extended 
by the development of “quick freezing” methods. The brewing industry 
and a number of related biochemical industries, such as baking, candy making, 
and ice-cream manufacture, demand large tonnages. The necessity of 
regulating the temperature and humidity of air in chemical industries has 
given a decided impetus to air conditioning, a field closely related to refrig­
eration. More recently the strictly chemical industries have extensively 
adopted refrigeration processes, and most chemical plants employ artifi­
cial cooling for the control of delicate chemical operations which require 
cooling when carried out in the laboratory. Aside from the control of 
reactions, refrigeration is most commonly used for the separation of materials 
which in general become less and less compatible as the temperature is 
lowered. Recovery of sodium nitrate from caliche, wax separation in oil 
refining, recovery of condensable vapors (casing-head gasoline in natural gas, 
SO2 in the sulfuric acid manufacture, ammonia in the Haber process, nitrogen 
oxides in the oxidation of ammonia to nitric acid), “salting out” in soap 
manufacture—all are examples of diverse processes which are based on this 
general principle. Most of the details of actual processes are kept more or 
less secret, but it is fairly evident that the art of refrigeration is an important 
tool for the chemical engineer.
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ELECTRICITY AND ELECTRICAL ENGINEERING

DEFINITIONS—UNITS*

*For more complete definitions see “Report on Proposed American Standard Defi­
nitions of Electrical Terms,” American Institute of Electrical Engineers, August, 1932.

The electron is the elementary charge or quantity of electricity.
Any ultimate carrier of electricity is called an ion. It may be an electron, 

or a charged atom, molecule or group of molecules.
Current (ʃ, i) is the rate of flow of electricity. The unit, the ampere 

(amp.) is equal to a flow of 1 coulomb (6.285 × 1018 electrons) per second. 
The fundamental measurement of the ampere is determined by the deposition 
of silver from a silver nitrate solution (see p. 2723).

Potential difference (E, e, or V, v) or electromotive force (e.m.f.) is the 
force or pressure causing current to flow in a circuit. The unit, the volt, 
is based on a standard primary cell.. The “normal” Weston cadmium cell 
has a potential of 1.0183 volts at 20oC. (see p. 2725). Electromagnetically, 
1 volt is induced in a conductor cutting magnetic flux at the rate of IO8 lines 
per second.

Resistance (R, r) is the property of a circuit (or substance) opposing the 
flow of current and causing heat when current flows. The unit, the ohm (Ω), 
is the resistance which limits the current, caused by 1 volt, to 1 amp. One 
ampere flowing through a 1-ohm resistance produces heat at the rate of 1 
watt (107 ergs per sec.).

Resistivity (p) is the specific resistance of a substance usually expressed 
in ohms per centimeter cube, or ohms per circular-mil-foot. A circular­
mil-foot is a conductor having a length of 1 ft. and a uniform cross section which 
is 0.001 in. in diam. The resistance of a cir.-mil-ft. of copper at 20oC. is 
10.371 ohms, and at 60oC., 12.0 ohms.

Conductance (G, g) is the property of a circuit which permits the flow of 
electricity. The unit, the mho, is the reciprocal of the ohm.

Inductance (L) is a circuit property expressing the ratio of flux linkages 
(total flux times number of turns) to the current producing the flux. The 
unit, the henry, equals IO8 flux linkages per ampere. S elf-inductance is this 
ratio referring to flux linkages with the circuit producing the flux; mutual 
inductance is the ratio referring to flux linkages with one circuit caused by 
current in a neighboring circuit. .

Capacitance (C) expresses the ability oí a circuit to hold or store electric 
charges. The unit, the farad, is the capacitance which will store 1 coulomb 
for each volt. Commonly the microfarad is used, which is one-millionth 
of a farad.

Dielectric constant (e) is the specific inductive capacity of a material. 
It is equal to the ratio of the capacitances of two condensers of identical size : 
one using the particular dielectric, the other using air or a vacuum as the 
dielectric.

Dielectric strength (S) is the rupturing strength of an insulating material 
when subjected to voltage stress. It is usually expressed in volts per mil 
or volts per millimeter or multiples thereof. Actually the breakdown varies 
with the shape of the electrodes and does not increase in proportion to the 
thickness of the material.

Frequency (/) is the number of cycles of alternating current per second.

2640
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Reactance (Σ^) is the property of alternating-current circuits opposing 

the flow of current due to inductance or capacitance. The unit is the ohm. 
The reactance is equal to 2πfL for inductive circuits and to l∕(2τr∕C) for capacitive 
circuits. When inductive reactance, Xl, and capacitive reactance, Xe, are 
both present, their effects oppose one another and, in a series circuit, the total 
X = Xl - Xc.

Impedance (Z) is the property of alternating-current circuits opposing 
the flow of current, combining the effects of resistance and reactance. The 
unit, the ohm, is the impedance requiring 1 volt to cause 1 amp. to flow: 
Z = ^∖∕R2 -f^ X2

Admittance (l·7) is the reciprocal of impedance; the unit is the mho.
Magnetic flux (φ) is the magnetic flow or lines of magnetic force through 

a magnetic circuit. The unit, the maxwell, is one line.
Flux density (B) is the flux per unit area. The unit, the gauss, is 1 

maxwell per square centimeter. Flux density is also expressed in lines per 
square inch.

Magnetomotive force (m.m.f.) is the force which causes flux in a magnetic 
circuit. The unit, the gilbert, is equal to 1.257 amp.-turns. Frequently 
magnetomotive force is expressed in ampere-turns.

Reluctance ((R) is the magnetic resistance to flux. The unit reluctance 
limits the flux to 1 maxwell with a m.m.f. of 1 gilbert.

Magnetic field intensity (H) is the m m.f. per unit length of path usually 
expressed in gilberts (or ampere-turns) per centimeter (or per inch).

Permeability (μ) is the magnetic conductivity of a material. The per­
meability of air and many other substances is unity.

Power (P, p^) is the rate of supplying or developing energy. The unit, the 
watt, is the power delivered by 1 volt with 1 amp. flowing (unity power fac­
tor). One horsepower equals 746 watts; 1 kw. = 1.34 h.p.

Energy (T7, w) is the capacity for doing work. The unit, the watthour 
is the energy supplied or developed by 1 watt in 1 hr. The kilowatt-hour, 
1000 watthours, is the common unit for billing energy (occasionally but 
erroneously this is abbreviated to the form kilowatt).

Table 1. Electrical and Magnetic Units

Quantity Symbol Practical unit m* st

Charge............................................................... Coulomb 10-ι 3 × IO9
Current......... . ................................................ I, Í Ampere 10-i 3 × 109
Electromotive force.......................................... E, e Volt 108 ⅜ × 10-2
Resistance ....................................................... R, r Ohm 10» ⅜ × ιθ~π
Inductance........................................................ L Henry 109 ¿ × 10->1
Capacitance....... .............................................. C Farad 10» 9 × lθɪɪ
Magnetic flux................................................... Maxwell 1 S × 10"i°
Flux density.................................................... . B Gauss 1 I × lθ-ɪɑ
Power................................................................ P P Watt IO7 107
Energy.............................................................. W,w Watt-second IO7 IO7

Watthour 36 × IO9 36 × IO9

* For a given quantity, m is the ratio of the number of electromagnetic units to the number of practical 
units, or m is the ratio of the magnitude or size of a practical unit to the magnitude of an electromagnetic 
unit.

t For a given quantity, <S is the ratio of the number of electrostatic units to the number of practical units, 
or S is the ratio of the magnitude or size of a practical unit to the magnitude of an electrostatic unit.
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Volt-amperes (Va), frequently called the apparent power, is the product 
of volts and amperes in a circuit. At unity power factor, the volt-amperes 
equal the watts.

Power factor (P. F.) is the ratio of the power to the volt-amperes and hence 
must be equal to, or less than, 1.0. The volt-amperes in an alternating-cur­
rent circuit are frequently greater than the watts due to the effect of induc­
tance or capacity: P.F. = W/Va = cos θ, where θ is the angular phase 
difference between voltage and current.

Reactive volt-amperes (υars) is the component of the volt-amperes not 
producing power: Vars = EI sin O and the total Va = y/w2 + υars2.

ELECTRICAL CIRCUITS

Each circuit to carry current must be completed from source through 
apparatus and back to source.

Direct current or continuous current is unidirectional and practically 
non-pulsating, although there may be some variation due to the commutators 
of generators.

Ohm’s law for any part or parts of a circuit:

In a series circuit (Fig. 1) :
Zi = Z2 = I3, etc.

2E = Ei ^⅛^ E2 -}- E3 -∣- ∙ ∙ ∙ En 
27? = 7?i -f- T?2 -f- R3 + ∙ ∙ * Rn

In a parallel circuit (Fig. 2) :
Ei = E2 = E3, etc.
ΣZ = Zi + Z2 + Z3 + ∙ ∙ ∙ Zn

VJ=Σ+A+A...±
¿JR Ri R2 R3 Rn

R4
Fig. 1.

Fig. 2.

In combination circuits, compute equivalent values for each group and 
then combine group values.

Kirchhoff’s laws: (1) The algebraic sum of the currents at any,point must 
equal zero; or the currents coming into a point must equal the currents leav­
ing. (2) The algebraic sum of the voltages about a complete loop in a circuit 
must equal zero; or between any two points the voltage must be the same 
as determined over each path.

Resistances:

a
where I is length and a is area, in same terms as resistivity, p is nearly con­
stant for any given material except for temperature changes. For different 
materials resistivity ranges from microhms to megohms per centimeter cube 
(Tables 2 and 3) :

Pt — p20[l + α(<f — ¿20) ]

or
Pt = ρo[l + oRt — io)]
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where pt is the resistivity at any temperature / ; p20 is the resistivity at 20oC.;
« is the temperature coefficient of resistance and is equal to 0.00393 for copper
at 20oC. (Table 2) ; and po is the resistivity at 0oC.

The effective resistance in alternating-current circuits increases at higher 
frequencies due to non-uniform distribution of currents and due to losses.

Table 2. Conductors and Resistances

Material Resistivity, microhms 
per cm. cube, p20

Temperature coefficient,
«20

Maximum working 
temperature, oC.

Aluminum...........
Carbon (filament)

Graphite..........
Copper.................
Iron......................

Lead.....................
Mercury..............
Nickel..................
Platinum.............
Silver...................

Tin.......................
Tungsten.............
Zinc.....................

Alloy:
Advance...........
Alumel.............
Brass................
Bronze.............
Calido..............

Cast Iron..........
Chromel...........
Climax.............
Constantan.......
Duralumin.......

German silver..
Ideal................
Invar................
Karma.............

Lucero................
Manganin..........
Monel................
Nichrome..........
Nichrome II.......

Nichrome ITI.... 
Nichrome IV....
Phosphor bronze, 
Swedish iron......
Welding iron....

2.82 0.00421
4050 -0.00054
1365 -0.00028

i.72 0.00393
9.78 0.00634

20.63 0.00367
95.9 0.00089
7.24 0.0049I 500

10.6 0.00369
1.62 0.00361

11.4 0.0040
5.75 0.00454
5.92 0.00325

48-49 0.00001 to 0.00002 500
33.3 0.0012
5.7 0.0014 to 0.002

13-18 0.0005
HO 0.00012 1000

57-114
70-110 0.00011 to 0.00054

87 0.00067 600
47-51 -0.00004 to +0.00001
3.35

17-41 0.00004 to 0.00038
49 0.000005 500
75 0.002

103 0.0001 1150

46 0.00076 500
34-100 -0.00003 to -0.00002 100

42.5-45 0.00002 to 0.002 900
HO 0.0004 to 0.00003 1000

109-111 0.00015

90-97 0.00005 to 0.00019 1100
98-103 0.00018 1150
2-12 0.003 to 0.004

20 0.0012
18 0.006

Note. ` The resistivity and temperature coefficients are based on data in the “International Critical 
Tables,” vol. 6, p. 159, McGraw-Hill, and are subject to variation with the commercial composition of the 
materials and with the heat treatment.

Power in a direct-current circuit is equal to the product of volts and 
a mperes :
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W = EI = I2R == —a
Energy is the power for a given time or I2Rt = EIt.

Table 3. Dielectric Properties
Resistivity p, dielectric strength S for samples of given thickness and the dielectric 

constant e of materials used as insulators

Material p, ohms per 
cm. cube S,kv.permm. Thickness of 

sample, mm. e

Asbestos paper...................................................... 2 × IO0 4 1 2.7
Cellulose............................................................... 10» 3.9-7.5
Enamel.................................................................. 1014 20-25 0.02
Fiber, vulcanized.................................................. 5 to 20 × 10» 8-18 1 5-7.5

3- 6 12

Fish paper............................................................ 10-15 0.1-1.2

Glass..................................................................... lθɪɑ to 1014 230 1.4 5-8.5
Pyrex................................................................. 1014 134 6.35 4.8

Maple, paraffined................................................. 3 × 10i° 4.5 15 4.1
Marble.................................................................. 10» to IOii 2-4 25 8.3
Mica...................................................................... 10∙δto 1017 80-200 0.05 2.15-2.5

Oil, transformer.................................................... 2 to 15 × lθiɜ 10-25 3.81
Paraffin.................................................................. 101« to 5× lθɪ8 15-50 1.9-2.3
Petrolatum............................................................ 2 to 10 × 1012 20 2.5 2.2
Phenolic insulating materials, molded................ !Ou to lθɪ2 9-280 5.0-7.5

Porcelain............................................................... 10i2to lθɪʒ 12-28 5 4.4-6
Pressboard............................................................ 10» 12-5 0.2-3.0
Rubber, hard........................................................ 3 × 10i3 10-38 1-0.5 3
Rubber, soft vulcanized....................................... I to Í5 × lθɪs 2.7
Silica, fused.......................................................... 5 × Í 017 3.5

Slate...................................................................... 10« 0.2-0.4 25 6.0-7.5
Soapstone .......................................................... 6 × IO8 1.0 25
Varnished cambric............................................... 60-45 0.1-0.4 3.5-5.5
Woods, hard, dry................................................. 10i° to 1013 0.4-0.6 25 3.0

Note. These values are based on data in the “International Critical Tables,” vol. 2, ι>p. 310-311, 
McGraw-Hill, and are subject to considerable variation with temperature and moisture conditions. The 
dielectric strength decreases with thicker pieces of material.

Alternating current varies periodically in magnitude and direction. 
Commercial alternating current approximates the sine wave and in this 
discussion sine waves will be assumed.

e = Emax sin 2τr∕i

where e is the instantaneous value, f is frequency, t is time in seconds and 
2τrft is the angle in radians.

The effective value of alternating current (or voltage) gives the same 
heating effect in a resistance circuit as the corresponding direct current. 
Inasmuch as the heating is proportional to the squared value, the effective 
value of alternating current is obtained by taking the square root of the 
average of the instantaneous squared values. This is referred to as the 
root-mean-square value and is designated as E or I. For sine waves. 
E = 0.707⅛x and I = 0.707∕mαx.
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Fig. 3.—Sine waves; non-inductive circuit. 
Ct Standard Handbook for Electrical Engineers,” 
McGraw-Hill, 1933.)

Fig. 4.—Voltage and current relations in series circuit 
of resistance and inductance, (α) Sine waves; (ò) 
vectors.

Average value of alternating current or voltage over a complete cycle ⅛
zero. The average value of a half cycle of a sine wave is 2∕π times the maxi­
mum, hence Eav = CLfMyEmax. This value has little importance. It is
used with the effective value as a ratio to designate the form factor. Form
factor is Eeff,∕Eav.. For a sine wave the form factor is 1.11.

In non-inductive circuits the current is in phase with the voltage (Fig. 3), 
i.e., it reaches a maximum value at the same time as the voltage and passes 
through zero with the voltage. 
When the circuit (or portion of the 
circuit) contains resistance only, the 
current is in phase with the voltage 
and the following relations hold:

c = iE : Emax = ImaxR ; E — IR

Inductive circuits require addi­
tional voltage; since the alternating 
current produces alternating flux 
and this change of flux induces a 
voltage, it is necessary to impress 
additional voltage (for a given cur­
rent) to overcome the induced volt­
age. For a circuit containing 
inductance only, the current is out 
of phase with the voltage lagging it by a quarter cycle or 90 deg. If

Í = Imax Sin 2τrft
then

e = 2τrfLImax cos 2πft = Emax cos 2πft
where 2πfL is the inductive reactance (ɪ), and XImax = Emax and XI — E.

In a circuit containing resistance and inductance, the current and voltage 
are not in phase, the current lags the voltage by an angle θ, where Θ — tan-1 
X/R. The e.m.f. may be 
divided into componente Er 
and Eι, where the current is 
in phase with the resistance 
component Er and lags by 
90 deg. the inductance 
(reactive) component Ei 
(Fig. 4).

Capacitive circuits 
also have a phase difference 
between the voltage and 
current. Inasmuch as 
capacitance absorbs cou­
lombs in proportion to the 
voltage, the rate of absorb­
ing (the current) is propor­
tional to the rate of change 
of voltage. Hence the current is maximum when the voltage is changing 
fastest (at zero) and the current leads the voltage by 90 deg. for a circuit 
containing capacitance only. If

I = Imax Sin 27r/¿
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then

(2πfC)1, cos 2τrft = -XImax cos 2πft

where 1 /(2τrfC') is the capacity reactance and XImax = Emax and XI = E. In 
a circuit containing resistance and capacity reactance, the current leads the 
voltage by an angle θ where tan θ = X/R. The e.m.f. may be divided into 
components Er and Ec with the current in phase with the resistance com­
ponent Er and leading by 90 deg. the capacity (reactive) component Ec 
(Fig. 5)λ

In a circuit containing resistance, inductance, and capacitance,

Fig. 5.—Voltage and current relations in series circuit of 
resistance and capacitance, (a) Sine waves; (&) vectors.

Resonance in a circuit containing inductance and capacity exists when the 
reactance due to each is equal ; the current is limited only by resistance in the 
series circuit, and the 
voltages across the 
reactances are equal 
and opposite and may 
be very large. Under 
this condition f≈ 
l∕(2π'∖∕LC') and is the 
natural frequency of the 
circuit. This is the fre­
quency at which such a 
circuit tends to oscillate. 
By changing the value 
of L and/or C, the 
natural frequency may 
be a d j u s t e’d to any 
desired value as in 
radio sending and receiving sets.

Vector representation is commonly used for indicating magnitude and 
phase position of alternating currents and voltages. Each vector is the 
expression of a sine wave; it rotates counterclockwise, one revolution per cycle, 
hence only one frequency can be shown on a diagram. The vectors are pic­
tured in an instantaneous position and may be added or subtracted to obtain 
the same results as by adding or subtracting sine waves. Figures 46 and 5⅛ 
show the same relations as the sine waves of Figs. 4a and 5a, respectively. 
The lengths of vectors are usually shown as effective values to an arbitrary 
scale.

The energy in an alternating-current circuit is the integrated product of 
the instantaneous voltage and current. The energy delivered to inductance 
or to capacitance is stored during a portion of the cycle and then returned; 
hence it does not affect the average energy. The energy for a period t is 
EIt cos θ. The angle θ is the phase displacement between E and I, and cos β 
is called the power factor.

Power in an alternating-current circuit is the instantaneous product of 
the voltage and current. Since e and i are sine waves, the product of the 
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instantaneous values is a sine wave of 
double frequency, hence the power in a 
single-phase circuit is pulsating. The 
average value of power is

W = VR = ɪ = EI cos θA
Polyphase systems are commonly 

used because of better economy in gener­
ation and transmission, and permit more 
rugged motors with a uniform delivered 
torque. Such a system has two or more 
e.m.fs. displaced in phase by a definite 
amount with respect to one another. 
The common polyphase systems are 
three phase, two phase, and six phase. 
Figure 6 shows the displaced voltage 
vectors of these systems.

A balanced polyphase system has 
equal loads in all the phases. Although 
in each phase the power is pulsating, the 
total power in a balanced 
polyphase system is 
constant.

Calculations for a poly­
phase system are normally 
made for each phase and 
then the results combined.

Three-phase Y system 
(Fig. 7). The line voltages 
are equal to the vector 
differences of the phase 
voltages. Using vector 
notation,

È12 = È10 — É20 
È23 = $20 — $30 
É31 = É30 — ElQ

For balanced phase voltages, 
El ≈ -χ/ζΕρ,Εί = line volt­
age and Ep = phase voltage. 
The line currents are the 
phase currents.

Three-phase Delta 
System (Fig. 8). The line 
voltages are the phase volt­
ages, El — Ep. ɪhe line 
currents equal the vector 
difference of the phase 
currents:Jl = /12 — J3i J2 = /23 — 712 /3 = Jsi ~ J23

Fig. 6.—Polyphase systems—voltage 
vectors, (α) Three-phase; (ò) two- 
phase; (c) four-phase; (d) six-phase.

Fig. 7.—Three-phase system, Y-Connection and cor­
responding vectors of voltage and current for 1.0 
power factor.7

Fig÷ 8.—Three-phase system, delta-connection 
and corresponding vectors of voltage and current for 
1.0 power factor.
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For balanced loads, Il= λ∕^Ip, Il= line current and Ip = phase current. 
Polyphase power is the sum of the power in the individual phaseθ. For 

the three-phase balanced Y system
P = ⅛EpIp cos θ

where Θ is the angle between Ep and Ip but

El = ^∖∕3Ep, Il = Ip,P = cos = ^∖∕⅛ElIl cos 9
and for a balanced Δ system

P = 3EpIp cos θ 
but

El = Ep-Il = √3I,; P = 3i⅛(^) c°8 9

Hence P = ,∖∕ SElIl

Polyphase power 
may be determined by 
metering the power in 
each phase. When the 
phases are intercon­
nected the number of 
meter elements re­
quired to measure the 
power is equal to the 
number of wires less 
one. Figures 9 and 10 
show the common con­
nections for metering 
two-phase and three-

cos θ (the same as in the

Fig. 9.—Power measure­
ment in two-phase four-wire 
circuit.

Y system)

Fig. 10.—Power meas­
urement in three-phase 
three-wire circuit or two- 
phase three-wire circuit.

phase circuits. Although single-phase wattmeters are shown, the elements 
may be mounted to actuate a single shaft in a polyphase wattmeter.

MAGNETIC CIRCUITS
Flux lines are continuous throughout the magnetic circuit. Flux lines are 

represented as having direction from north poles to south poles externally. 
The poles are the areas where the flux lines leave or enter magnetic materials.

Rowland’s law (the magnetic Ohm's law) ;
m.m.f.

Φm.m.f. = √>(R;

+ ∙ ∙
+ ∙
compute equivalent

In series circuits (Fig. 11):
φl = </>2 = √>3 = 

∑m.m.f. = m.m.f.ι + m m.f.2 + ∙ ∙ 
2(R = (Ri -f- (Ra ^⅛^ (R? 4^ ÖI4 4^ ∙

In parallel circuits (Fig. 12) :
= m.m.f.2 ==/·,.·· 
= Φl ÷ √>2 

= A+2
(R>

circuits ,

m.m.f.ι
Σ√>

In combination
values for each group and then combine group values.
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where I is the length, a is the area, and μ is the permeability.
The permeability varies greatly in magnetic materials with the flux density

(Fig. 13). In different materials the permeability varies from about 1.0 to

Reluctance.

μa

Fig. 13.—Variation of permeability and magnetic induction with magnetizing force. 
(“Properties and Testing of Magnetic Materials,” McGraw-Hill, 1927.)

Fig. 14.—Normal magnetization characteristics. (“Standard Handbook for Electrical 
Engineers,” McGraw-Hill, 1922.)

5000, or even to 10,000. In the case of special heat-treated alloys very high 
permeability (nearly 170,000) has been obtained [Elec. J., 28, 386 (1931); 
J. Franklin Inst., 195, 621 (1923), 206, 503 (1928)], at relatively low field 
intensities. Commercial irons have a permeability of about 2000.

With such a limited range of permeabilities the actual flux path is indefinite; 
there is a considerable leakage flux. This, coupled with the variation in
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permeability with flux density, makes it impossible to calculate magnetic 
circuits with the same precision as electric circuits. Most calculations involv­
ing magnetic materials use (B-FT) magnetization curves directly rather than 
permeability (see Fig. 14). In electrical apparatus the iron is normally 
magnetized to a point near the knee (where the curve bends rapidly) of the 
magnetization curve.

Energy is stored in the magnetic field; it must be supplied when the field is 
established and is returned when the field is destroyed. Energy is not neces­
sary to maintain a magnetic field, although, if the field is produced electrically, 
energy is required to supply the copper loss of the magnetizing coil.

Hysteresis loss occurs in iron with a changing magnetic flux and is attrib­
uted to a molecular friction. With an alternating flux, this loss in watts is 
P}l = ηfBmax1∙6 10-7 per unit volume, where η is the hysteresis coefficient, f 
is the frequency, and Bmax is the maximum fit x density. Silicon steels are 
used to reduce the hysteresis loss.

Table 4. Values of Hysteretic Constant*
Material η

Hard tungsten steel........................................................................................ 0.058
Hard nickel........................................................................................................ 0.039
Hard cast steel.................................................................................................. 0.025
Castiron............................................................................................................. 0.013
Softnickel........................................................................................................... 0.013
Caststeel............................................................................................................ 0.012
Cobalt.................................................................................................................. 0.012
Electrolytic iron............................................................................................... 0.009
Annealed cast steel.......................................................................................... 0.008
Ordinary sheet iron......................................................................................... 0.004
Annealed iron sheet......................................................................................... 0.002
Silicon steel........................................................................................................ 0.0009
Best silicon steel............................................................................................... 0.0006

* Data from. J. Franklin Inst., 170, 1-25 (1910).

Eddy currents are caused by voltages induced in the iron by a changing 
flux and tend to oppose the change of the flux. Eddy-current losses in iron 
subjected to a pulsating or alternating flux are reduced by laminating the 
circuit; this increases the length of path of the secondary currents and hence 
increases the resistance of their paths. With an alternating flux, the eddy- 
current loss per unit volume is

Pe = ksψBmax^
where s is the thickness of the laminations and k Is a constant varying with 
the resistivity of the iron, the wave shape of the induced voltages, and the 
flux distribution in the iron.

ELECTRIC AND MAGNETIC RELATIONS
Magnetic flux from electric current (Fig. 15) :

m.m.f. 1.257NI 
φ ~ (Ά ~ (R

where NI — ampere-turns, (R = reluctance, and φ = flux.
Direction oɪ flux lines is reversed if direction of current is reversed (Fig. 15). 

Electromotive force (Fig. 16) is induced in a conductor in a magnetic 
field (α) when there is relative physical motion of conductor with respect to
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the field, or (b) when there is change in magnitude of the field interlinking
the conductor.

£=ΖΦΧ1Ο- c /,⅛∖vχl0-3
t ∖dt /

Current toward observer

Fig. 15.—Magnetic flux produced 
by electric current.

where Z is the number of conductors cutting the flux φ in t seconds; N is the 
number of turns. The direction of induced e.m.f. is reversed if in (α) the 
direction of motion is reversed or if the 
field is in the opposite direction, and in (5) 
if the field is increasing or if the field is in the 
opposite direction and decreasing. The 
direction of induced e.m.f. is such as to cause 
a current tending to oppose the change.

Mechanical force (Fig. 17) is exerted 
on a conductor carrying current when in 
a magnetic field, tending to move the con­
ductor'perpendicularly with respect to both 
the conductor and the field.

F = kBlI
k = 8.83 × 10~8 when F is the force in 
pounds, I the effective length of conductor 
in inches, B the component of flux density perpendicular to the conductor in 
lines per square inch, and I the current in amperes, k = 10.2 × 10-8 when F 
is in kilograms, Z in centimeters, and B in gauss.

(«) <b}
Fig. 16.—Direction of induced 

e.m.fs. (α) For maximum e.m.f., 
flux, motion and conductor are 
mutually perpendicular; (b) e.m.f. 
induced in coil by changing of flux 
linking with it.

Fig. 17.—Force on conductor carry­
ing current in magnetic field, (α) 
Direction of force, perpendicular to flux 
and current; (5) distortion of fl,ux lines 
due to current.

Electrical machines consist of interlinked magnetic and electric circuits, 
usually fairly simple in nature, although in some cases the interactions become 
quite involved. Iron is the usual magnetic material and copper the electrical 
material, hence these together with various forms of tnsuZαi⅛n are the prin­
cipal materials used in construction.

PHOTO-, PIEZO-, THERMOELECTRICITY
Photoelectric action is the liberation of electrons from matter under the 

influence of electromagnetic radiation. The number of electrons emitted is 
directly proportional to the quantity of light absorbed by the irradiated sur­
face; their velocity varies directly with the frequency of the incident light. 
Since energy is required to release an electron, and since the quantum of 
energy in a light wave is a function of the frequency, it follows that only 
light above a given frequency will cause the emission of electrons from a given
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substance. This threshold frequency is a property of the emitting material 
and for most metals lies in or near the ultra-violet region of the spectrum ; 
the alkali metals have a threshold frequency in or near the infra-red of the 
•pectrum and are, therefore, good emitters when subjected to ordinary Iumi- 

LigM Flux-Lumens
Visitron cells-type av. 
CURRENT-ILLUMINATION 
CHARACTERISTICS

Light FIux-Lumens

^'V0LTAGE DEVELOPED 

Vs-LQAD RESISTANCE20 30 *Load Resi stance-Megohms
Fig. 18.—Typical characteristics of photoelectric tubes. {Courtesy of G-MLaboratories.)
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nous radiation. In addition to the normal action of metals as described above, 
certain metals, including the alkalies, show a selective action whereby the 
emission has a sort of resonance maximum at a given frequency when the
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Wiammefer

L

Fig. 19.—Photoelectric 
tube connected to one- 
stage amplifier and relay. 
(Courtesy of G-M Labora­
tories.)

electromagnetic radiation is plane polarized so that its electric vector has a
component perpendicular to the emitting surface.

The application of photoelectric tubes is confined to the utilization of 
one of the following characteristics of light: (1) quantity; (2) color or wave 
length; (3) plane of polarization; (4) angle of incidence. Since the cathodes 
of commercial cells are not optically plane, the 
last two are not applicable with such cells. The 
current obtained from photoelectric cells is of the 
order of 10 microamp. per lumen; to utilize the 
photoelectric effect some form of amplification is 
necessary. The two methods in general use are: 
(1) that due to ionization by collision in a gas-filled 
cell (see Conduction of Electricity through Gases) 
and (2) thermionic amplification of direct currents 
(see Thermionics).

Curves showing the electrical characteristics of 
typical photoelectric tubes are given in Fig. 18. 
Two typical thermionic amplifier circuits for use with 
photoelectric tubes are also shown, the first (Fig. 19)
being adapted to static or low-frequency amplification and the second 
(Fig. 20) to use where the light source is modulated (Campbell and Ritchiè, 
“Photoelectric Cells,” Pitman, 1929).

Piezoelectricity.
'tourmaline, and rochelle
electrical charges on their 
surface when they are 
mechanically stressed 
and, conversely, of ex­
periencing mechanical 
strain where electrically 
stressed. Both of these 
effects are called piezoelec­
tric; the former is called 
the direct effect and the 
latter the converse effect. 
The direct effect has been 
used for measuring ex­
plosion pressures and the 
con verse effect is now in very general use for the stabilization of thermionic 
oscillators [Cady, Inst. Had. Eng., 10, 83 (1922)].

Thermoelectricity.*  If the junctions of two metals composing an electric 
circuit are held at different temperatures a thermal e.m.f. will exist around 
the circuit. To a close approximation and over a limited range this e.m.f. 
is directly proportional to the temperature difference between the two junc­
tions. In practice it is customary either to hold one junction at some fixed 
temperature or else to compensate automatically for any variations which it 
undergoes. Thermoelectric instruments are in quite general use for the meas­
urement of temperatures and of high-frequency currents (see Table 5 and 
p. 2062).

Certain 
salt

asymmetrical crystals, of which quartz, 
are typical, have the property of producing

0.00ffm∕tt ^201-A-s

iλizvv vnrm

^⅛45 Ψ
20.—Amplifier for modulated light sources. 

(Courtesy of G-M Laboratories.)
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ELECTRICAL MEASUREMENTS!
The measurement of the magnitude of any phenomenon is usually based 

upon some effect produced by it. The effects utilized in electrical measuring 
devices are (1) electromagnetic, (2) electrostatic, (3) thermal, and (4) chemical.

* See p. 2062. t See p. 2082.
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Table 5. Comparison of the More Common Thermocouples*

International Critical Tables, vol. I, p. 59, McGraw-Hill, f 10 per cent Rh; 40 per cent Pd.

(n^li- volts)
Temperature, 0C.

(null­volts)
Temperature, oC.

ChromeI (X): copel Chromel (P): alumel Iron: constantan Platin­rhodium, f gold­palladium
Platinum: platin- rhodium (Heraeus)

Platinum: platin- rhodium (Johnston- Matthey)
Copper: constantan

0 0 0 0 0 0 0 0 05 105 121 96 131 1 147 146 2510 195 244 186 237 2 265 260 4915 277 365 277 335 3 374 364 7220 353 483 367 429 4 478 461 9425 425 600 457 513 5 578 553 11530 495 719 546 607 6 675 641 13635 843 632 694 7 769 725 15640 970 713 779 8 861 806 17645 1104 792 866 9 950 884 19550 871 954 10 1037 959 21355 950 1044 11 1122 1032 23260 1136 12 1206 1103 25013 1289 1173 26814 1372 1242 28515 1455 1311 30216 1537 1379 32017 1620 1447 33618 1704 1515 353

Electrical measuring devices which merely indicate, such as ammeters and 
voltmeters, are called instruments; devices which totalize with time, such 
as Watthour meters and ampere-hour meters, are called meters.

Electromagnetic instruments are all based upon the fact that the 
current-carrying circuit has a force exerted upon it when located in a magnetic 
field. These instruments may be classified by types as follows: (1) The 
moving-magnet type in which a permanent magnet is caused to move under 
the influence of an electric current; (2) The moving-coil type in which the 
stationary and movable elements of (1) are interchanged; (3) the moving- 
iron type which differs from (1) in that the magnetization of the moving 
element is produced by the current in the fixed coil ; (4) the dynamometer 
type in which two coils, one fixed and one movable, exert a force upon each 
other; (5) the induction type which operates on the same principle as the 
induction motor.

Electrostatic instruments are all based upon the general law that a 
charged body tends to move so as to increase the electrostatic field associated 
with it.

Thermal instruments are based upon one of two effects: (1) the expan­
sion of a wire with heat, or (2) the generation of an e.m.f. when one junction 
of two dissimilar metals is raised to a higher temperature than the other. 
The second type is the more common; the voltage' developed is applied to a 
direct-current instrument (see Thermoelectricity, p. 2653 and p. 2062).
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Chemical instruments are based on Faraday’s law of electrolysis.
Electromagnetic instruments constitute the great bulk of commercial

meters. Electrostatic instruments are used mainly on high voltages or as
precise laboratory instruments. The chief importance of thermal instruments

Fig. 21.—Connections for voltmeter and ammeter to obtain minimum effect of power 
taken by instruments. (Dawes, iiElectrical Engineering” vol. lt McGraw-Hill, 1927.) 

is for high-frequency measurements and chemical instruments are seldom used 
except as standards. Accordingly, the discussion which follows will be limited 
to instruments of the first class.

All electromagnetic instruments are essentially ammeters in that the 
deflection of the needle is an effect produced by the flow of current. When 
used as a voltmeter, a large impedance (normally a pure resistance) is inserted

Fig. 22.—Internal and external connections of wattmeter. (Dawes, iiElectrical Engi- 
• neering,” vol. 1, McGraw-Hill, 1927.)

in the current-carrying circuit. With constant impedance, the current is 
proportional to the voltage across the terminals and so the scale may be 
calibrated in volts.

When both an ammeter and a voltmeter are used simultaneously one of two 
errors is inevitable; the ammeter may read the current through the voltmeter 
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as well as through the load, or the voltmeter may read the potential drop 
across the ammeter as well as across the load. The magnitude of the load 
resistance is the factor that decides which method shall be used. Figure 
21 shows the correct and incorrect way of making a measurement in the case 
of a high and also a low resistance.

A wattmeter is made by having the current in one element proportional 
to the load current and the current in the other element proportional to the ` 
load voltage. The two currents react upon each other to produce a deflection 
proportional to the average product of voltage and current. The wiring 
diagram of a single-phase wattmeter is shown in Fig. 22.

When measuring three-phase power, it is customary to use the two-watt­
meter method, the wiring diagram of which is shown in Fig. 10. When 
using this method the power factor of the load may be determined from 
the two wattmeter readings as indicated by the nomogram of Fig. 23. A 
polyphase wattmeter is merely a two-wattmeter arrangement under a 
single cover, both elements acting on a single shaft.

The range of any instrument may be extended by the use of a multiplier 
or shunt in the case of direct current or by an instrument transformer in the 
case of alternating current. A multiplier is a large resistance inserted in 
series with a voltage element so that only a small fraction of the total voltage 
will appear across the instrument terminals; similarly, a shunt is a low resist­
ance used to by-pass a large portion of a given current around an ammeter. 
In self-contained instruments the multiplier or shunt is mounted inside the 
case. Instrument transformers, either potential or current, serve the 
same purposes in the case of alternating current; they have the addi­
tional advantage of insulating the measuring instruments from the main 
circuit.

The errors encountered in the operation of these instruments are usually 
due to one of two causes: (1) improper handling or (2) external or stray fields. 
Although the weight of the moving element is only a few grams, the pressure 
on the pivot may vary from 1 to 100 tons per square inch; consequently 
great care should be exercised to prevent shock or impact, otherwise the 
pivot will mushroom or the bearing jewel crack, thus causing large and erratic 
errors. Stray or external fields are objectionable because they modify the 
fields existing due to the quantity measured. Most modern instruments 
are enclosed in a steel case to eliminate these effects; nevertheless it is well 
to avoid proximity to all known sources of such disturbance.

Certain instruments, for instance, the power-factor meter or the syn­
chroscope, are made without a control spring. In such instruments the mov­
ing element comes to rest when its field at maximum value coincides with 
a rotating field similar to that in a polyphase induction motor.

Recording instruments are based on the same general principles as the 
indicating instruments. A clock-work mechanism is added which draws a 
sheet of ruled paper under an indicator equipped with a pen and inkwell 
so that a permanent record is obtained. (See p. 2017.)

Integrating meters, such as the watthour meter, are essentially small 
motors of very slow speed so adjusted that the speed of rotation is proportional 
to the power absorbed. The moving element drives a gear train which inte­
grates the number of revolutions made and so the energy utilized.

Besides these instruments and meters, however, there are several compari­
son instruments which enable two quantities of the same or related kinds 
to be compared. Such for example are: (1) the potentiometer for compar­
ing e.m.fs. with the e.m.f. of a standard cell, and (2) the Wheatstone’s-
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bridge for comparing two resistances, or its prototype, the alternating-current
bridge, for comparing impedances, inductances, capacitances, etc.

W1 and W2 scales may simultaneousJy 
be muJtrplied by any constant

Example
Given, W¡ -20 

W2^ J20
Multiply W/ and l⅜ scales by JO
Connec+ with straight-edge

W1 *20 and V⅛*/20
Read P.F^062<S

Fig. 23.—Power factor of balanced three-phase system from readings of single-phase 
wattmeters.

The potentiometer or opposition principle is that if two equal and 
opposing e.m.fs. are inserted in a circuit, no current flows in that circuit. 
The theory of the method may be readily obtained from a study of Fig. 24. 
The battery Es is a Weston cadmium cell which has the property of giving a 
very constant e.m.f., the value of which is certified by the maker or the U. S.
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24.—Potentiometer 
circuit.

Bureau of Standards. With switch K in the upper position and M and M' 
set to the scale reading corresponding to the standard cell voltage, r is adjusted 
until the galvanometer shows no deflection. R is merely a protective resist­
ance for the galvanometer. This fixes the value of the working current and 
in commercial instruments the scale will now read volts directly. Switch 
K is now thrown to the lower position and M and M, 
readjusted until the galvanometer again shows no 
deflection. Then the unknown voltage is equal to the 
scale reading between M and Mf.

The volt box is used merely to intercept a definite 
fraction of the unknown voltage in order to bring it 
within the scale of the instrument. It is apparent 
that the unknown voltage supplies no current to the 
potentiometer when it is being measured; that the 
measurement is independent of galvanometer cali­
bration; that the source of working current {Ba) must 
be very constant; that the ratio of the various resist­
ances must be exactly as indicated on the scale. 
Current may be determined by measuring the voltage 
drop across a standard resistance. (For details see 
Leeds and Northrup, Bzdl. 755.)

The principle enumerated above may be applied 
to alternating-current measurements also, but with 
much less accuracy due to the facts that (1) there 
is no source of alternating potential comparable to 
the standard cell for direct potential and (2) that 
alternating potentials may differ from each other 
in (α) magnitude, (5) phase, (c) frequency, and (d) wave form, whereas 
direct potentials may differ only in magnitude. Additional difficulties 
with this type of measurement will appear in the discussion of the 
Wheatstone’s-bridge principle. [For information concerning alternating- 
current potentiometers see: Larsen, Elektrotech. Z., (V) 41, 1039 
Drysdale, Electrician, 75, 157 (1915); Drysdale, J. 
Inst. Elec. Eng.1 68, 339 (1930).

The simplest method of determining the 
resistance or impedance of a given element is 
to send a known current through the element and 
measure the drop of potential across its terminals. 
The ratio of volts to amperes gives the impedance 
in ohms of the element.

For precision measurements using alternating 
current as well as direct current, recourse is often 
had to the Wheatstone’s bridge principle. 
The circuit used is illustrated in Fig.· 25. /S is the 
standard and X the unknown. At balance there 
is no current through the detector so that one 
current flows through Zi and >S and the other 
through Zz and X. Also, at balance the two 
terminals of the detector are at the same potential 
and, therefore,

Fig.

(1910);

2o.—Wheatstone 
bridge circuit. Zi and Zz, 
known impedances; D, de­
tecting device; Xt the un­
known; S, a standard 
impedance.

IlZl = IrZz

and
IrX = IlS
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Multiplying the two equations term by term,

IlIrZiX = IlIrZ2S
or

ZxX = Z2S (1)
or

v Z2S
Z1

When using direct current, all the impedances are pure resistances, and Eq. (1) 
becomes RiX = R2S. When using alternating current, however, the imped­
ances may contain inductance or capacitance, in which case the balance 
conditions become more complicated. In the direct-current case the voltages 
across the various arms may differ only in magnitude, but in this case they 
may differ in phase as well. If harmonics are present they may also differ 
in wave form, but this condition should be avoided if possible. When imped­
ances contain reactive components they are ordinarily considered as complex 
quantities or plane vectors, i.e., two-dimensional vectors.

The conventional notation is

Z ≈ R + jX ≈ ∖Z∖∕θzor ∖Z∖∕o
In all cases ∖Z∖ represents the magnitude of the impedance in ohms; R ± 3X is composed 
of two components which have their maximum obstructing effect at times which differ 
by a quarter of a cycle; their effective impedance is therefore obtained by combining 
them at right angles and obtaining the resultant as in a vector diagram of forces; the 
plus sign is used when the reactance is inductive and the minus sign when it is capacitive. 
This notation is quite simple where only addition or subtraction is involved, but where 
multiplication or division is involved the second notation is preferable. Thus

Z = R + jX = ∖Z∖∣Θ
or

Z ≈R-jX ≈ ∖Z∖∕θ
1 Xwhere θ = tan~1-∙

R

When multiplying take the product of the amplitudes to obtain the resultant ampli­
tude and the sum of the angles to obtain the resultant angle; when dividing take the 
quotient of the amplitudes to obtain the resultant amplitude and the difference of the 
angles to obtain the resultant angle.

In general all four impedances will be complex so that Eq. (1) can be broken 
up into two equations, one containing only real components and one the 
quadrature components. Thus

ZxX = Z2S
or

(Ri + jXι)(Rx +Ä) = (R2 + jX2)(Rs + jX8)
or

Zι∕θyX∕Jχ = Z2∣Q2S∣Qs
or

ZxX/Qi + Qx = Z2SIQ2 + Qs

Thus, in the general case, two conditions must be fulfilled for balance.
1. Amplitude balance

ZiX = Z2S
2. Angular balance
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In the actual operation of the bridge, some systematized procedure 
must be adopted to obtain first one balance, then the other, then return to 
the first and check, and so on, since phase and amplitude balance are not 
independent.

The chief sources of error in the alternating-current bridge are: (1) 
imperfect standards; (2) stray fields or currents.

The effect of an imperfect standard may be readily obtained from the 
above equation. Thus if Zi and Zz are supposed to be pure resistances and 
of equal magnitude, θι and θz have no effect on the balance. If the standards 
are unequal, or if Zz and X are interchanged, the imperfections of the standard 
may have a large effect.

In the simple explanation of the theory of operation, it was assumed that 
all currents were confined to the indicated paths and that only the source 
produced any effective voltage. Stray currents or stray ñelds will vitiate 
these assumptions. The remedy, particularly at high frequencies, is suitably 
to shield the network. Care should be exercised as poor shielding is worse 
than none at all. For a good description of bridge shielding see Shackelton 
and Ferguson, Am. Inst. Elec. Eng., 46, 519 (1927).

Although the bridge is designed basically for the comparison of impedances, 
it has been applied successfully to a number of uses in which the quantity 
to be measured is a function of the impedance or vice versa. Such varied 
applications include the measurement of frequency and time, humidity, per­
centage of COs in flue gas, temperature, and dielectric loss.

A bridge has its maximum sensitivity: where (1) the impedance of the 
total bridge network is equal to the impedance of the source; (2) the imped­
ance of the detector is equal to the impedance measured external to the 
detector; (3) the branches all have the same impedance. To summarize, 
use a high-impedance detector with high-impedance arms and source and 
vice versa.

The source of alternating current is usually a thermionic oscillator. For 
direct-current W'ork, a storage battery is used.

The means of detection is usually: (1) a vibration galvanometer for fre­
quencies between 50 and 300; (2) a telephone for frequencies from 300 to 
3000; (3) a thermionic detector or a heterodyne method for higher frequencies. 
For direct-current work, either a moving coil or a moving magnet galva­
nometer may be used.

CONDUCTION OF ELECTRICITY THROUGH GASES
A gas in its normal state is a very poor conductor of electricity due to 

absence of ions, or carriers of electricity. Any ultimate carrier of electric 
charge, be it molecule, atom, or electron, is called an ion. These carriers 
are present in small quantities under all conditions and a plentiful supply 
may be engendered in a variety of ways. The source of these carriers may be 
the gas itself or its container or the electrodes of the discharge; usually all 
of these sources contribute to the supply.

There are three major methods for releasing ions, usually electrons, from 
solid bodies. These are: heat (thermionics), light (photoelectrics), and 
positive-ion bombardment. The mechanism of the first two is discussed else­
where; that of the third is somewhat obscure but seems to be similar in effect 
to a mechanical impact. The major cause of the production of ions in gases 
is electron impact with an atom or molecule.

If voltage be applied between two electrodes in a gas at a pressure, of 10 
to 1000 mm. Hg, the resultant current-voltage curve is given by Fig. 26. 
At very low potentials the characteristic is practically linear (Ohm’s law).
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The carriers in this case are the few ions which seem to be omnipresent. 
Between B and C the current is saturated due to the fact that all of these 
available carriers are being drawn to the electrodes and no new carriers 
are being generated. At C-these carriers are being so accelerated by the 
electric field that the electrons possess sufficient 
kinetic energy to release new electrons by impact 
with the gas molecules. The current consequently 
begins to increase. This increase is accumulative 
until at D the positive ions, which resulted from 
the release of free electrons from the gas molecules, 
acquire sufficient kinetic energy to ionize and the 
current increases very rapidly.

The phenomena which occur in this region depend 
upon many factors, chief of which are the shape, 
size, and material of the electrodes and the voltage 
regulation of the source of energy. With 
sources having poor voltage regulation, the 
voltage will drop with increase of current as 
shown in Fig. 27. Hence a higher voltage is 
required to start the discharge than to main­
tain it. This type of response is made use 
of in gaseous glow tubes as voltage regulators. 
With sources having very poor regulation, the 
discharge may be instantaneous in the form of 
a spark. If the voltage is maintained so 
that the electrodes become heated due to 
ionic bombardment, electrons being emitted 
from the heated cathode, the discharge is 
self-sustaining and is called an arc.

It is found that for a given distance d, 
between electrodes, there is a critical pres­
sure Po, at which the spark will most 
readily pass. This potential is called 
the minimum sparking potential for E 
the gas and electrode material in question. 
It varies from 60 to 400 volts, the lower 
values applying when electrodes of the 
electropositive metals are used. For any 
given distance between plates it is always 
possible to find some pressure at which a 
spark passes at this minimum potential. 
At higher pressures the mean free path 
of the gas is so short that higher potentials 
are required to accelerate the electrons 
sufficiently to cause ionization; at lower
pressures the probabilities of an electron striking a neutral gas molecule 
are reduced. It is found that Pod is a constant for any gas and that above 
Po, if the electric field is uniform, the sparking potential is proportional to Pd. 
In other words, the sparking potential is proportional to the mass of gas 
between the electrodes. This is called Paschen’s law (Fig. 28). It should 
be noted that under the proper conditions a short length of gas makes a 
better insulator than a long one.

As the pressure is reduced, the discharge gradually loses its spark charac­
teristic and spreads out toward the walls of the tube and takes on the appear-

CONDUCTION OF ELECTRICITY THROUGH GASES

,°∣X^B_______________ʌ Potential Difference Between Electrodes
Fig. 26.—Gaseous-dis­

charge characteristic.

characteristic. (Moyer and VFos- 
trel, iiRadio Handbook,” McGraw- 
Hill, 1931.)

Fig. 28.—Minimum sparking poten­
tial related to gas pressure P and 
distance d between electrodes. (May­
er and Wostrel, iiRadio Handbook,” 
McGraw-Hill, 1931.)
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anee of a glow discharge. At about 1 mm. Hg pressure we have the familiar 
Geissler tube effects (Fig. 29). Here the discharge has actually broken up 
and, going from anode to cathode, has a positive column (glow), a Faraday 
dark space, a negative glow, a cathode dark space, and a cathode glow. In 
some cases the positive column is striated, especially if the gas is contaminated 
by a small amount of another gas. With further reduction in pressure the

Anode, Positive eoɪumn-ʌ Cathode glow-λ fCcrtY∖(χte

^Fig. 29.—Typical glow discharge in a gas at about 1 mm; pressure. [From Rev. Modern 
Phys., 3, 192 (1931).]

Faradsiy dark spacej Neijative lCathode 
glow ^^j dark space

negative glow and cathode dark space increase in length while the positive 
column recedes to the anode. Finally the whole tube becomes dark and we 
have what is known as the dark discharge.

At about 1 mm. Hg pressure the discharge is characterized by its cathode 
fall of potential, which is that sharp drop of potential which occurs within 
a few millimeters of the cathode. When the cathode fall is normal its value 
is equal to the minimum sparking potential, and the cathode glow covers only 
a portion of the cathode. The current density is then about 0.4 milliamp. per 
sq. cm. and varies directly as the pressure. When the current increases so

Table 6. Minimum Sparking Potentials for Various Atmospheres 
and Electrode Materials*

* Reprinted by permission from Cady and Dates, “Illuminating Engineering,” Wiley.

that the glow extends over the entire cathode, the current density increases 
and the cathode fall of potential increases to abnormal values, sometimes 
reaching thousands of volts.

At very low pressures, the discharge is not self-sustaining—the discharge 
does not itself produce ions to replace those drawn to the electrodes—and, 
therefore, some external source of ionization, as heat, light, or X-rays, is

Gas
H.,
N2. 

0ι.
H., 
Air.
A..

Potentials in volts for electrodes of

Pt Hg Ag Cu Fe Zn Al Mg Na K

300 295 280 230 213 190 168 185 172232369 226 207310 178 170160340167 142 162 177 161 143 141100 125 80 69
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required to maintain the discharge. With modern X-ray tubes, hundreds of
thousands or even millions of volts may be required to produce a current of a
few milliamperes in the absence of such ionizing agents.

THERMIONIC TUBES
The applications of thermionic tubes which are of most use to the chem­

ical engineer are probably in the field of measurement and control. In these 
fields they are useful to him in various ways: as oscillators they provide a 
source of current over a practically unlimited range of readily adjustable 
frequency; as amplifiers they increase the sensitivity, and hence precision, 
of measurement and control; moreover, they enable one to work with very 
small voltages and currents, a distinct advantage in measurements such as 
that of the conductance of electrolytes; as detectors they provide a very 
versatile electrical indicator and in the heterodyne arrangement enable one to 
apply audible methods to the range of supersonic frequencies.

The outstanding advantages of thermionic tubes as measurement or con­
trol instruments are: (1) the extremely small influence they exert upon the 
circuit which is being tested; (2) the wide range of frequency and amplitude 
over which observations may be made; and (3) the high sensitivity which 
they make possible. Their outstanding disadvantage is the variability 
of tube and associated apparatus with time, making it necessary to use sub­
stitution methods or frequent calibrations where high accuracy is desired.

The fundamental phenomena of thermionic tubes have been well 
described by Irving Langmuir in an article entitled The Pure Electron Dis­
charge, Gen. Elec. Rev., 18, p. 
327, 1915. A good textbook 
on thermionic tubes is Terman, 
“ Radio Engineering,” McGraw- 
Hill, New York, 1937. For our 
purposes it is sufficient to note 
that although a vacuum is 
ordinarily an almost perfect 
insulator, it may be made a 
fair conductor by releasing free 
electrons within the enclosure. 
In the thermionic tube this is 
accomplished by heating the 
filament or cathode; the mecha­
nism of this emission is closely 
analogous to the evaporation 
of water upon the application 
of heat. Under working con­
ditions not all the “evaporated” Fig. 30.—Thermionic-tube characteristics, 
electrons are drawn to the plate 
or anode, which is held at a relatively high positive potential with respect 
to the cathode by means of an external B battery. In consequence a cloud 
of free electrons called the space charge gathers in the region between anode 
and cathode and exerts a repulsive or resistive effect on other electrons trying 
to reach the anode. In the triode or three-electrode tube a metallic grid or 
mesh, usually held at a small negative potential with respect to the cathode 
by means of a C battery, is inserted into this space-charge region and, by its 
tendency to neutralize or reinforce the space-charge effect as its potential is 
varied, gives a powerful and sensitive means of controlling the current between
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cathode and anode. It should be noted that the grid acts as a valve which 
may be turned or controlled by a very small amount of power, whereas the
amount of power which it in turn con­
trols, derived from the B battery, may 
be very great.

The characteristics of a therm­
ionic tube are commonly presented 
in graphic form similar to the curves 
of Figs. 30, and 31. The three con­
stants of greatest importance are: the 
amplification constant μ, which 
indicates the relative effect of small 
changes of grid and plate voltages on 
the flow of plate current; the mutual 
conductance Gm, which indicates 
the change in plate current produced 
by a small change in grid voltage 
(when used to define the same change 
with an impedance in the external plate 
circuit, it is commonly designated by 
G'm), and the internal or plate 
resistance rp, which is the ratio of a 
small change in plate voltage to the 
resultant change in plate current. 
Mathematically these become:

Fig. 31.—Power output vs. peak-grid 
voltage. (Moyer and Wastrel, "Radio 
Handbook," McGraw-Hill, 1931.)

∆e,
== constant); rp = -~(E0 = constant);

Δ⅛
μ Aip

== - = ~τ~(Ep = constant)rp Ae0
30 it will be seen that these are true constants over

Gm

From the curves in Fig. 
only a limited range.

Thermionic amplifiers for high frequencies, where the second harmonic 
is remote from the fundamental and may be eliminated by means of a tuned 
circuit, are sometimes operated 
for most purposes they are 
required to be distortionless 
and are limited to 
portion. In radio 
tortionless means 
second harmonic is 
than 5 per cent of the funda­
mental. In such applications 
the circuits would be adjusted 
to operate about some such 
point as A (Fig. 30). With a 
sinusoidal input voltage, the 
grid would just reach zero during 
the positive half of the cycle for the same value of input which would reduce 
the plate current to the minimum Ip on the negative half of the cycle. These 
represent the two limits for Class A, or linear amplifiers. If the current goes 
below the minimum Ip, the output is no longer a true reproduction of the input

the linear 
work d⅛'s- 
that the 
not more

over the complete tube characteristic, but

Fig. 32(α).—Resistance-coupled amplifier. 
(Van der Bijl, “ Thermionic Vacuum, Tubes," 
McGraw-Hill, 1920.)
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due to the curvature of the characteristic, and, if the grid acquires a positive
potential, it will draw a grid current, as indicated by the curves emanating from
Eo ≈ 0 (Fig. 30). This current flowing through a high impedance will distort
the input voltage. Actually the dynamic or operating characteristic will differ
from the static characteristic due to the impedance drop in the load, as indicated

Fig. 32(0).—Transformer-coupled amplifier. (Van der Bijl, "Thermionic Vacuum 
Tubes," McGraw-Hill, 1920.)

by the dotted curve through A, so that the actual potentials may differ some­
what from those indicated by the above simple explanation.

If the output of such a thermionic amplifier is to govern another thermionic 
tube or any other potentially operated device, the amplifier is adjusted for 
maximum voltage amplification which occurs when Z, the external

Fig. 32(c).—Choke or impedance-coupled amplifier. (Van der Bijl, "Thermionic 
Vacuum Tubes," McGraio-Hill, 1920.)

impedance, is as large as is feasible. Under this condition the effective ampli­
fication is μZ∕(τp + Z'). Note that this is always less than the nominal 
amplification, though it may be made greater by inserting a transformer. By 
using a transformer very high amplifications may be obtained over a limited 
range of frequency, but where a wide band is to be covered, as in the audio
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Neutrodyne circuit.

In no case should the 
voltage be made so large 
appreciable grid current 

Where power output is 
the reactance in the

amplifier-of a radio receiving set, transformers having a ratio of 3:1 or less
should be used.

If the maximum power output for a given input voltage is desired, the 
external impedance is made just equal to the internal impedance of the tube. 
If the maximum undistorted 
power output which the tube 
can handle is desired, the external 
impedance is made equal to twice 
the tube impedance and the input ∣~ 
voltage is raised to its limiting ə 
value. 
input 
that 
flows, 
desired, 
external circuit should be reduced 
to a minimum.

The precautions to be observed in operating such amplifiers are numerous 
and complex. Good apparatus and good electrical connections are of course 
essential. A common trouble, especially at high frequencies, is that of keep­
ing the electrical quantities in the assigned paths and keeping all disturbances 
out. This involves the difficult and complex problem of shielding. A 
peculiar type of such disturbance occurs by means of the feed back of energy 
from the external plate circuit to the external grid circuit through the grid-to- 
plate capacitance of the tube itself. This may be eliminated by means of 
a four-element tube (screen grid) or it may be neutralized by means of an 
auxiliary balancing circuit as in the neutrodyne (Fig. 33). No high imped­
ance should be common to two or more stages of an amplifier except that 
specifically inserted for coupling purposes. The output, voltage or power,

Push-Pull

Fig. 34.—Push-pull amplifier circuit. {Moyer and Wostrelt “ Radio Handbook," McGraw- 
Hill, 1931.)

is not uniform over a range of frequencies if the external impedance is a func­
tion of frequency; at high frequencies this condition always holds owing to 
the shunting effect of the plate-to-filament capacitance of the tube itself. The 
grid current cannot be neglected if the input circuit has a high impedance. 
With very low impedance· input circuits, the tube may be operated about some 
such point as B (Fig. 30) and the grid allowed to swing to a positive potential.
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Such an arrangement will greatly increase the 
power output of the tube, but care must be 
exercised that the grid current has no deleterious 
effect.

Where larger outputs are desired than can be 
obtained with a given tube, several alternatives 
present themselves: (1) Larger tubes may be 
used. (2) Two or more tubes may be connected 
in parallel, giving twice the output current, and 
the same output voltage, for a given input voltage. 
Note that the effective internal impedance then 
becomes rv∕n, where n represents the number 
of tubes in parallel. (3) Two tubes may be con­
nected in push pull or back to back (Fig. 34). 
This arrangement will handle twice the previous 
input voltage and give twice the output voltage 
with the same current. Owing to the fact that 
at any instant the distortion produced by one 
tube tends to neutralize that produced by the -ɪ^ɔ -gɑ ' 
other, this arrangement is capable of giving GridV⅛l⅛ 
somewhat more than 
output of a single tube.

Two other classes of 
mention. The Class B amplifier is normally a InputWeShape

twice the undistorted

amplifier are worthy of

Plate CurrentOwtput Wave Shape

>ut Wave Shape

0 10 20
Voltage

Input Wave Shape

Class A
Plate CυrrentQυ∣pι

40

push-pull arrangement with the operating point 
fixed at or near cutoff (Fig. 35). Each tube 
Carries current for one-half cycle and the output 
is essentially a true reproduction of the input. 
It is used at high frequencies to amplify modulat­
ed waves and at audio-frequencies when high 
output and efficiency are required. Special care 
should be taken that the grid current does not 
cause distortions. The Class C amplifier is used `320-240-160:- 
only at high frequencies, and the external circuit 
is always tuned to a single frequency which it 
is desired to amplify. The tube is given a high 
negative bias so that current flows during only 
a small fraction of a cycle. In this way the 
external circuit is periodically excited by an 
impulse of current, but the resonant action of 
the circuit tends to minimize harmonics. This 
arrangement gives very high efficiency but 
relatively low power amplification, due to the large amount 
of power required to excite the grid.

Oscillators are essentially amplifiers with some means of 
feeding part of the output energy back into the grid circuit 
for the purpose of maintaining the electrical vibrations. The 
oscillations are started by some sort of an electrical disturbance 
such as the closing of a switch; the frequency Qi the oscilla­
tions is given by f = l∕(2τr√ST). where L and C are, respec­
tively, the inductance and capacitance of the oscillating circuit. 
Figure 36 illustrates a so-called Hartley oscillator. The circuit 
between A and B represents the output impedance of the

Class B

Plate
curr∕nt Output WaveShape

Fig.

Input Wave Shape

Class C
35.—Typical amplifier 
characteristics.

Hartley oscil­
lator.

tube and L9
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Fig. 37.—Detector action.
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Fig. 38.—Grid-bias detection of 
modulated wave.

furnishes the necessary feed back. L = Lp + Lu ÷ 2M, where M is the mutual 
inductance between Lp and Lg, In order to have good wave form, the output 
impedance should be large and the feed back small. If possible the oscillator 
should be separated from the measuring 
circuit so that load variations will not 
affect the frequency or amplitude of the 
oscillator output. With this arrangement 
the oscillator may be worked at high 
efficiency, similar to Class C amplifiers 
and the wave form corrected in the inter­
mediate circuits.

The operation of the amplifier is limit­
ed, for the most part, to the linear portion 
of the tube characteristic; the oscillator 
(and classes B and C amplifiers) swing 
over the entire tube characteristic; the 
operation of the detector is limited, for 
the most part, to the curvature of a tube 
characteristic. Either the ip — eg or the 
⅛ ~ eo characteristic may be used. From 
the diagram (Fig. 37), it is seen that a 
sinusoidal input voltage causes unequal 
increase and decrease of the resultant 
current. The increase (in this case) of 
the average current is a measure of the 
rectification effect. Mathematical 
analysis shows that it is proportional 
to the square of the input voltage for 
small inputs, though by proper arrange­
ments it may be made directly propor­
tional to the input voltage for large 
voltages. It follows from what has just 
been said that detectors are relatively 
insensitive to small voltages.

When the curvature of the ig — eg 
,characteristic is used (called grid-leak "_ 
and condenser detection (Fig. 39), or grid­
circuit detection), the unequal changes 
in the grid current cause the average 
value of the grid voltage to become more 
negative; this change, amplified by the 
action of the tube, causes a decrease in 
the average value of plate current which 
may be observed on a direct-current 
meter. Due to the amplifying action 
of the tube this method is more sensitive 
for small voltages than that described 
below, but it has two compensating 
disadvantages: first, that grid current 
sumed in the input circuit; and second, that the effective input voltage 
varies with frequency owing to the effect of the condenser shunting the grid 
leak. With due care these disadvantages may be minimized for any given 
installation.

flows and therefore power is con-
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When the curvature of the ip — ea characteristic is used (called plate-circuit 
detection) the C battery is adjusted so that operation is on the point of greatest 
curvature. This method will handle larger signals than the grid-leak and 
condenser method but is less sensitive. It consumes a minimum of power in 
the input circuit and has no frequency error until the input capacitance begins 
to have an effect (Fig. 38).

A simple rectifier, being a unidirectional 
conductor, may also be used as a detector. 
This method of operation, called diode de­
tection, is in very common use in radio re- ⅛o ŋ. 
Ceivingcircuitswherethesignalisamodulated ɔ ɔ 
wave. The detector gives an output voltage ɔ g 7 * 
proportional to the amplitude of the signal ς> ra 
voltage and so follows the envelope of the 1√ L 
signal from cycle to cycle. In this field it has 
the advantage of producing less distortion ,φ 
than other detectors owing to the fact that its 
dynamic characteristic is more nearly linear 
than is that of other detectors. Like grid­
current detection this method draws current 
from the input circuit and so reduces selec­
tivity. It is readily applicable to large signals.

The heterodyne method (Fig. 40) of detection is used to detect very small 
inputs. In this method an auxiliary voltage of slightly different frequency 
(it is called the homodyne method if the two frequencies are the same) 
is added to the voltage to be detected in the input circuit. The output is then 
directly proportional to the unknown voltage and of a 
frequency equal to the difference between the unknown 
and auxiliary voltages. This method makes it possible 
to use audible methods of detection at supersonic 
frequencies. When the frequency of the auxiliary volt­
age is known, it also enables one to determine the fre­
quency of the unknown voltage (see also Rectifiers).

Fig. 39.—Non-oscillating de­
tector with grid leak and con­
denser. (Moyer and Wostrel, 
iiRadio Handbook.”)

Connec­
tions for heterodyne 
detection. (Van der 
Bijl, iiThermion i c 
Vacuum Tubes.”)

GASEOUS-DISCHARGE TUBES
There are three distinct types of three-element, or 

controlled, gaseous-discharge tubes: Thyratrons, 
Ignitrons, and Cold-cathode discharge tubes.
Functionally the tubes are all similar, but their characteristics, particularly 
current-carrying capacity, differ greatly in magnitude, as shown in Table 
9 on page 2683.

In high-vacuum tubes the flow of current is restricted by the space charge. 
When ionization occurs in a gas-filled tube, the space charge is neutralized, 
and the current approaches short-circuit values. In the thyratron and 
cold-cathode tubes this current must be restricted to definite values, depend­
ing upon the particular tube, or the cathode will be destroyed by positive-ion 
bombardment; the ignitron has no such limitation.

All three tubes depend upon the initiation of ionization by a voltage applied 
to the control circuit. The current in the control or grid circuit of the 
thyratron and cold-cathode tube required to initiate ionization is of the 
order of a few microamperes; in the ignitron it is of the order of amperes. 
If desired, the control current of the ignitron may be supplied by the discharge 
current of a thyratron which is in turn controlled by a much smaller current.
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Once ionization is started, the third element or grid loses all control. 

In order for it to regain control, it is necessary to interrupt the discharge for 
a period long enough for the tube to be deionized. (Similarly, to start the 
tube, the impulse or signal must be of sufficient duration, as well as magnitude, 
to initiate ionization.) The four generally used methods of extinguishing 
the discharge are (1) use of an alternating anode voltage, (2) opening the 
anode circuit by a switch or relay, (3) application of a surge of negative 
voltage to the anode through a capacitor, and (4) overshooting of the voltage 
due to the inductance of the circuit and the dynamic characteristic of the 
tube when a capacitor is discharged through it.

Table 9. Comparison of Gas-filled Control Tubes*t

Characteristics Thyratron Ignitron Cold-cathode 
tube

Current capacity....................... ..................................... Up to IOOarnp. 5-10,000 amp. Up to 100 ma.
Deionization, time........................................................... 10^^4 sec. 10“4 sec. 10-2 sec.
Ionization time............................................................... 10"^6 sec. 10~6 sec. 10-4 sec.
Cathode heating time..................................................... Finite 0 0
Deterioration in standbv service.................................... Yes No No
Accuracy of characteristics......................................... . . + 2 volts Variable ± 10 volts
Sustaining voltage.......................................................... 15 volts 15 volts 75 volts

* Taken from article by Ingram in Elec. Eng., July, 1939, p. 345. 
t All values are approximate only.

The voltage required to initiate the discharge in a mercury-vapor tube 
depends upon the temperature, whereas in a tube. filled with a noble gas, 
such as argon, it does not.

For refined control of the discharge the phase of the voltage applied to the 
grid may be shifted with respect to the voltage applied to the anode. In 
this way the discharge may be limited to any desired portion of one-half 
cycle.

RECTIFIERS
Rectifiers are devices for converting alternating to direct current. They 

are made in such varied and diverse types that it will be possible to mention 
only a few of the more important here.

For power work the mercury vapor arc is becoming an active competitor 
with the rotary converter. This arc is not self-starting (an auxiliary device 
being normally used for that purpose) but with load is self-sustaining. The 
source of electrons is the hot spot in the pool of mercury near the cathode, 
the required heat being produced by positive-ion bombardment. The 
positive ions serve also to reduce the “space-charge effect” of the electrons 
and so to hold the voltage drop across the tube to less than 15 volts thus 
permitting good voltage regulation. Since only one of the terminals or 
electrodes is hot, it alone will serve as a source of electrons so that when 
an alternating voltage is applied to the terminals, the flow of current will 
be unidirectional.

Where a polyphase source of energy supply is available, use is frequently 
made of polyphase rectification, which has the advantage of giving a 
more constant d.c. output with a cheaper filter. One simple way of doing 
tilia with a three-phase, Y-Connected system is to attach the anode of each 
of three tubes to one terminal of each of the phase windings. The cathodes.
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5-phase
supply

Fig. 40α.—Polyphase rectification.

or common point of the three filament circuits, are connected to the positive 
bus of the d.c. load, and the common point or neutral of the three-phase 
windings is connected to the negative bus of the d.c. load. As each of the 
anodes in turn is raised in potential above the neutral point (plus the potential 
of the d.c. load), that tube conveys a pulse of energy to the d.c. load. Thus 
each tube will convey energy to the load, always in the same direction, during 
approximately one-third of a cycle. Six- 
phase and twelve-phase rectifiers are also 
in common use.

Of the separately maintained recti­
fiers, i.e., those using some auxiliary means 
to maintain the supply of free electrons, 
three in quite general use have externally 
heated cathodes as the sources of elec­
trons. These three are the thermionic 
tubes and gaseous-discharge tubes of high-voltage and low-voltage types.

Thermionic tubes have unilateral conductivity and so may be used as 
rectifiers. Owing to the absence of gas they may be used on very high 
voltages but can pass only a very small current, limited by the saturation 
current of the cathode, and they have a high internal voltage drop.

Hot-cathode, gaseous-discharge tubes are of two different types. The 
high-voltage type, of which the 866 tubes or Phanotron is representative, 
contains only a small amount of mercury vapor so that the tube will still 
sustain relatively high voltages, 5000 to 7500 volts as a peak value, and in 
addition the internal voltage drop 
is less than 15 volts. The current, 
however, must be limited to the 
emission current of the cathode, 
since with greater currents the 
cathode fall of potential rises and 
the positive-ion bombardment is 
severe enough to strip the emit­
ting surface from the cathode.

The low-voltage type, of which 
the Tungar and Rectigon are 
typical contain argon at 3 to 8 mm.

Fig. 41.—Rectifier and filter circuit. 
der Bijl, “ Thermionic Vacuum Tubes.”)

[------
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pressure and will pass 10 or 12 amp. at very low voltages. The maximum 
permissible voltage is only 100 to 200 volts. The current flow may be greater 
than the emission current from the cathode since the high gas pressure pro­
tects the cathode from excessive positive-ion bombardment.

Several other types of rectifiers are used occasionally but only for small 
currents and small voltages. Among these are mechanical vibrators, copper 
oxide rectifiers, and point-to-plate rectifiers.

Th© point-to-plate rectifier supplies small unidirectional currents 
without any accessory apparatus, such as heating transformers, etc. The 
pointed electrode has a high potential gradient around it and so will produce 
the ionization necessary for the maintenance of the discharge. When it is 
the anode, the fast-moving electrons are easily able to reach it; when it is the 
cathode, the electrons are impeded by the gas molecules from reaching 
the anode. Highly insulated transformers are required with such tubes to 
prevent breakdown due to surges.

Copper oxide rectifiers are, as their name implies, copper disks on which 
an oxide coating has been formed by sudden quenching. When used with
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another electrode, such as lead, they pass current unidirectionally provided the
current density is low.

Filters should be used with all the above types of rectifiers if steady output 
voltage is desired. An electric filter consists essentially of electrical reservoirs 
(condensers) on the input and output ends to take up the fluctuations in source 
and load, and a choke coil to prevent these fluctuations from reaching from 
input to output and vice versa. Frequently the choke coil is split and a third 
condenser added at its mid-point. When the load resistance r does not vary, 
the circuit shown in Fig. 41 may be more desirable.

RHEOSTATS
Rheostats are adjustable resistances for controlling various circuits. 

Wire- or strip-wound resistance units with insulating supports arranged 
with suitable switches are commonly used as field rheostats, starting boxes, 
and for other purposes.

Carbon rheostats of the compression type are useful for fine adjustment. 
The resistance varies nearly inversely as the pressure, permitting a wide range 
of values. The resistance decreases with temperature increase, but this may 
not be objectionable for laboratory work.

Slide-wire rheostats are convenient for a variety of laboratory uses. 
These are obtainable in sizes from a fraction of an ohm to several thousand 
ohms, usually for use in circuits of less than 250 volts.

Water-cooled rheostats can be used to absorb large amounts of energy. 
Galvanized iron wire submerged in running water makes a suitable rheostat, 
where the various turns are kept apart. This is not satisfactory for con­
tinuous operation on direct current because of slime forming on the wire. 
The water should be kept below the boiling temperature.

Liquid rheostats are built in a variety of forms. A plate partially lowered 
into a watertank or barrel permits a variation in resistance. Pure water is not 
suitable for voltages below 1000; for lower voltages, salt or acid is used to 
lower the resistance. For moderate amounts of energy a small pipe may be 
lowered concentrically in a tank made of a larger pipe with suitable fittings. 
Table 10 gives data on such rheostats made from standard wrought-iron pipe.

Table 10. Data for Concentric-cylinder Water Rheostats*

Capacity, 
kilowatts Volts Amperes Resistance, 

ohms

Specific 
resistance, 
ohms per 
in. cube

Nominal diameters of 
pipes, in. Depth of 

immersion, 
in.

Inner Outer

2 110 18.2 6.05 1000 ¼ 2 35
5 110 45.4 2.42 500 ¾ 3 35 .10 110 91.0 1.21 500 ¼ 1¼ 33

2 110 18.2 6.05 2000 2 36
5 110 45.4 2.42 1000 ¼ 1¼ 33

10 110 91.0 1.21 1000 2 3 34

5 110 45.5 2.42 2000 2 3 34
10 110 90.0 1.21 2000 3 4 37

* Marks, “Meehanical Engineers’ Handbook,” 3d ed., p. 2013, McGraw-Hill.

Iron pipe is occasionally used for busbars at high voltage. It may be 
arranged as a resistor at low voltages. For alternating current the skin 
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effect increases the effective resistance over that for direct current several 
times. H. B. Dwight gives the approximate formula for the ratio of alter­
nating-current resistance to direct-current resistance as 2πSy∕∂μf∕P, where 
S is the area of conductor in square centimeters, P the perimeter in centi­
meters, δ the electric conductivity in IO9 mhos per cm. cube at the operating 
temperature, μ the direct-current permeability, and f the frequency. Curves 
for 2.5-in. pipe show this ratio (checked by experiments) to be about 5 to 14 
for 60 cycles [see Elec. J., 23, 295 (1926)].

MAGNETS
Magnets are used in lifting devices, in many and varied types of relays and 

in other types of apparatus.
Permanent magnets rely on residual magnetism for their usefulness 

The m.m.f. retained is approximately constant. The resultant constant field 
is particularly desirable for magnetos, instruments, and meters. The ability 
of steel to retain its magnetism depends on the kind of steel, its heat treat­
ment, and the shape of the particular piece. Short magnets tend to become 
demagnetized unless made glass hard. Steels with tungsten, chromium, or 
cobalt are used for permanent magnets.

The steel to be used as a permanent magnet is usually magnetized electri­
cally, the particular method varying with the shape of the magnet. In order 
that the field may be constant the magnet is usually overmagnetized and then 
artificially aged. Aging may be hastened by temperature, mechanical shock, 
vibration, or demagnetizing fields.

Alloys of iron, nickel, and aluminum have been developed which have very 
high coercive force and high residual induction. These qualities permit 
short magnets of small volume which are little affected by vibration, stray 
fields, or temperature up to 500oF. These alloys are difficult to machine 
and are usually cast so that a minimum of grinding to size is necessary. 
Comparative data of various materials used for permanent magnets is given 
by Williams [Elec. Eng., 55, 19 (1936)]; Webb [Inst. Elec. Eng., 82, 303 
(1938)]; and Adams [Gen. Elec. Rev., 41, 518 (1938)].

Electromagnets depend on electric currents in coils for their m.m.f. and 
are usually made of soft iron so that the flux will vary with the magnitude of 
the current in the coil.

The pull of a magnet, where the air gap between the stop and the arma­
ture is small, may be expressed by the equation

F = kB*
where F is in dynes per square centimeter, k = 0.0398, and B in gauss. For 
B in lines per square inch and F in pounds per square inch,

k = 1.39 × 10"8
With direct-current magnets the current in the solenoid is limited by the 

resistance of the winding, giving a constant m.m.f. regardless of position of 
the armature. As the air gap is reduced, the flux density increases greatly 
increasing the pull. In order to increase the pull and reduce the time of mov­
ing an armature, the coil is frequently wound for a lower voltage and is 
provided with a resistance which is automatically inserted in the coil circuit 
as the armature comes to its final position.

Solenoids are a very common form of electromagnet, used where a rod or 
plunger is to be moved through some distance. The coil is wound on a tube 
into which the plunger is drawn. The pull increases as the plunger approaches 
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the center of the coil (Fig. 42), at which time the pull F in pounds is 

„ CANI

Fig. í 
plunger.
2, coil and plunger with stop; 3, 
iron-clad coil and plunger; 4 and 5 
same as 3 with different length 
stop. (Marks, “ Mechanical Engi­
neers’ Handbook.”)

10 12
Dis+anceD,in.

42.—Pull of solenoid on 
1, Coil and plunger;

where I is the length of the solenoid in inches; C is the unit pull per ampere- 
turn per inch of the coil and depends on the proportions of the coil and the 
properties and the length of the plunger; A is the cross section of the plunger 
in square inches; and NI is the ampere-turns 
of the coil (see Table 11). The pull may be 
increased at the end of the stroke by adding 
a magnetic stop (Fig. 42).

Solenoids must be designed with sufficient ≡; 
radiating surface so that the temperature 2; 
does not become excessive. The design must p 
be sufficiently liberal so that with the increased ∣2 
resistance of the coil at its maximum tem­
perature the required current will flow. A 
solenoid may be rewound for another volt­
age by changing the size of wire. If a solenoid 
operates satisfactorily with E volts when 
wound with a wire of bare diameter D, it may 
be rewound with wire of bare diameter d to 
operate on voltage e, where DiE = die. The 
new winding will occupy the same space as 
the old except for the space occupied by the 
insulation [see Brooks, Industrial Engineering, 87, 349 (1929)].

Magnets are built into plates to form chucks for holding steel while it is 
being ground. Magnetic separators of many forms are built for separating 
magnetic material from other materials (see p. 1730).

Table 11. Maximum Pull per Square Inch of Core for Solenoids with 
Open Magnetic Circuit*

Length of 
coil, in.

Length of 
plunger, in.

Area of core, 
sq. in.

Total amp. 
turns

Max. pull, 
lb. per sq. in. 1000 × C

6 Long 1 15,000 22.4 9.0
9 Long 1 11,330 11.5 9.1
9 Long 1 14.200 14.6 9.2

10 10 2.76 40,000 40.2 10.0
10 IO 2.76 60,000 61.6 10.3
10 10 2.76 80,000 80.8 10.1
12 Long 1 11,200 8.75 9.4
12 Long 1 20,500 16.75 9.8
18 36 1 18,200 9.8 9.7
18 36 I 41,000 22.5 9.8
18 18 1 18,200 9.8 9.7
18 18 1 41,000 22.5 9.8

* “Standard Handbook for Electrical Engineers,” McGraw-Hill, 1933.

Lifting magnets are particularly useful in handling magnetic materials 
such as scrap iron, billets, pigs, and castings.

Alternating-current magnets inherently have considerable reactance, 
which limits the current and the flux. The relations are essentially the same 
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as in a transformer thus
j, _ E × IO8 
φmax “ (4.44/N)

where E is the impressed voltage, f is the frequency, and N is the number of 
turns. This indicates that the flux and consequently the pull are nearly the 
same regardless of the armature position instead of increasing rapidly with 
decreased air gaps as in the d.c. magnet.

Owing to the fact that the flux is continuously changing the iron of the 
a.c. magnet must be laminated. The pull, being reduced to zero twice each 
cycle, causes vibration of the armature and consequently considerable noise. 
This is reduced by a shading coil consisting of a short-circuited coil about a 
portion of the pole, so that there is some pull on the armature at all times 
(see also Underhill, “Magnets,” McGraw-Hill, 1924).

ELECTRICAL WIRING
Electrical wiring should always be installed with care and neatness; joints 

should be mechanically secure, well soldered, and taped. Care should be 
exercised to avoid the two most common faults, (α) incomplete circuits and (ð) 
short circuits. All installations should comply with the “National Electrical 
Code” and with the “National Electrical Safety Code.”

The minimum size of wire for a particular installation must be large 
enough (α) to provide carrying capacity as indicated in the Electrical Code, 
(6) to have sufficient strength on spans as indicated in Safety Code, and (c) 
so that the resistance and reactance drop permit good regulation. Regulation 
is the rise in voltage from full load to no load expressed as a percentage of the 
full-load voltage. Good regulation varies with the particular application and 
while 3 per cent may be a maximum variation for lighting, 10 per cent may be 
reasonable for motors.

The regulation for a direct-current circuit may be easily calculated, as 
the voltage change from full load to no load is the IR drop of the circuit, 
ɪhe résistance of the circuit (two wires) may be obtained from Table 12; the 
current is determined from the load.

Example*  To find the regulation of a line suppling a 50-kw. d.c. load at 220 volts. 
The line is 200 ft. long and consists of two 0000 wires.

50,000 watts
220 volte^ ” 227-3 amp-

Resistance of 1000 ft. 0000 wire = 0.049 ohm 
Resistance of 400 ft. 0000 wire == 0.0196 ohm 
The drop = 227.3 amp. × 0.0196 ohm = 4.46 volts

, . (4.46 × 100)
Regulation =------- - --------- =≈ 2 per cent

In an alternating-current circuit, the power factor of the load and 
reactance of the circuit must be taken into account.

Example. To find the regulation of a three-phase line supplying 440 volts to a 
90-kva. load of 0.8 power factor. The line is 2000 ft. long and consists of three 0 wires 
with 24-in. spacing of wires.

From Table 12 resistance of 0 wire is 0.0983 per 1000 ft.
From Table 12, reactance of 0 wire is 0.121 per 1000 ft. at the given spacing 

Resistance of 2000 ft. = 0.197
Reactance of 2000 ft. = 0.242

Calculations should be per phase. Assume Y connection.
Kilovolt-amperes per phase = 30
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Volts per phase, 440/ʌ/ɜ = 254
Amperes per phase, 30,000/254 = 118
IR drop per phase, 0.196 × 118 = 23.2
IX drop per phase, 0.240 × 118 = 28.3

Referring to vector diagram E cos θ = 203.2 and E sin 
θ ≈ 152.4.

203.2 + 23.2 = 226.4
152.4 + 28.3 = 180.7

Sending voltage per phase = λ∕(226.4)2 + (180.7)2 =
289.5

Sending voltage = 289.5 = 501.4
, . (501.4 - 440)100

Regulation = ---------- --------------  = 14 per cent

The most economical size of wire is that which gives the lowest annual 
cost. The annual cost consists of the fixed or capital costs (interest on invest­
ment, depreciation, and taxes) and the cost of energy (copper losses) in the

Table 12. Wire Table

Size,Ameri­can wire gage
Area, cir. mils Diame­ter, in.

VZeight bare,lb. per 1000 ft.
Resistance, ohms per 1000 ft. at 20oC.

Reactance per wire per 1000 ft. at 60 cycles—distance between centers Allowable carrying capac­ity, in amperes with rubberinsulation1 in. 6 In. 1 ft. 2 ft. 4ft. 8ft.
1.000,000 1.152 3,090 0.0108 0.063 0,079 0.095 0 111 0.127 377800,000 1.031 2,470 0.0135 0 066 0.082 0.098 0 113 0 129 340600,000 0.893 1,850 0.0180 0.027 0.069 0,085 0.101 0 117 0.133 293500,000 0.815 1,540 0.0216 0.030 0.071 0,087 0.103 0 119 0.135 265400,000 0.728 1,240 0.0270 0.032 0.073 0.089 0.105 0.121 0.137 233300,000 0.630 926 0.0361 0.035 0.076 0 092 0 108 0.124 0.140 198250,000 0.575 772 0.0433 0.038 0 079 0 095 0.111 0.127 0.143 1770000 211,600 0.460 653 0.0490 0 040 0.081 0.097 0 113 0.129 0.145 160000 167,800 0.410 518 0.0618 0.042 0.083 0.099 0,115 0 131 0 147 13800 133,100 0.365 411 0.0779 0.045 0.086 0.102 0.118 0.134 0.150 1200 105,500 0.325 326 0.0983 0.047 0,089 0.105 0.121 0 137 0 153 105I 83,690 0.289 258 0.124 0.050 0.091 0.107 0.123 0.139 0.155 912 66,370 0.258 205 0.156 0,053 0 094 0 110 0.126 0.142 0.158 804 41,740 0.204 126 0.248 0.058 0.099 0.115 0.131 0.147 0.163 606 26.250 0.162 79.5 0.395 0.063 0.104 0.120 0.136 0.152 0.168 458 16,510 0.128 50.0 0,628 0.069 0.110 0.126 0.142 0.158 0.174 3510 10,380 0.102 31.4 0.999 2512 6,530 0.081 19.8 1.59 2014 4,107 0.064 12.4 2.52 1516 2,583 0.051 7.8 4.02 718 1,624 0.040 4.9 6.38 5

Note. Values for wire sizes larger than 0000 are for stranded wire. Allowable current-carrying capacity is for code rubber insulation without more than three conductors in raceway, as shown in the 1940 National Electrical Code. Greater current is allowed for other insulations and for conductors in open air.
wires. In general, the minimum annual cost will be found for that size of wire 
for which the fixed cost is equal to the cost of energy loss in the wire. This 
wire size may be larger than the permissible minimum. It is desirable when 
installing electrical wiring to anticipate future increase of loads.

The higher the voltage the less the copper required for a given load. Since 
the load is equal to EI, if the voltage is doubled the current is halved and the 
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copper cross section may be halved for the same current density or reduced to 
one-fourth for the same percentage voltage drop. When voltages are 
increased, the insulation problems and hazards to employees working on live 
circuits are increased. Hence, for industrial motors, 440 (460) volts is the 
common maximum, although larger motors are operated at 2300, 6600, and at 
13,200 volts. For lighting, 115-volt lamps are more rugged than 230-volt 
lamps. Hence three-wire circuits are frequently used for lighting (see Figs. 
54 and 55).

For the best economy and regulation, the loads on the two sides of a three- 
wire circuit should be approximately balanced. Likewise in connecting 
single-phase loads to a polyphase circuit, the phase loads should at all times 
be approximately balanced. Polyphase motors normally draw balanced cur­
rents tending to decrease the effect of other loads which may not be balanced. 
The maximum permissible unbalance depends on the particular installation 
and would, in general, be about 10 to 15 per cent of the full-load value.

Approximate Values of Wire. No. 10 wire has an approximate diameter 
of 0.1 in., a cross section of 10,000 circular mils, and a resistance of about 
1 ohm per 1000 ft. The cross section doubles for every third size of wire 
(smaller size number), and the resistance is reduced to one-half. Again, the 
cross section increases tenfold for ten sizes of wire and the resistance is 
one-tenth.

COST OF POWER
The rates for energy from a utility to an industrial consumer must include 

items to cover the fixed charges and operating costs oí the utility. These costs 
are similar to those of a privately owned plant.

The demand charge in the rate is to cover a portion of the fixed charges. 
This demand charge is usually based on the maximum 15-min. load, inasmuch 
as the utility must have available sufficient generating and distributing equip­
ment to supply that load. Since the peak load of all industries will not occur 
during the same period, the demand charge is less than the fixed charges for 
an equivalent private plant. Since the apparatus to supply a given amount 
of power is determined by the voltage and the current, the required rating 
is greater if the power factor is low, and, therefore, the demand charge is 
frequently based on kilovolt-amperes rather than kilowatts.

The energy charge in the rate must cover the operating costs including 
coal, labor, distribution losses, etc., and frequently includes some of the fixed 
charges. This charge, per kilowatt-hour, may be decreased with increase 
of kilowatt-hours used.

Owing to better efficiency and lower first cost of large units, and frequently 
better operating conditions and diversity of loads, power from a utility costs 
less than that from an industrial power plant, except in the case of unusual 
local conditions, such as large steam requirements for process work.

The true cost of power in an industry should be valued in terms of increased 
efficiency of labor, better product, etc. In most industries the cost of power 
is less than 4 per cent of the value added by the manufacture of the product. 
It may, therefore, be economical to add a large percentage to the cost of 
apparatus or power, provided it will increase the value of the product by a 
small amount.

ILLUMINATION
Correct lighting has proved its ability to increase production economically, 

to give greater comfort to workmen, and to reduce accidents. Because of the 
proved value of increased illumination, lighting standards have been gradually
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raised. Good illumination requires light of sufficient intensity in the correct
place, without glare, and usually with only soft shadows.
Table 13. Recommended Levels of Illumination for Industrial

Interiors*

Foot-candles 
recommended

Foot-candles 
recommended

Aisles, stairways, passageways..........
Assembling:

Rough..............................................
Medium...........................................
Fine.................................................
Extra fine........................................

Chemical Works:
Hand furnaces, boiling tanks, 

stationary driers, stationary or 
gravity crystallizing....................

Mechanical furnaces, . generators 
and stills, mechanical driers, 
evaporators, filtration, mechani­
cal crystallizing, bleaching.........

Tanks for cooking, extractors, per­
colators, nitrators, electrolytic 
cells..............................................

Clay Products and Cements:
Grinding, filter presses, kiln rooms.
Molding, pressing, cleaning and 

trimming.....................................
Enameling......................
Color and glazing...........................

Electric Manufacturing: .
Storage battery, molding of grids, 

charging room............ . .........:.-
Coil and armature winding, mica 

working, insulating processes...
Elevator—freight and passenger....
Engraving................. e.........................
Forge shops and welding....................
Foundries:

Charging floor, tumbling, cleaning, 
pouring and shaking out............

Rough molding and core making...
Fine molding and core making.......

Garage—Automobiles:
Storage—dead......... . .....................

live......................... .........
Repair department and washing... 

Glass Works:
Mix and furnace rooms, pressing 

and lehr, glass-blowing machines 
Grinding, cutting glass to size, 

silvering................ ............... .
Fine grinding, polishing, beveling, 

inspection, etching and decorat-

y- 2
8- 5

12- 8
20-12 

100-25

5- 3

6- 4

10- 6

5-3

8- 5
10- 6
15-10

10- 6

20-12
8- 5 

100-25
10- 6

8- 5
10- 6
15-10

3- 2
8- 5

15-10

10- 6

12- 8

Glass cutting (cut glass), inspecting 
fine...............................................

Offices:
Private and general

15-10

50-15

Offices (Continued) :
Close work..................................
No. close work.............................

Distribution of mail in postoffices..
Drafting room.................................

Packing:
Crating
Boxing.............................................

Paint manufacturing..........................
Paint Shops:

Dipping, spraying, firing................
Rubbing, ordinary hand painting 

and finishing................. . .............
Fine hand painting and finishing... 

Store and Stock Rooms:
Rough bulky material........... ∙.∙.∙∙∙
Medium or fine material requiring 

care................ . ...........................
Structural steel fabrication................
Sugar grading.....................................
Testing:

Rough..............................................
Fine.................................................
Extra fine instruments, scales, etc. 

Textile Mills:
Cotton.

Opening and lapping, carding, 
drawing-frame, roving, dyeing 

Spooling, spinning, drawing-in, 
warping, weaving, quilling, 
inspecting, knitting, slashing 
(over beam end).......................

SiIk
Winding, throwing, dyeing........
Quilling, warping, weaving and 

finishing—
Light goods............................. :
Dark goods..............................

Woolen
Carding, picking, washing and 

combing......... . ........................
Twisting and dyeing............:...

Drawing-in, warping—
Light goods..................................
Dark goods..................................

Weaving
Light goods..................................
Dark goods..................................

Knitting machines..........................
Toilet and wash rooms.......................
Upholstering:

Automobile, coach, and furniture .. 
Warehouse..........................................

15-10
10- 8
15-10 
25-15

4 
IO- 6 
10- 6

8- 5

12- 8
15-10

3- 2

8- 5
10- 6
25-15

8- 5
15-10 

100-25

8- 5

12- 8

12- 8

15-10
20-15

6- 4
10- 6

10- 6
15-10

12- 8
20-12
15-10
6- 4

15-10
3- 2

* By permission of the Illuminating Engineering Society; from “Code of Lighting” (American Standard, 
1930).

The intensities, expressed in foot-candles, found by experience to be 
suitable for various applications are given in Table 13. These values should
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Table 14. Glare Classification*
Grade Standard

A 10-watt tungsten-filament lamp in 6-in. frosted ball globe
B 15-watt tungsten-filament lamp in 6-in. frosted ball globe
C 25-watt tungsten-filament lamp in 6-in. frosted ball globe
D 40-watt tungsten-filament lamp in 6-in. frosted ball globe
E 50-watt tungsten-filament lamp in 6-in. frosted ball globe
F 60-watt tungsten-filament lamp in 6-in. frosted ball globe
G 100-watt tungsten-filament lamp in 6-in. frosted ball globe
H 150-watt tungsten-filament lamp in 6-in. frosted ball globe
I 300-watt frosted lamp
J 500-watt frosted lamp
K 1000-watt frosted lamp

* By permission of the Illuminating Engineering Society.

Table 15. Grades of Light-source Glare Which Should Not Be 
Exceeded for Good Conditions of Vision*

Height of light 
source above floor, 

ft.

⅛ace or work to be Iightedf

Roadways and yard 
thoroughfares Storage spaces

Ordinary 
manufacturing 

operations

Offices and drafting 
work and certain 
manufacturing 

operationsi
6.5 or less D C A
6.5-7.5 D C A
7.5-9 F E D C

‰11 G G E D
11-13 H G G E
13-16 H H H F
16-20 I I I G

20 and up J J J H

* By permission of the Illuminating Engineering Society, from “Code of Lighting,” 1930.
f Where backgrounds are very dark in tone, a light source one grade softer than above is recommended 

for interiors.
Î Those operations in which workers are seated facing in one direction for long periods of time.

Table 16. Mounting Heights of Lighting Units*

Direct lighting units Semi-indirect 
and indirect lighting

Actual spacing 
between units, 

ft.

Distance of 
units from 

floor, ft., not 
less than ft.

Desirable mounting 
height in 

industrial interiors

Desirable mounting 
height in 

commercial interiors

Actual spacing 
between units, 

units, ft.

Recommended 
suspension 

length (top of 
bowl to 

ceiling), ft.
7
8
9

8
8½
9

12 ft. above floor if 
possible—to avoid 
glare, and still be 
within reach from 
step ladder for 
cleaning

The actual hanging 
height should be 
governed largely 
by general appear­
ance, but particu­
larly in officesand 
drafting rooms, the 
minimum values 
shown should not 
be violated

7
8
9

1-3
1-3
1-3

10
11
12

10
10½
11

10
11
12

l½-3
2-3
2-3

14
.16
18

12½
14
15

Where units are to 
be mounted much 
more than 12 ft. it 
is usually desirable 
to mount the units 
at ceiling or on roof 
trusses

14
16
18

2½-4
3-4
3-4

20
22
24

16
18
20

20
22
24

4-5
4-5
4-6

26
28
30

21
22
24

26
28
30

4- 6
5- 7
5-7

Note. Based upon the assumption that the plane of work is 30 in. above the floor.
* Tables 15, 16, and 17 reprinted by permission from Westinghouse Lamp Co., Bull. E-108.
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Table 17. Room Index for Narrow and Average Rooms

Room width, ft, ∣ Room length, ft.∣Room index

For indirect lighting, use ceiling height Feet9 and9½ 10 to11½ 12 to13½ 14 to16½ 17to20 21 to24 25 to30For direct lighting, use mounting height Feet7 and 8 and 9 and IOto 12 to 14 to 17 to7½ 8½ 9½ 11½ 13½ 16½ 20
8-10 1.0 0.8 0.6 0.610-14 1.0 0.8 0.8 0.69 14-20 1.2 1.0 0.8 0.6 0.6(8½-9½) 20-30 1.2 1.2 1.0 0.8 0.6 0.630-42 1.5 1.2 1.0 0.8 0.6 0.6 0.642-up 2.0 1.5 1.2 1.0 0.8 0.6 0.610-14 1.2 1.0 0.8 0.6 0.614-20 1.2 1.0 0.8 0.6 0.6 0.610 20-30 1.5 1.2 1.0 0.*8 0.6 0.6(9½-10½) 30-42 1.5 1.2 1.2 1.0 0.8 0.6 0.642-60 2.0 1.5 1.2 1.0 0.8 0.6 0.660-up 2.0 1.5 1.5 1.0 1.0 0.8 0.610-14 1.2 1.0 0.8 0.8 0.6 0.614-20 1.5 1.2 1.0 0.8 0.6 0.612 20-30 1.5 1.2 1.2 1.0 0.8 0.6 0.6(11-12½) 30-42 2.0 1.5 1.2 1.0 0.8 0.6 0.642-60 2.0 1.5 1.5 1.2 1.0 0.8 0.660-up 2.0 2.0 1.5 1.2 1.0 0.8 0.614-20 1.5 1.2 1.0 1.0 0.8 0.6 0.620-30 2.0 1.5 1.2 1.0 0.8 0.6 0.614, 30-42 2.0 1.5 1.5 1.2 1.0 0.8 0.6(13-15½) 42-60 2.0 2.0 1.5 1.5 1.0 0.8 0.660-90 2.5 2.0 2.0 1.5 1.2 1.0 0.690-up 2.5 2.0 2.0 1.5 1.5 1.2 0.814-20 2.0 1.5 1.2 1.0 0.8 0.6 0.620-30 2.0 1.5 1.5 1.2 1.0 0.8 0.617 30-42 2.5 2.0 1.5 1.2 1.0 1.0 0.6(I6-18½) 42-60 2.5 2.0 2.0 1.5 1.2 1.2 0.860-110 2.5 2.0 2.0 1.5 1.2 1.2 0.8100-up 3.0 2.5 2.0 2.0 1.5 1.2 1.020-30 2.5 2.0 1.5 1.2 1.0 0.8 0:630-42 2.5 2.0 2.0 1.5 1.2 1.0 0.820, 42-60 2.5 2.5 2.0 2.0 1.5 1.2 0.8(19-21½) 60-90 3.0 2.5 2.0 2.0 1.5 1.2 1.090-140 3.0 2.5 2.5 2.0 1.5 1.5 1.0140-up 3.0 2.5 2.5 2.0 1.5 1.5 1.020-30 2.5 2.0 2.0 1.5 1.2 1.0 0.830-42 3.0 2.5 2.0 1.5 1.2 1.2 0.824 42-60 3.0 2.5 2.5 2.0 1.5 1.2 1.0(22-26) 60-90 3.0 2.5 2.5 2.0 1.5 1.5 1.090-140 3.0 3.0 2.5 2.0 2.0 1.5 1.2140-up 3.0 3.0 2.5 2.0 2.0 1.5 1.230-42 3.0 2.5 2.5 2.0 1.5 1.2 1.042-60 3.0 3.0 2.5 2.5 1.5 1.5 1.030 60-90 4.0 3.0 3.0 2.5 2.0 1.5 1.2(27-33) 90-140 4.0 3.0 3.0 2.5 2.0 2.0 1.5140-180 4.0 3.0 3.0 2.5 2.0 2.0 1.5180-up 4.0 3.0 3.0 2.5 2.0 2.0 1.530-42 4.0 3.0 2.5 2.0 1.5 1.5 1.042-60 4.0 3.0 3.0 2.5 2.0 1.5 1.236 60-90 5.0 3.0 3.0 3.0 2.0 2.0 1.5(34-39) 90-140 5.0 4.0 3.0 3.0 2.5 2.0 1.5140-200 5.0 ' 4.0 3.0 3.0 2.5 2.0 1.5200-up 5.0 4.0 3.0 3.0 2.5 2.0 1.542-60 5.0 4.0 3.060-90 5.0 4.0 4.040 or more 90-140 5.0 4.0 4.0140-200 5.0 5.0 4.0200-up 5.0 5.0 4.0

<
(
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Table 18. A Guide to the Selection of Reflect

Lighting unit

Efficienc 
up

Illumi­
nation on 

hori­
zontal

y based 
on

Illumi­
nation 

on 
vertical

Appear­
ance of 
lighted 
room

Direct 
glare

Re­
flected 
glare

Shadows Main­
tenance

Direct lighting—general industrial reflectors

RLM Dome 
White bowl lamp 

90o-180o, 0% 
0o-90o, 66% I B

A 
Excel­

lent
B

Good
B

Good
BA- 
Very 
good

B
Good

BA-
Very 
good

A-
Very 
good

2
Glassteel diffuser 

Clear lamp 
90o-180o, 7% 
0o-90o, 60% S

A-
Very 
good

B 
Good

A-
Very 
good

A — 
Very 
good

BA- 
Very 
good

A
Excel­
lent

»

B 
Good

Store and general

3
White glass 

enclosing globe 
90o-180°, 35% 

0o-90o, 45% t BA-
Very 
good

BA-
Very 
good

A
Excel­
lent

B 
Good

BA-
Very 
good

A —
Very 
good

BA-
Very 
good

4
Enclosed 

semi-indirect 
cased-glass 

bottom 
etched top 

90o-180o, 51 % 
0o-90o, 21 %

* c+
Very 
fair

c+
Very 
fair

A
Excel­

lent

A
Excel­

lent

A 
Excel­
lent

A 
Excel­

lent

B-
Very 
fair

5
Open indirect 
90°-l80o, 80% 

0M0o, 0%

W c+
Very 
fair

C
Fair

BA-
Very 
good

AA- 
Ex cel­

lent

A+
Excel­

lent

A +
Excel­

lent
C

Fair



ILLUMINATION 2695
ing Equipment and Coefficients of Utilization

Calculation data—general units

Depreciation factor (D) Ceiling Very light (70%) Fairly light (50%) Fairly dark(30%)
Walls Fairly light (50%) Fairly dark (30%) Very dark (10%) Fairly light (50%) Fairly dark (30%) Very dark (∣0%) Fairly dark (30%) Very dark (10%)Clean conditions Average conditions Dirty conditions Room index Coefficients of utilization (D)

utility units

0.6 0.32 0.28 0.25 0.32 0.28 0.25 0.27 0.250.8 0.40 0.36 0.34 0.39 0.35 0.33 0.35 0.331.0 0.43 (I 39 0.37 0.42 0.39 0.37 0.39 0.371.2 0.46 0.43 0.41 0.45 0.43 0.41 0.43 0.410.80 0.75 0.65 1.5 0.48 0.45 0.43 0.47 0.45 0.43 0.45 0.432.0 0.52 0.50 0.48 0 51 0.49 0.47 0.49 0.472.5 0.56 0.54 0.52 0.55 0.53 0.51 0.53 0.513.0 0.57 0.55 0.53 0.56 0.54 0.52 0.54 0.524.0 0.60 0.58 0.56 0.59 0.57 0.55 0 57 0.555.0 0.61 0.59 0.57 0.60 0.58 0.57 0.58 0.560.6 0.29 0.25 0.21 0.28 0.24 0.21 0.23 0.210.8 0.36 0.32 0.29 (I 35 0.31 0.28 0.31 0.281.0 0.39 0.36 0.33 0.38 0.35 0.33 0.34 0.321.2 0.42 0.39 0.36 0.41 0.38 0.36 0.37 0.350.75 0.70 0.60 1.5 0.45 0.42 0.39 0.43 0.40 0.3« 0.39 0.382.0 0.49 0.46 0.43 0.48 0.45 0.43 0.44 0.422.5 0.53 0.50 0.47 0.51 0.49 0.47 0.47 0.463.0 0.54 0.52 0.49 0.52 0.50 0.49 0.49 0.474.0 0.57 0.55 0.53 0 55 0.53 0.51 0 51 0.505.0 0.58 0.56 0.54 0.56 0.54 0.53 0.52 0.51
0.6 0.22 0.17 0.14 0.20 0.16 0.13 0.14 0.120.8 0.27 0.22 0.19 0.25 0.21 0.18 0.19 0.171.0 0.31 0.26 0.23 0.28 0.24 0.21 0.22 0.191.2 0.35 0.30 0.26 0.31 0.27 0.24 0.25 0.220.80 0.75 0.65 1.5 0.38 0.33 0.29 0.34 0.30 0.27 0.27 0.242.0 0.42 0.38 0.33 0.38 0.34 0.31 0.31 0.282.5 0.46 0.41 0.37 0.41 0.37 0.34 0.34 0.313.0 0.49 0.45 0.40 0.43 0.39 0.36 0.36 0.334.0 0.53 0.48 0.44 0.47 0.43 0.40 0.38 0.365.0 0.55 0.51 0.47 0.49 0.45 0.42 0.40 0.380.6 0.16 0.12 0.10 0.13 0.10 0.08 0.08 0.070.8 0.20 0.16 0.14 0.17 0.14 0.11 0.11 0.091.0 0.23 0.19 0.17 0.19 0.16 0.14 0.13 0.111.2 0.26 0.22 0.19 0.22 0.18 0.16 0.14 0.130.75 0.65 1.5 0.29 0.25 0.21 0.24 0.20 0.19 0.16 0.142.0 0.32 0.28 0.25 0.27 0.23 0.21 0.18 0.172.5 0.35 0.31 0.28 0.29 0.26 0.24 0.20 0.193.0 0.38 0.34 0.31 0.31 0.28 0.26 0.22 0.214.0 0.41 0.38 0.35 0.34 0.31 0.29 0.24 0.235.0 0.43 0.39 0.37 0.36 0.33 0.31 0.26 0.240.6 0.15 0.12 0.10 0.11 0.09 0.07 0.05 0.040.8 0.18 0.15 0.13 0.13 0.11 0.09 0.07 0.061.0 0.22 0.19 Θ.16 0.15 0.13 0.11 0.08 0.071.2 0.25 0.22 0.19 0.18 0.15 0.13 0.09 0.080.70 0.60 1.5 0.27 0.24 0.21 0.20 0.17 0.15 0.10 0.092.0 0.30 0.27 0.25 0.22 0.19 0.17 0.11 0.102.5 0.34 0.31 0.28 0.24 0.22 0.20 0.13 0.123.0 0.36 0.33 0.30 0.26 0.24 0.22 0.14 0.134.0 0.40 0.37 0.34 0.28 0.26 0.24 0.15 0.145.0 0.42 0.39 0.37 0.30 0.28 0.26 0.17 0.15

<
I
I
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be considered minimum, and, for seeing under difficult conditions, higher 
values should be used. Glare is present when the light intensity in the line 
of vision is extremely high, particularly in comparison with the light intensity 
on near-by objects. Reflectors and lighting glassware are used to diffuse 
the light. Degrees of light-source glare which should not be exceeded are 
given in Table 15, in conjunction with the grading given in Table 14. The 
quantity of light is expressed in lumens. A lumen is the amount of light 
which will give a light intensity of 1 ft.-candle on 1 sq. ft. Hence to obtain 
an intensity of 10 ft.-candles on an area of 100 sq. ft. would require 1000 
lumens projected on the surface.

Artificial illumination is usually obtained from incandescent lamps, 
arc lamps, or gaseous-discharge lamps. For lighting of highways and large 
areas, lighting units combining two types of lamps are sometimes used.

The incandescent lamp produces light from a heated filament of tungsten 
(early filaments were of carbon and tantalum) enclosed in a vacuum or an 
inert gas. Through continuous research the efficiency has been gradually 
increased from about 1.5 lumens per watt in 1881, to 10 lumens per watt for 
25-watt lamps and 20 lumens per watt for 1000-watt lamps (see Table 19).

The arc light is the oldest type of electric light; it derives the light from 
an arc maintained between two electrodes. The electrodes may be of a 
variety of materials although carbon electrodes have been most common. 
The d.c. magnetite arc produces a brilliant white light with an efficiency of 
about 18 lumens per watt between a cathode of magnetic oxide of iron and 
titanium and an anode of copper. Many arc lights have been superseded 
by series incandescent lamps; these are as efficient on alternating current 
as on direct, and the costs of replacing electrodes are eliminated.

Electric-discharge lamps produce luminescence from an arc or discharge 
in a vacuum or a rarified gas. There are several types of these lights and 
they are unstable except when provided with a special transformer, or reactor, 
or resistor to limit the current. Only the mercury-vapor lamp, the neon- 
type lamp, and the fluorescent lamps will be briefly discussed here.

The mercury-vapor lamp is used in many industrial plants because of 
its high efficiency (14 to 18 lumens per watt) and its freedom from sharp 
shadows. The high actinic value of this lamp makes it useful for photo­
graphic work. In the early mercury-vapor lamps the arc was struck by 
tilting the tube. The usual method is to strike the arc by means of a high 
voltage obtained by breaking an inductive circuit.

The neon lamps, used extensively in signs, require relatively high voltage 
varying with the length of tubing. Because of its color it is not desirable for 
ordinary illumination.

The fluorescent lamps obtain a high lumen output by using salts deposited 
on the inside of the tube, called phosphors, which glow when activated by 
ultra-violet rays (see Table 19). Various colors are obtained by using 
different combinations of phosphors. The arc or discharge is struck between 
two heated tungsten filaments, one at each end of the tube, which have been 
treated to produce high electronic emission. The auxiliary control equip­
ment limits the current to a predetermined value and is not interchangeable 
with that for lamps of a different size. The losses in the auxiliaries are 
20 to 30 per cent of the nominal watts of the lamp with which they are 
designed to operate. The power factor of many of these lamps with aux­
iliaries is about 50 to 60 per cent; however, this can be improved with con­
densers. Newer control devices are reported to give an over-all power factor 
of nearly unity. The lower temperature, higher efficiency, and available
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color qualities promise a large field of application. A useful life of nearly
2000 hr. may be expected. For further discussion see Inman and Thayer,
Trans. Am. Inst. Elec. Engrs., 57, pp. 723-726 (1938).

In planning industrial lighting the illumination sources should be uni­
formly spaced, and the distance between units should approximate the height 
of the veiling. A convenient way to locate outlets is to divide the room into 
equal squares or rectangles locating the outlets at the center of each space. 
The distance between outlet and wall is thus one-half the distance between 
outlets. The appearance of the resulting fixtures and the location of machines 
must be considered also in locating outlets. The recommended mounting 
height of units is given in Table 16. For high lighting intensity and fοι- 
contrast, local lighting units supplementing the general illumination are 
necessary.
Table 19. Approximate Lumen Output of Multiple Mazda Lamps

Incandescent Lamps*  Fluorescent Lampsf

* From Gen. Elec. Bvll. LD-6A, October, 1936.
f From Gen. Elec. Bvll. LD-I (Sup.), June, 1939.
The size of lamp for each unit 13 selected to give the necessary light, 

expressed in lumens. Additional lumens at the lamp sources are required, 
because all of the light falling on the walls and ceiling is not reflected; with 
dark surfaces a considerable amount of light is absorbed. This is taken into 
account by a coefficient of utilization based on a room index (Table 17) 
for the dimensions of the room, the type of unit, and the color of the walls. 
The lumens from a unit are decreased by the light absorbed by the lighting 
unit itself and by dust accumulating on the unit. These factors are con­
sidered in calculating the lumens required as follows:

AF aF 
(NUDy ~ UD

where L is the lumens per outlet, A is the floor area in square feet, a is the 
floor area per outlets in square feet, N is the number of outlets, F is the desired 
foot-candles based on Table 13, U is the coefficient of utilization from Table 
17, and D is the expected average efficiency of the lighting unit from Table 17. 
The size of lamp is selected according to the required lumens from Table 19.

110-120 volt 
daylight

220-240 volt 
standard

Nominal watts (add auxiliary 
watts for total)

110-120 volt
standard

Size, . Lumen
watts output

15 140
25 260
40 440
60 760
75 1,065

100 1,530
150 2,535
200 3,400
300 5,520
500 9,800
750 14,550

1000 20,700
1500 33,000

Size, Lumen
watts output

100 990
200 2,210
300 3,590
500 6,370

Size, 
watts

Lumen 
output

100 1,100
200 2,920
300 4.560
500 8,350
750 13.125

1000 19,000

Daylight.
White.
Blue...
Green.
Pink...
Gold...
Red...

Lumen output

450 660 1110 1600
525 760 1320 1800
315 460 780
900 1300 2250
300 440 750
375 540 930
45 60 120



2698 ELECTRICITY AND ELECTRICAL ENGINEERING

Wiring should be installed to provide not only for modern lighting but 
for possible future uses of the structure. It is recommended that the wiring 
provide for a capacity of about 4 watts per square foot of floor area for offices, 
drafting rooms, and factories, 3 watts per square foot for stores and school 
rooms, 2 watts per square foot for neighborhood stores and storage areas in 
factories, and 1 watt per square foot for storage areas in garages and· unim­
portant basements. The wire size selected for each branch should allow not 
more than 2 volts drop to the farthest outlet. The “Code of Lighting” 
(American Standard, 1930) recommends for branch circuits a minimum wire 
size of No. 12; and for runs from panel board to first outlet of from 50 to 100 
ft., No. 10 wire is the smallest that should be used; runs exceeding 100.ft. 
to first outlet should be avoided.

Additional data on illumination standards and calculations may be obtained 
from “ Recommended Practice of Industrial Lighting” prepared by Illuminat­
ing Engineering Society, 1939 and Gen. Elec. Bull. LD-6A.

ELECTRIC HEATING
Heating is produced (α) when current is forced through the resistance of a 

conductor and (5) in some cases by an arc. The first is by far the more 
common, giving light in incandescent lamps and heat in a variety of devices. 
The induction-type heaters are a modification of (α), utilizing the material 
to be heated as the resistance.

The advantages of electric heat are the convenience of the control, the 
facility in producing the heat where desired, and the elimination of combustion 
and its products. This permits heating under unusual conditions as with 
hydrogen surrounding the object being heated.

The rate at which energy is converted into heat in a resistance is equal to 
I*R.  The ultimate temperature of a device is that which will cause the 
heat energy to be dissipated at the same rate as it is produced. Heating 
devices utilize conductors of much higher specific resistance than copper and 
which will not deteriorate rapidly at the required temperature. Many of 
these resistance materials are alloys which have a small temperature coefficient 
of resistance (Table 2).

The efficiency of a heating device may be expressed as the ratio of the 
energy absorbed by the material being heated to the total energy consumed. 
This efficiency is relatively high in electric heaters, as ventilation to remove 
products of combustion is unnecessary. Further, the heater element can 
usually be placed in close proximity to the material being heated, and occa­
sionally it is possible to use either the material itself or its container as the 
heater element. For a discussion of the latter method see Carleton, Ind. 
Eng. Chem., 21, 525 (1929).

Insulation for electric conductors is usually heat insulation also. Con­
sequently, solid insulation about the conductors of heating ovens is used 
sparingly and in many cases is replaced by air.

Resistance furnaces and ovens are constructed in a variety of forms to 
be most useful and efficient for the work to be performed. The more common 
forms include (α) the box type, with single-door opening and with modifica­
tions, such as the car type where the material is carried on trucks or cars with 
and without heaters in the cars, the pusher type where one piece (or container) 
is used to push the next, and the conveyor type for continuous process; (ð) 
the rotary hearth furnace used for continuous heating; and (c) the crucible 
or pot furnaces with resistors surrounding the pot or with the heating elements 
submerged in the bath itself.
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The induction-type furnace utilizes the material to be heated as the 

secondary of a transformer; the primary coil is connected to the supply. 
Certain furnaces provide a magnetic structure for the flux path interlinking 
the primary and secondary. Other furnaces apply a high-frequency alter­
nating current to the primary and use a non-magnetic flux path (see Electric 
Furnaces under Electrochemistry, Sec. 25, p. 2801).

Box-type ovens for temperatures up to 600o and even 700oF. are listed 
by electrical manufacturers for connected loads from about 1.5 up to nearly 
100 kw. These ovens are suitable for drying, baking, evaporating, japanning, 
and low-temperature heat treatment. Box-type furnaces for temperatures 
up to 1850oF. are listed with connected loads approximately the same as for 
the ovens. These furnaces are suitable for hardening, annealing, tempering, 
and carburizing.

Commercial pot-type furnaces suitable for melting babbitt and other 
soft metals have connected loads from 4.5 to 22 kw. holding from 150 to 1500 
lb. of metal. To expedite the handling of the metal the furnace may be 
equipped for bottom pouring or for tilting. Other furnaces of the same 
general type use a lead, salt, or cyanide bath for hardening or tempering tools 
or machine parts. In large sizes as for continuous hardening or drawing of 
wire or strip, or for heating large parts, standard furnaces have capacities 
up to 15,000 cu. in. and have a connected load of 75 kw. Such a furnace with 
lead bath will average in a 9-hr. day a production of 1200 lb. steel per hour 
raised to 1200oF. with 800 kw.-hr. per day (see Catalogue 250, Westinghouse 
Electric and Mfg. Co.). Certain pot-type furnaces for heat treatment use a 
conducting salt: one electrode is immersed in the salt; the containing vessel 
is used for the other. An arc is produced to start the melting of the salt 
which is non-conducting in its solid state [see Hall, Trans. Am. Soc. for Steel 
Treating, p. 399 (1929)].

Many resistor-type furnaces utilize heating units which are easily 
replaced; these are connected by steel busbars as copper oxidizes rapidly at 
furnace temperature. In designing an oven or other heating device, such 
units may be applied. Certain units use nickel-chromium ribbon wound on 
porcelain insulators. Another form is a flat heater element protected by a 
steel casing; still others are designed for immersion in the liquid to be heated. 
The cartridge-type heater is used for local heating in a portion of a machine,

Note. Heaters for 230 volts have the same dimensions and price. These may be connected in series 
for 440-volt circuits.

* Data from General Electric Supply Catalogue.

the cartridge fitting closely in a hole drilled in the machine, so 
may be conducted away.

Table 20. Steel-Sheathed Strip Heaters*  
(Dimensions ⅜ in. thick by 1⅜ in. wide)

Watts Volts Maximum length, in.

500 115 24
350 115 18
250 115 12
150 115 7

In the design]· of a heating element, materials must be selected which 
will withstand the operating temperature of the element without deteriora- 

t By Hood Worthington. 
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tion. Nickel-Chromium alloys are capable of withstanding an operating tem­
perature of 1150oC., and certain less expensive alloys operate satisfactorily

Table 21. Electric Heater Units*

Kw. Volts Length, in. Wridth, in. Height, in.

1.75 110 21 ¼ 6⅛ 102.5 110 2l⅛ 6⅛ 103.5 220 36½ 6¼ 105.o∙ ; 220 36⅛ 6¼ 10
* Westinghouse catalogue 247.

Table 22. Electric Cartridge Heaters*Watts Volts Outside diam., In. Length,in. Terminal connection

75 110 0.496 32%2.- Monel wire100 110 .496 4⅝2 Monel wire150 110 .621 2⅝ Monel wire250 110 .621 4⅛ Monel wire200 110 .746 4⅜2 Monel wire150 no .933 3⅝ Brass terminal250 110 .933 5⅛ Brass terminal400 110 .933 5⅜ Brass terminal300 110 1.306 41¾6 Brass terminal600 110 1.306 5¾β Brass terminal

Heat FluxjWatts per Cm.2
Fig. 44.—Permissible heat flux from nichrome IV.
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* Westinghouse catalogue 247.

at lower temperatures. Figure 44 gives the allowable heat flux at the surface 
of nichrome IV wire or ribbon as 
a function of the temperature of 
the material being heated and 
the method of applying the heat­
ing element. The empirical 
design curve for exposed radi­
ating strips or rods is given by 
Fleischmann [Trans. Am. Inst. 
Elec. Engrs., 48, 1196 (1929)] as 
useful because it gives long-lived 
elements even under conditions 
of close spacing and double 
banking.

Woodson’s curvé for confined 
radiant coils [J. Am. Inst. Elec. 
Engrs., 44, 1354 (1925)] checks 
closely with Driver-Harris Com- 
p a n y’ s recommendation for 
range units and radiant heaters 
made of coiled wire.

The two curves marked wire­
wound and ribbon-wound 
insulated tube give the allow­
able heat flux at the surface of 
a wire wound with the turns one diameter apart and of a ribbon wound in such
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Fig. 45.—Dimensions of nichrome IV wire for 110-volt 
heaters, 0.2 to 30 kw.

a way that the surface of the ribbon is twice the surface on which it is wound, 
respectively. Both windings are assumed to be placed over ⅜-in. asbestos 
insulation and to be delivering heat to a metal tube having the temperature 
given on the ordinate. If the ribbon or wire is differently spaced, or the thick­
ness or thermal conductivity of the insulation is changed, the allowable heat 
flux will be altered. The factor of safety enters the last two curves only in 
that the maximum temperature which the winding can stand is taken as 
90()oC. instead of 1150oC.

From these curves it will be apparent that the method of embedding a wind­
ing in an insulating medium should be avoided if it is possible to use the 
ɪnethod of supporting the winding so that it is free to give up its heat by radia­
tion. However, the use of 
a winding over an insulated 
tube has the advantage of 
simplicity of construction.

The use of Figs. 45 and
46 will be made plain by an 
example. The position of 
the circle in Fig. 45 indi­
cates that if the winding is 
such that it permits a heat 
flux of 1.9 watts per square 
centimeter, a 5-kw. heater 
operating on 110 volts may 
be constructed from 73 ft. 
of No. 7 B. & S. gage 
nichrome IV wire. For a 
6-kw. heater on 220 volts 
(Fig. 46), 120 ft. of No. 10 
wire should be used. 
(Note the slightly higher 
heat flux used to get an 
even wire size.)

When ribbon is used 
there are more possibilities. 
Suppose that the allowable 
heat flux in a 20-kw. heater 
to be used on a 220-volt 
line is 3.7 watts per square 
centimeter. Moving horizontally at 3.7 watts per square centimeter 
across the lower left-hand field of Fig. 47 to the line marked 20 kw'. at 
220 volts, and then vertically to the upper left-hand field, one finds that there 
are four sizes of ribbon that may be used. Then moving horizontally to 
intersect the 3.7 watts per square centimeter line in the right-hand field and 
reading from the lengths at 220 volts, one finds the following solutions: 37 ft. 
of 1 in. × 32 gage; 51 ft. of ⅜ in. × 26 gage; 70 ft. of ⅜ in. × 20 gage; or 
86 ft. of ⅜ in. × 16 gage.

Because of their superior resistance to oxidation, the ⅜ in. × 20 gage or 
the ⅜ in. × 16 gage are preferable. If, however, the ribbon is too thick it 
loses its advantage in ease of winding and uniform covering of the winding 
area, and wire may be used with equal satisfaction.

For certain heaters the control may be manual; for others the tempera­
tures are controlled automatically by thermostats or pyrometers. The 
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energy delivered to a heating device may be varied by (1) adjusting the 
applied voltage as from 
transformer taps, (2) 
changing the connec­
tions so that the voltage 
applied to the heating 
elements is varied, (3) 
rheostatic control in 
series with the element, 
(4) resistance change of 
the heater due to the 
temperature coefficient 
of the heater material, 
and (5) interrupting the 
supply to part or all of 
the heater elements.

4 6 Ö 10 12 14 16 18 20 22 24 26 28 30 Wire S i ze B & S Gage
Fig. 46.—Dimensions of nichrome IV wire for 220-volt 

heaters, 0.2 to 40 kw.

∖

7
1
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Example. On a single- 
phase or direct-current 
heater with two elements, 
three values of heating may 
be obtained by (α) both 
elements in parallel, (by) 
one element giving half 
value, and (c) the two ele­
ments in series giving one- 
fourth value. Rheostatic 
control will give finer reg­
ulation. A three-p hase 
heater may have switches
provided to connect the three elements in Δ for full heat or in Y for one-third value.

Fig. 47.—Dimensions of nichrome IV ribbon for 110- and 220-volt heaters, 0.4 to 60 kw.
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Thermostats indicate (or record) the furnace temperature and, by means 

of two adjustable contacts for the “high” and “low” temperature limits, close 
the control circuits at high for shutting off the supply to the heaters and at low 
for turning on the power to the heating elements. The thermostat is actuated 
by heating of a bulb containing mercury, a liquid, or a gas, causing a pressure 
change, which is transmitted through a tube to the indicating and controlling 
mechanism. The maximum temperature to be controlled by thermostats is 
1000oF.

For temperature above 1000oF., pyrometers are used. The pyrometer is 
actuated by the voltage from a thermocouple placed in the furnace or oven, 
The pyrometer is a sensitive instrument and should be mounted in a location 
free from vibration. The calibration is for a particular type of thermocouple 
and may vary with length of wires between the couple and the instrument. 
By means of two adjustable contacts the power to the heater is controlled 
similarly to the thermostat control.

TRANSFORMERS
A transformer consists of two or more electric circuits interlinked by a 

magnetic circuit. The electric circuits are usually insulated from each other 
but may be electrically connected as in the autotransformer. This device 
permits the transfer of energy from a circuit of one alternating voltage to 
that of another voltage and serves to insulate the two circuits from one 
another. The primary winding is the one connected to the supply; the wind­
ing connected to the receiver, circuit is the secondary.

The magnetizing current of a transformer is just sufficient to produce a 
flux, such that the rate of change of flux induces a voltage in the primary 
practically equal to the impressed voltage. The vector difference is due to 
the IR drop and is negligible. This small current is the current which flows 
when the secondary is open.

The induced e.m.f. equation is similar to that in a generator, though this 
is due to stationary windings and to changing magnitude of flux.

E = 4.44∕φΛ'' × UΓs
where / is the frequency, φ is the maximum instantaneous value of flux, and N 
is the number of turns.

Since the magnetic flux interlinks both the primary and the secondary, the 
voltage induced in each winding is proportional to the number of turns. Due to a 
slight leakage, i.e., flux which does not interlink both windings, this relation 
may not be exact for all loads.

As load is connected to the secondary and current flows, it tends to modify 
the interlinking flux, hence the primary current increases to maintain the flux.

The ampere-turns in the primary equal the ampere-turns in the secondary 
except for the magnetizing current:

therefore,

Ep _ Np
Es ~ N,',

I N
TN = TN- — —IpNp I.N., -

EpIp = EJs
These relations of input and output hold as to volts, amperes, power, and 
power factor, except as modified slightly by the losses and by the magnetizing 
current. Subscripts refer to primary or secondary.

The losses in a transformer consist of iron losses (hysteresis and eddy- 
current losses) and copper losses (primary and secondary). These losses are
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small so that the full-load 
transformers.
supply line will reduce the daily 
average efficiency.

In polyphase circuits, trans­
formers are used to change from one 
system to another as well as to 
change the voltage. Any poly­
phase system may be secured from 
any other polyphase system with 
transformers provided with suitable 
windings. A few of the more com­
mon transformer connections are 
shown diagrammatically in Fig. 48. 
The desired voltage for both sys­
tems may be obtained from trans­
formers with the proper voltage 
ratio. A single-phase load cannot 
be balanced on a polyphase supply 
by any combination of transform­
ers; neither can a polyphase load 
be taken from a single-phase sup­
ply without energy-storage devices.

Autotransformers (F i g. 49) 
have a portion of the winding in 
common for the primary and sec­
ondary. In this portion of the 
winding, the current is the differ­
ence between the primary and sec­
ondary currents resulting in a 
higher utilization of materials, par­
ticularly where the transformer ra­
tio is near unity. For example, 
with a ratio 3: 4, the capacity as

efficiency is about 98 per cent and is higher for large 
fl he iron losses of transformers which are continuously on the

an autotransformer would be four times the capacity used as an ordinary 
transformer. Since the primary and secondary are interconnected the auto­
transformer does not 
insulate one section of 
the circuit from the 
other.

The induction 
regulator is an auto­
transformer or boost­
er transformer with a 
variable ratio. In 
the single-phase regu­
lator, the flux common 
to the primary and 
secondary is varied by 
turning the primary 
with respect to the secondary. In the three-phase regulator, a constant volt­
age is added Vectorially ; the angle is varied by the position of the rotor so 
that the resultant voltage is regulated to the value desired. Regulators are

30.3Amp.+ 

rʒl 
HOO Ig 
Volts ∣,8

CMg KjQ

(«)

Fig. 48.—Transformer connections in poly­
phase circuits, (α) three-phase delta to 
three-phase Y; (&) three-phase to two-phase 
(Scott Connection) ; (c) two-phase three-wire 
to two-phase five-wire; (d) three-phase delta 
to six-phase diametrical.

•Load

43.5 Amp. ~~>,

23CM 
Volts 
ɪ

43.5 Ampt -⅜.ι⅛*  1
f 8I I

2300 ΦVolts g
1 S

∣∙ LoacT,
S Ś
1 <
*- 4 3.5 Amp,.3Q.3Amp.

<q) (b.)
Fig. 49.—Autotransforiner connections, (α) To reduce 

voltage at load; (b) to increase voltage at load. (Marks*  
ti Mechanical Engineers' Handbook.")
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commonly used to control distribution voltages; by means of the line-drop
compensators the point of regulation may be at a distance from the regulator.

The constant current transformer utilizes the repulsion between the 
primary and secondary coils to separate the coils when the current starts to 
increase. The greater separation increases the leakage flux, reducing the 
voltage until the current is the same. If the current starts to decrease, the 
coils come closer together so that the voltage increases and the current also. 
By properly counterbalancing the moving coil, the current can be main­
tained practically constant.

Instrument transformers are used to reduce voltage (potential trans­
formers) and current (current transformers) for applying to instruments and 
relays. This permits arrangement of main leads independent of the switch­
board location by running small wires to the instruments; it permits standard­
izing on 5-amp. 110-volt instruments with proper scales according to the 
ratio of the transformers, and it permits insulating the instruments from 
high-potential circuits.
Table 23. Approximate Cost of Small Transformers—2300/115-230 

Volts

Kva. S per kva., single phase $ per kva., three phase

5 12.6 19.610 10.0 14.450 6.3 8.5
GENERATORS

Direct-current Generators. Direct-current generators consist of a 
stationary field and yoke and a rotating armature with commutator. The 
armature is laminated to reduce the eddy-current losses and has slots for the 
armature windings to reduce the reluc­
tance of the magnetic path. Inasmuch as 
the conductors pass alternately un del- 
north and south poles the e.m.f. induced is 
alternating. The armature conductors 
are connected through a switching device, 
the commutator and brushes, to the ex­
ternal circuit so that the e.m.f. delivered 
is unidirectional.

The armature winding is continuous in 
order that the commutator may function, 
hence there are two or more paths for cur­
rent through the armature:

Compound

I—flʃɪʃɪʃɪŋ ɪ-. ⅜

Shunf

Series
Fig. 50.—Direct-current generator 

connections. A, armature; Ft shunt 
field; C, commutating field; S, series 
field. Note that diverter, resistance 
is shown in parallel with series field of 
compound-wound generator.

i√4
∖ paths

r.p.m. ∖ ɪ) × 10^8

where Z is the total number of conductors 
on armature; paths refer to number of par­
allel paths through armature; φ is total
flux per pole actually entering the armature (due to leakage this is less than 
the total flux per pole) ; p is the number of poles; and r.p.m. is the speed of the 
armature in revolutions per minute. For a given machine this may be written

= k'φ r.p.m.
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The speed of the generator is usually fixed by the driving engine or motor; 
and the number of conductors, paths, and poles by the designer. Hence any 
adjustment of e.m.f. must be by field control ; this may be by a hand-controlled 
rheostat or by automatic devices.

Types of generators are designated by the field connections. When the 
field circuit is connected across the armature, it is a shunt machine; if 
connected in series with the armature, it 
is a series machine; if there are both 
shunt and series field coils, it becomes a 
compound machine; the field may be 
connected to some other source making 
it a separately excited machine.

Compound

Fig.Fig. 51.—Voltage charac­
teristics of direct-current gen­
erators.

Separately·' 
ercited 

Constant Ip∕r

52.—Typical characteristics of 
compound-wound generator.

Armature reaction is the distortion of the main field due to the current 
in the armature. This distortion tends to induce e.m.fs. in the commutated 
coils and may also cause a slight weakening of the field.

Commutation is the reversing of current in the coil under the brush. 
The brush covers two or more commutator segments, hence one or more arma­
ture coils are short-circuited; if there is an e.m.f. induced while it is short- 
circuited, current will flow and sparking will result. The self-inductance of 
the coil delays the reversal of the current and this also causes sparking. Car­
bon brushes with higher specific resistance decrease the sparking. In older 
machines, brushes were shifted with load to change the flux in the commutated 
coil. Modern machines usually have commutating poles, connected in 
series with the armature, which furnish sufficient flux to aid the reversal of 
current and neutralize the effect of armature reaction at the point of com­
mutation. The commutating pole makes it unnecessary to shift brushes with 
load, but the proper position for the brushes is critical and the manufacturer’s 
setting should not be disturbed.

Regulation of direct-current generators, ¾.e., change of voltage with load, 
depends on the type of generator (Fig. 51). The voltage of the separately 
excited generator decreases with load due to IR drop in the armature circuit 
and the effect of armature reaction. The shunt machine has a further reduc­
tion in voltage with load because the lower voltage is impressed on the field. 
In the compound-wound machine, the series-field coil increases the m.m.f. 
with load. This may be adjusted by the number of turns on the series field
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so that the full-load voltage is just equal to the no-load voltage (flat com­
pounded) or so that it is more or less as desired. On commercial generators, 
excess turns are usually put in the series field and then diverters (resistances) 
are placed in parallel so that enough of the current is diverted to give the 
desired characteristic. The series generator 
is seldom used.

Paralleling of generators is frequently 
desirable in order that more than one gener­
ator tnay be used to supply a load. Shunt 
machines may be paralleled with little 
difficulty, care being taken that the same 
terminal voltages exist and the same polari­
ties are connected together. For proper 
distribution of load, all generators operating 
in parallel should have the same regulation. 
Compound-wound generators must be 
provided with an equalizer connected in 
order that two or more machines be stable 
when paralleled. The equalizer is a low- 
resistance conductor connecting the series 
fields in parallel. With the equalizer bus compound machines may be 
adjusted to divide the loads properly.

Three-wire generators are used to obtain the advantage of double the 
load voltage for distribution. Common voltages are 115-230 volts, 
loads are usually connected at the higher voltage. The equivalent of the 

-ʃwʌ-ɪ
Fig. 53.—Connections of com­pound-wound generators for par­allel operation. (“Standard Hand­

book for Electrical Engineers.”')

Motor

Fig. 54.—Three-wire direct-cur­rent generator. (Marks, “ Mechani­
cal Engineers' Handbook.”)

Fig. 55.—Three-wire single-phase from transformer. (Marks, “ Mechanical Engi­
neers' Handbook”)

three-wire generator may be obtained by means of a balancer motor-generator 
set on a system of the higher voltage. The most common three-wire genera­
tor is of the Dobrowolsky type, in which a balance coil is connected across 
the armature; the mid-point of the balance coil furnishes the mid-point for the 
direct-current system. The balance coil may be built to rotate with the 
armature or may be external.

Homopolar generators are commutatorless direct-current generators 
so arranged that the conductors always cut the flux in the same direction. 
The connection to the conductor is by slip rings, two for each conductor. 
The machine is not standard, is of low voltage, heavy, and expensive.

Alternating-current Generators. Alternating-current generators are 
built with rotating fields and stationary armatures, permitting a very rugged 
construction; the only moving contacts are for the field current at low voltage. 
Commercial alternators generate at 2300 volts in small sizes, 13,500 foi- 
medium and large sizes, and a few very large units are built to generate 
22,000 volts. On account of the large capacity and high voltage the dissipa- 



2708 ELECTRICITY AND ELECTRICAL ENGINEERING

tion of the heat due to the losses is a major problem requiring enormous 
amounts of air for cooling.

Three-phase alternators are supplied for the usual installation. Two 
phase is frequently obtained by means of transformers from a three-phase 
generator; by adding damper windings on the field-pole structure, heavy 
single-phase loads may be supplied. Three groups of windings are wound 
60 elec⅛ical degrees between centers (360 electrical degrees to each pair of 
poles). The e.m.fs. of these windings would be 60 electrical degrees apart 
(Fig. 56α), and by reversing the middle winding and consequently its 'e.m.f. 
(Kg. 565), the three e.m.fs. are 120° apart. The windings can then be con­
nected in Δ or in Y, the latter being more common.

A large range of excitation (field-circuit current) is necessary to provide 
constant external voltage, with variation in load and power factor (Fig. 57). 
As individual exciters are frequently furnished 
with each alternator, a portion of this control can 
be provided by the rheostat in the exciter field 
circuit, reducing the I2R losses otherwise present 

Fig. 56.—Three phase voltage vectors, 
(ɑ) Voltages 60 deg. apart; (6) voltages 
120 deg. apart.

Fig. 57.—Excitation curves 
of a turbo-alternator. 
{“Standard Handbook for Elec­
trical Engineers.”)

in the alternator field rheostat. Certain types of automatic regulators utilize 
the exciter field circuit entirely for control of alternator voltage.

Parallel operation of commercial alternators is quite satisfactory. To 
connect an alternator to an energized bus, it is necessary to synchronize by 
hand or automatically. Synchronizing is adjusting the time of the voltage 
wave, by changing the speed of the incoming alternator, to obtain the correct 
frequency and the correct instantaneous polarity; lamps may be used, although 
the synchroscope is the instrument usually used to indicate this. In addition 
it is necessary to have correct voltage and phase rotation.

Load division of paralleled alternators is dependent on the speed (gover­
nor) adjustments of the prime movers. When it is desired to increase the 
output of an alternator, the throttle is opened more, tending to increase 
its speed, but actually changing the phase position of its generated e.m.f. 
with respect to that of the other alternators. The frequency of all alter­
nators in parallel must be the same, which thus fixes their speed.

Excitation change of paralleled alternators tends to change their reactive 
current. Since the total reactive current (at a given voltage) is fixed by the 
load, if the excitation of one alternator is increased, it furnishes a larger 
proportion of the total reactive current.

An induction motor may be driven slightly above synchronous speed; it 
will then deliver energy to the supply line. This induction generator 
receives its excitation from the supply line, hence ceases to generate if the 
supply is disconnected. The power factor of the generator is fixed by the 
voltage, load, and design of the machine; it cannot be adjusted.
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Synchronous or rotary converters (Figs. 58 and 59) are used to convert 

alternating current to direct current. Alternating current is applied to, 
and direct current taken from, a common armature winding rotating within a 
salient pole structure. The converter operates as a synchronous motor and 
is started in like manner. The power factor may be adjusted by field change 
as in the motor, but the efficiency and output of the converter are reduced 
at decreased power factor. The characteristics as a direct-current generator 
are limited, since the speed and voltage are fixed by the frequency and the 
alternating voltage.

To obtain a standard direct voltage from a standard alternating voltage, 
it is necessary to use transformers as the conversion ratio is fixed. Since the 
efficiency and capacity increase with more phase, and the transformers are 
in use for proper voltage, six-phase converters are common. In large sizes 
the converter has the advantage over a motor-generator set of higher efficiency,
lower first cost, and smaller space.

Fig. 58.—Efficiency of synchronous 
converters and motor-genera tor- 
sets. (Clιem. Met. Eng., November, 
1928.)

IOOO 2000 3000 4000 5000 6000 
kilowatt Rating

,-∣—I-..I 
Motor-generator sets.

/ Synchronous converters] 
MO-ZOOyoIKz iθO-6OO volts.I Ï » J ~

γsoo-6oe vo/ts —
tS___________ tZ

Ii .

Kw. Rating
Fig. 59.—Approximate prices of 

synchronous converters and motor­
generator sets. (Chem. Met. Eng., 
November, 1928.)

The disadvantage of the synchronous converter is that the direct voltage 
is directly proportional to the alternating voltage. This difficulty disqualifies 
the synchronous converter in favor of the motor-generator set for many 
applications. If the output voltage must be adjusted, it may be (α) by field 
control, either shunt or by compounding; (5) by transformer taps or induction 
regulators; and (c) by a booster alternator on the shaft with the converter. 
These schemes decrease the efficiency and increase the cost of the installation, 
and in the case of (α) the possible variation is very small being caused by 
change of power factor.

The converter may be operated inverted, receiving direct current and deliver­
ing alternating current. If driven mechanically, it may deliver direct or 
alternating current, or both.

The mercury arc rectifier is taking the place of the synchronous converter 
for many installations of 600 volts and higher. The rectifier is quieter in 
operation, has no heavy moving parts, and requires less space and less founda­
tion than the converter. The efficiency of the rectifier is high over a wide 
range of load and increases with the voltage.

The application of mercury-arc rectifiers is extended by introduction of 
the grid, permitting control of voltage, current, or load. Grid-controlled 
rectifiers, rated at 2000 and 3000 kw. to supply 500 volts to chlorine cells, 
operate at an over-all conversion efficiency of 94.1 per cent according to 



2710 ELECTRICITY AND ELECTRICAL ENGINEERING

Rimlinger [Elec. World, 109, 35 (1938)]. The grid control on these rectifiers 
permits operation to as low as 60 per cent of normal voltage.

Table 24. Synchronous Converters

Number of phases Alternating-phase 
voltage

Direct voltage
% Output, based on cL-c. 
generator as 100%, at 

100% P.F. and 100% Eff.

1 71 100 0.85
2 71 100 1.65
3 61 100 1.33
4 50 100 1.65
6 35 100 1.93

MOTORS
Direct-current Motors. Direct-current motors are structurally the same 

as direct-current generators. A given machine may be used as either motor or 
generator, though the characteristics will be slightly better for one method of 
operation.

Torque in a motor, from the fundamental equation, is F = kBlI, which 
may be written

Torque (pounds at l-ft. radius) 0∙1175(⅛s)
where Z is the total number of armature conductors; paths, the number of 
circuits in parallel through armature; pt the number of poles; φ, the flux per 
pole entering the armature; and Ia, the current to the armature.

It is evident that all factors are fixed by the design of the motor, except 
φ and Ia ; or, T = Kφla for a given motor.

Speed in a motor is dependent on the voltage and field as follows:
V = E + IaRa

where V is the impressed voltage, E is the induced voltage in armature, and 
IaRa is resistance drop in 
armature circuit.

Since

Fig. 60.—Starting box and shunt (or compound)
Rt rheostat; F, shunt field; A,

For commercial motors, 
under normal operation, 
IaRa is less than 5 per cent motor connections, 
of V. Hence the speed is armature; St series field, 
approximately proportional to V∕φ.

Starting of direct-current motors requires a rheostat in the armature 
circuit, except for fractional-horsepower motors, because of the low inherent 
resistance of the armature. This rheostat, usually built into a starting box, 
increases the resistance of the armature circuit so that, during starting IaRa 
is the larger part of V.

Shunt motors are the most common type of direct-current motor, fur­
nishing nearly constant speed (within 5 per cent) from no load to full load.



MOTORS 2711

Fig. 61.—Typical characteristics of shunt 
motor.

The speed of commercial motors may be increased nearly 25 per cent by field­
circuit (rheostat) control; for small motors 50 per cent speed range is available
(see Fig. 61 for characteristic curves),
motor with internal connections of
starting box.

Adjustable speed shunt motors 
are standard for 2:1,3:1, and 4:1 speed 
range at increase in price. For greater 
speed range in a motor it is necessary 
to resort to other means than field-rhe­
ostat control, largely because of arma­
ture reaction effects. One scheme used 
successfully is to shift the armature 
axially, giving a flux change through 
the armature. In this type of motor 
the commutating poles are offset from 
the center line of the main poles, so 
that with the weak main field and hence 
greater armature reaction, the effect of 
the commutating poles is increased, 
giving good commutation over a large 
speed range. One of the best arrange­
ments for increased speed range and ∙. 
good speed regulation is to provide 
independent voltage supplies for the 
field and armature. With constant 
voltage applied to the field, the motor 
speed will vary directly with the volt­
age applied to the armature. This arrangement requires a direct-current 
generator for each motor but it is quite common for applications requiring a 
wide speed range, such as rolling mills and elevators.

Armature circuit resistance may be used to reduce the speed of the motor 
with the load. Aside from the cost of the rheostat, the losses are relatively 
large, the regulation poor, and the speed decrease at light load is negligible. 
For a given decrease in speed, the rheostat loss is the same proportion of the 
input; i.e., with 40 per cent speed reduction, the loss is 40 per cent of the 
input.

Potentiometer control is very convenient for obtaining reduced speed 
from small motors where the accompanying losses are not excessive. Refer­
ring to Fig. 63, the resistance Ri and Rz are proportioned to give the desired 
voltage to the armature. This reduced voltage will vary somewhat with 
load on the motor; the larger the current in Ri relative to that in A, the 
more constant will be the voltage across A.

Series motors are used for loads requiring heavy starting torque, and 
where variable speed is permissible. The armature current is also the field 
current, hence the torque is approximately proportional to the current 
squared. The speed varies nearly inversely as the load current. Because 
of the excessive speed at no load, a series motor should not be connected to 
its load by a belt. The series motor is used for streetcars because of the 
heavy starting torque.

Compound-wound motors combine the characteristics of the shunt 
and series motors. The starting torque is good with speed regulation inter­
mediate between that of the shunt , and series motors. This type of motor is 
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frequently used with a flywheel for heavy duty of short duration as on a 
punch press.

To reverse the direction of rotation of a direct-current motor, it is necessary 
to reverse the direction of current through the armature circuit with respect

a
ɔfə'

¾> !=VoSeries^>-^  ̂
<5^V=SeriesRes=Rj t><nτ

VI=SeriesRes=Rz {

Fig. 63. Potentiom­
eter control to operate 
small motor at low speed.

Load c FuIILoad

Fig. 62.—Speed-torque 
characteristics of shunt 
motor with armature 
resistance. {Marks, “ Me­
chanical Engineers' Hand­
hook.")

connection or characteristics

Armature Current I, 
f⅛rcenT o÷ Rated Load.

64.—Speed-load char- 
of direct-current 
Shunt; 2, com- 
differential com- 

series. {Marks, 
Engineers' Hand-

Fig. 
acteristics 
motors, 
pound; 
pound;
“ Mechanical 
book.”)

to the field circuits. Commutating poles are a part of the armature circuit 
and should always be connected to the armature in the same way. Any 
series-field turns must be connected so that current through them is not 
reversed with respect to that in the shunt field.

Alternating-current Motors. These motors may be classed as polyphase 
or single phase and further classed by type of 
as synchronous, induction, brush shifting, etc.

The polyphase synchronous motor is 
constructed similarly to an alternator. An 
alternator deprived of its driving torque will 
continue to operate as a synchronous motor. 
The speed is fixed only by the frequency of the 
supply and the number of poles.

R.p.m. = 120 — 
P

where f is the frequency and p the number of 
poles.

Starting is facilitated by providing an am­
ortisseur or damper winding in the pole faces 
of the synchronous motor. The field circuit is 
short-circuited through a small resistance, and 
low-voltage alternating current, from an auto­
transformer, is applied to the armature. The 
motor starts as an induction motor approaching 
synchronous speed. Direct current is applied 
to the field as the motor pulls in to synchronous 
speed, and full voltage is then applied to the 
armature. Modern synchronous motors have fair starting torque and with 
built-in clutch any reasonable load may be started.

The excitation adjustments by means of a field rheostat give the most 
important characteristics of the synchronous motor. By increasing the field 
current the power factor of the motor may be made leading, and by decreasing 
the field current the power factor may be made lagging. Synchronous

1,
3,
4,
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motors are frequently operated with leading power factor to compensate for
the lagging current of induction motors. Purchased power usually costs
less if high power factor is maintained.

Revolutions per minute for
Table 25. Synchronous-motor Speeds

Poles 60 Cycles 25 Cycles
2 3600 15004 1800 7506 1200 5008 900 37510 720 30012 600 25014 514.3 214.316 450 187.518 400 166.720 360 150

Synchronous condensers are used to regulate voltage by means of 
power-factor control. The synchronous machine without mechanical loading 
is called a “synchronous condenser” or “synchronous phase modifier.”

Rated H.P,50 Deg-Continuous '
Fig. 65.—Approximate prices of 

synchronous motors. (Amer. 
Architect, June 5, 1926.)

induction motor.

The polyphase induction motor is most useful because of its rugged 
construction. Ihe squirrel-cage type has no moving contacts; the stator 
consists of a winding similar to that of the synchronous-motor armature; 
the rotor winding resembles a squirrel cage, bars secured to end rings. The
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Fig. 67.—Speed-torque 
characteristics of induc­
tion motor with resistance 
in secondary circuit. 
(“Standard Handbook for 
Electrical Engineers.")

rotor bars are sometimes bolted and soldered to the end connecting rings, 
sometimes welded and sometimes cast with the end rings.

The speed characteristics are similar to those of the direct-current shunt 
motor decreasing about 2 to 5 per cent from ño load to full load; the no-load 
speed is the synchronous speed as defined under Synchronous Motors. 
The available speeds are limited and there is no speed adjustment. Char­
acteristic curves are shown in Fig. 66. It will be noted that the slip (decrease 
in speed as a percentage of synchronous speed) increases almost directly 
with the load for normal loading. Hence from a measurement of the slip and 
knowledge of the slip at full load (name-plate data), 
the approximate load may be determined.

To reduce the current on starting, low voltage is 
applied from a starter which contains an autotrans­
former. The starting torque with normal voltage is 
not large and is reduced with voltage (7' = KE2 at 
constant speed). The starting voltage is usually 
about two-thirds of the normal. Small motors, 
below 5 h.p. (the largest permissible motor depends 
on the system) are started on full voltage. The stall­
ing or breakdown torque of an induction motor is 
usually three times that of full load.

Multispeed motors of the squirrel-cage type are 
obtained by reconnecting the stator windings for dif­
ferent numbers of poles. A single winding may be 
reconnected to give half the number of poles and 
hence twice the speed. By arranging two wind­
ings, each for two sets of poles, it is possible to have 
four speeds. For example, with one winding for 4 
and S poles, the other for 6 and 12 poles, on 60 
cycles the motor would have synchronous speeds of 600, 900, 1200, and 1800
r.p.m.

Special Characteristics. By making the rotor with high resistance, 
a motor with high starting torque and lower starting current is obtained. 
The regulation and efficiency are poor. On account of heating in the rotor, 
this type of motor is usually applied on intermittent service such as hoisting.

Low starting current may be obtained by placing the rotor bars in deep 
slots. This reduces the maximum torque as well.

By arranging two squirrel-cage windings, one of high reactance, the other 
of high resistance, it is possible to obtain high starting torque, low starting 
current, and good speed regulation.

Wound rotors or phase-wound rotors for induction motors permit 
varying the resistance of the rotor circuit. Increased resistance of the rotor 
circuit reduces the starting current, improves the power factor at starting, 
and, up to a given amount, the starting torque is increased. If the resistance 
is left in the circuit, the regulation is poor. However, this permits speed 
reduction with load at reduced efficiency. This method of operation is 
exactly analogous to the operation of the shunt motor with resistance in the 
armature circuit. By removing the resistance, the speed is increased giving 
a characteristic similar to that of the squirrel-cage motor. The controller 
provides for starting the motor with the maximum resistance and then reduc­
ing the amount as the motor increases in speed. For certain applications 
water rheostats are provided; in some cases the amount of resistance is
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automatically adjusted so that the input to the motor is kept nearly constant.

Reversing of polyphase motors is accomplished by reversing of the
relative phase rotation applied to either synchronous or induction motors.
In two-phase motors this is accomplished by interchanging the leads of one
phase. For a three-phase motor any two leads may be interchanged.

Speed. Control. Inherently, an induction motor is a constant-speed 
motor. Its speed is dependent on the frequency. Voltage change will 
affect the speed a little, particularly in a motor with a high-resistance rotor; 
however, the effect is in general so small (nil at light loads) that it is not used. 
Pole changing and the wound-rotor motor with resistance have been discussed 
already.

The energy consumed in the resistor of the wound-rotor motor reduces the 
efficiency because it is wasted. This energy can be supplied to an alternating- 
current commutator motor (or converter), helping to drive the main motor 
(Kramer system) or to drive an induction generator feeding back to the 
electrical supply (Scherbius system). By suitable control devices, this com­
mutating machine can also be used as a generator, causing the main motor to 
run above its synchronous speed. These devices permit adjustment of speed 
over a wide range, though the first cost limits the application to large motors.

Wound-rotor motors can be connected in series, i.e., the secondary of one 
connected to the primary of the second, both motors being on the same shaft. 
The resultant speed is that of a motor having a number of poles equal to the 
sum of the poles of the two motors actually used. In practice the charac­
teristics are not desirable, the efficiency and power factor being low with 
uneconomical utilization of material.

The polyphase brush-shifting motor with constant-speed (shunt motor) 
characteristics utilizes in one motor some of the principles of the Kramer set. 
The primary is placed on the rotor, and in addition there is a winding with 
commutator on the rotor. The secondary is on the stator with its circuit 
completed through two sets of brushes on the commutator. When the 
brushes are together, the operation is similar to an induction motor with 
short-circuited secondary. As the brushes are spread apart, an e.m.f. is 
introduced in the secondary corresponding to an IR drop; however, this e.m.f. 
is constant, i.e., independent of the current flowing. With this e.m.f. intro­
duced, the speed is reduced at no load as well as with load. Increasing the 
brush shift increases the speed reduction. Reversing the brush shift reverses 
the e.m.f. and permits operation above synchronous speed.

A polyphase brush-shifting motor with series-motor characteristics is also 
available. The stator windings are connected in series with the brushes on 
the commutating winding. By shifting the brushes the speed can be adjusted.

Single-phase motors are ordinarily used in fractional-horsepower sizes 
for many labor-saving devices. In larger sizes they are used only where a 
polyphase power supply is not conveniently available. Installations of 
single-phase motors of larger than 7⅜> h.p. are unusual.

The single-phase induction motor has no torque at standstill; the 
starting torque must be supplied by some auxiliary device. A polyphase 
induction motor, after being started, will continue to run Withonlyonephase 
connected to the supply. The available output is reduced and hence the 
utilization of material is poorer; yet the power factor and efficiency for the 
smaller output are nearly as high as for the polyphase machine.

Split-phase starting utilizes an auxiliary winding which is disconnected 
after starting, usually by a centrifugal switch. This auxiliary circuit has the
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phase of its current displaced from that in the main winding by a series 
resistance or a condenser. These displaced currents are similar to those in a 
polyphase motor producing a small torque.

The repulsion-start induction motor utilizes a commutating winding 
on the armature with the brushes short-circuited giving torque as a repulsion 
motor. As the motor accelerates, a centrifugal device operates at about 
three-fourths speed to short-circuit the entire commutator. This makes the 
armature, in effect, a squirrel-cage rotor and the motor operates as an induc­
tion motor.

j

OinpenGattug

Fig. 68.—Single-phase motors with series characteristics, (α) Series motor conduc- 
tively compensated; (&) series motor inductively compensated; c and d, repulsion 
motors. (“Standard Handbook for Electrical Engineers.“)

Shading poles are used for starting small induction motors such as fans. 
A section of the pole area is enclosed by a low-resistance band. As the flux 
starts to change, an e.m.f. is induced in this shading band, the resulting 
current retarding the change of flux. Hence the flux in the shaded portion 
of the pole occurs after that in the unshaded portion; this phase displace­
ment is sufficient to react on the squirrel-cage rotor and give a starting torque.

Series motors for operation on single-phase circuits require a completely 
laminated magnetic structure. To reduce sparking, only one armature turn 
is connected between commutator segments, resulting in a large number of 
segments. To reduce the reactance of the armature circuit a compensating 
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winding is placed in slots in the pole faces; this winding may be short-circuited 
(inductive) (Fig. 68δ), or in series with the armature (conductive) (Fig. 68α). 
To reduce the reactance of the field, fewer field turns are used compared with a 
normal direct-current motor, and more turns are needed on the armature. 
As a result the poles appear shorter and the armature larger than for the 
direct-current motor. Preventive resistance leads are frequently connected 
between the armature coils and the commutator segments to reduce sparking. 
The single-phase series motor is quite satisfactory on direct current and this 
type of motor is used as a universal motor. In the larger sizes the voltage 
applied when operated on direct current should be lower than when operated 
on alternating current.

Table 26. Approximate Full-load Current for Motors*

Horsepower Single phase,220 volts
Three phase Direct current, 230 voltsSquirrel cage Wound rotor

220 volts 2200 volts 220 volts 2200 volts
⅛
¾⅛ 1.672.43.5 2.5 2.3⅝ 4.7 2.8 3.31 5.5 3.3 3.9 4.21½ 7.6 4.7 6.32 10 6 7.2 8.33 14 9 10 12.3" 5 23 15 15 19.87½ 34 22 25 28.710 43 27 28 3815 38 45 5620 52 56 7425 64 7 67 7.5 9230 77 8 82 9 11040 101 10 106 11 14650 125 13 128 14 18060 149 15 150 16 21575 180 19 188 19 268100 246 25 246 25 357125 310 32 310 32 443150 360 36 364 37200 480 49 490 52

Note. For motors of other voltages the current is inversely proportional to the voltage. Current for two-phase motors (four-wire) is about 87 per cent of the three-phase value.* Compiled from the “National Electrical Code.”
In the series motor (Fig. 68b and c) the current in the compensating winding 

was produced by transformer action from the armature. In a similar manner 
the current in the armature may be induced by transformer action from the 
compensating field as in Fig. 68c. This type of motor is the repulsion motor 
and a more suitable voltage may be obtained for the armature through the 
transformer action. A more common connection for the repulsion motor is 
shown in Fig. 68d, where the main field and compensating winding are com- 
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bɪned into one. By changing the brush position, the relative amount of field 
and compensation component may be changed. This method of operation 
is common for starting single-phase induction motors.

Modifications for the series and repulsion motors have been developed with 
power supplied in various ways to the armature and field, some using auxiliary 
brushes; certain combinations give improved power factor, speed modifica­
tions, etc. The repulsion-induction motor is provided with two sets of 
windings on the armature, one with commutator giving repulsion charac­
teristics and, at the same time, the other, a squirrel-cage, giving induction­
motor characteristics.

Induction MotorsThree

R.p,m. R.pm.
TTg. 69.—Approximate prices of motors with manually operated starting devices.

Reversing rotation of single-phase motors of the induction type is 
accomplished through the starting device. With a split-phase motor the 
connections to the starting winding may be reversed. In the repulsion 
motor the brushes are shifted. Shading-pole motors are built for one rotation 
only. Series motors are reversed by reversing the armature with respect to 
the field.

Condenser-type induction motors approximate polyphase charac­
teristics in a motor operated from a single-phase supply. The motor is 
essentially a two-phase motor, one phase being supplied directly from the 
line, the other phase having a condenser in series with it, thus producing a 
split-phase effect. By selecting the proper condenser this circuit may be 
used throughout the operating range of the motor, with resulting good charac­
teristics. The starting torque is small; for larger starting torque, additional 
capacitance may be connected and then disconnected as the motor comes 
up to speed.

SUMMARY OF MOTOR APPLICATIONS
The available power supply is the first consideration. The commercial 

supply of power is usually three phase, 60 cycles, and the alternating-current 
data given apply to this type of equipment; two-phase motors have similar 
characteristics and costs. Direct current is desirable for many drives because 
of the convenience of adjusting speeds. However, with an alternating- 
current supply the cost of converting to direct current (especially for one or
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two motors) may be so great as to make direct-current motors impractical.
With an alternating-current supply of 2300 volts, motors larger than 75 h.p.
may be operated at the supply voltage to eliminate cost of transformers.

Single-phase motors are used in small sizes where direct current or poly­
phase power is not conveniently available.

For constant speed the direct-current shunt motor, the induction motor, 
or the synchronous motor may be used. For large starting torque, the induc­
tion motor should have either a high-resistance squirrel-cage rotor (which 
causes more change in speed with load) or a wound rotor with resistance 
control. The synchronous-motor speed is the only one which does not change 
slightly with load. The direct-current shunt-motor speed may be kept 
constant by field control.

Table 27. Typical Prices of Motors without and with Usual 
Hand-control Devices

(Rated speed about 1150 r.p.m.)

Type
10 h.p. 20 h.p. 50 h.p.

Motor 
only

With 
control

Motor 
only

With 
control

Motor 
only

With 
control

Induction Motors, 440 volts, 60 cycles:
Squirrel cage, normal.............................................. 129 203 200 276 359 444
Squirrel cage, normal torque, low starting current.. 136 160 212 236 380 416
Squirrel cage, high torque, low starting current... 151 175 233 257 417 453
Totally enclosed squirrel cage, fan cooled, 55oC. 

temperature rise, low starting current...............
Wound rotor, constant speed.......................... .

185
234

209
302

371
357

395
445 599 732Wound rotor, adjustable speed.............................. 234 326 357 498 599 812

Multispeed, Í 80Ö, 1200, 9Ô0, 600 r.p.m., constant 
torque...................................................................

Multispeed, 1800, 1200, 900, 600 r.p.m. constant 
horsepower...........................................................

Two-speed, 1200, 600 constant horsepower..........

Synchronous motor (0.8 P.F.) including exciter.......

289

374
308

390

460
434

407

514
439

449

651

693
567

726 569 855
Á.-C. brush-shifting motor, adjustable speed............. 785 816 1075 1096 1955 2051
D.-c. shunt motor, 230 volts, constant speed............ 295 336 420 473 733 823

Adjustable speed, constant horsepower, 500 to
1500 r.p.m............................................................ 558 742 758 999 1334 1754Totally enclosed, constant speed, 55oC. tempera­
ture rise................................................................ 489 531 649 711 1724 1928

For adjustable speed the direct-current shunt motor is preferable as its 
change of speed with load is small, and the speed may be changed, at will, 
over a wide range. Similar characteristics are obtainable from the poly­
phase brush-shifting motor, though the change in speed with load is somewhat 
larger than with the direct-current motor. Where two or more fixed speeds 
are desired, the multispeed induction motor can be applied. For fairly 
constant load the wound-rotor induction motor with resistance can be 
utilized to give reduced speed.

For heavy starting torque or intermittent heavy loads the series 
direct-current motor may be used; if less speed variation is desired the 
compound direct-current motor should be applied. The wound-rotor motor 
with resistance can be similarly applied, though the losses will be greater. 
The double-rotor squirrel-cage motor supplies heavy starting torque, but 
for heavy intermittent loads the demand on the system would be great.
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The price of a motor and its control equipment should always be con­
sidered in terms of the usefulness of the particular characteristics. For 
example assume a motor delivering 10 h.p. 2500 hr. per year. The cost of 
energy would be about $400. The motor cost might be only $200 if constant 
speed were permissible, or $700 if close adjustment of speed over a wide range 
were desired. The fixed charges on this difference in cost taken at 20 per cent 
would be $100; 25 per cent of the cost of the energy. Assuming, however, 
that the power cost was about 4 per cent of the total manufacturing cost, 
this additional cost of the adjustable speed motor would be economical if it 
reduced the total manufacturing cost or increased the value of product by 
more than 1 per cent. It must be assumed further that suitable electrical 
supply is available for either motor. In general, the first cost of suitable 
control in electrical apparatus must be considered in terms of operating value.
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References: For general references to electrochemical processes and engineering, 

the reader is referred to Mantell, “Industrial Electrochemistry,” 2d ed., McGraw-Hill, 
New York, 1940. For theoretical electrochemistry, reference should be made to Dole, 
“Experimental and Theoretical Electrochemistry,” McGraw-Hill, New York, 1935; 
Foerster, “Elektrochemie wässeriger Lösungen,” 4th ed., Barth, Leipzig, 1923; Walden, 
“Elektrochemie nichtwässeriger Lösungen,” Barth, Leipzig, 1924; and Lorenz, “Elektro­
chemie geschmolzener Salze,” Barth, Leipzig, 1909. None of the latter books is avail­
able in English. For plating, reference should be made to Blum and Hogaboom, 
“Principles of Electroplating and Electroforming,” 2d ed., McGraw-Hill, New York, 
1930; for calcium carbide to Taussig, “Die Industrie des Kalziumkarbides,” Knapp, 
Halle, 1930. For the individual metals, reference should be made to the recent metal­
lurgical works on this particular topic.

Electrochemical Industries. Electrochemistry has been defined as the 
science which treats of the chemical changes produced by the electric current

Fια. 1.—Classification of the electrochemical industries.

and of the production of electricity from the energy of chemical reactions. 
Theoretically the two branches are of equal importance. Industrially, how­
ever, the chemical and physical changes produced by the use of the electric 
current are by far the more important.

Electrochemical engineering is primarily a branch of chemical engineering 
to which portions and viewpoints of electrical engineering and metallurgy have 
been joined. Electrochemical engineering deals not only with all of the 
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electrochemical theories, processes, and operations but also with the furnish­
ing and utilization of electrical power to the industries; the design, construc­
tion, and operation of the equipment, machinery, and plants employed to 
produce the electrochemical products; the economic considerations involved 
in the competition of chemical and electrochemical methods for the prepara­
tion of the same or similar products, as well as the sale, distribution, and 
consumption of the materials produced.

Electrochemical industries may be roughly divided into several classes 
or groups, as shown in Fig. 1. Each group and subdivision has problems 
and applications of the chemical and electrical engineering unit processes but 
with the emphasis placed differently in the different groups.

The scope of the electrochemical engineering industries is very wide. To 
illustrate the breadth of the industries, a list of products of the electric fur­
nace and electrolytic cell, at least as far as the major materials are concerned, 
is given (see Table 1).

Electrochemical processes of an endothermic (absorption of energy) nature 
have frequently supplanted purely chemical processes and in some cases 
allowed the production of new products which could hardly be obtained 
in any other way. Thus copper is now almost entirely refined by electro­
chemical means. All the chlorine used for water purification, sanitation, and 
bleaching is the product of electrolytic cells. Aluminum can be commercially 
made only by fused salt electrolysis. Calcium carbide and the synthetic 
abrasives of the silicon carbide or fused alumina type are not possible by 
other than electrothermal methods.

Chemical reactions often are made to take place by a series of steps because 
the most direct processes cannot be used and because of the difficulty of 
conversion of thermal into chemical energy. In electrochemical processes 
the needed energy is introduced in an electrical rather than a thermal form. 
When the electric current is used for heating, it may be applied at the point 
where it is desired. Electrochemical processes are more direct than the 
corresponding chemical ones. Sometimes the electrochemical method is more 
expensive but is preferred, inasmuch as purer products are produced.

Electrochemical processes generally operate satisfactorily only under 
constant conditions. They must be as simple as possible. Raw mate­
rials should be as pure as can be obtained or manufactured within the eco­
nomic limitations of the process. Accumulation of impurities causes rapid 
decreases in efficiency.

Electrochemical Units. The ampere is defined electrochemically as 
the unvarying electric current which will deposit silver at the rate of 
0.00111800 g. per sec. from a solution of AgNOs in water under a given set 
of conditions. The current in amperes flowing across any point, divided by 
the cross-sectional area of the conductor, is called the current density (c.d.) 
(amperes per square foot or amperes per centimeter square, etc.). So-called 
c.d. meters used for control purposes in electroplating consist of cathode 
surfaces of definite area, connected in series with an ammeter, the mounting 
and connections being so arranged that the meter appears above the level 
of the bath and the whole apparatus can be hung on the cathode rod. The 
meter thus indicates amperes per unit of area.

The coulomb or ampere-second is that quantity of electricity which 
will deposit 0.00111800 g. silver from a solution of AgNO3.

The volt in practical use is that of the International System of Electrical 
Units. In this system the volt cannot be easily produced as defined, 
due to the definition of the ampere. The e.m.f. of a voltaic cell, however,



2724 ELECTR Ochemistr y

Table 1. Products of Electric Furnace and Electrolytic Cell

Product Raw material Applications of product

Alumina, fused.................

Alumina, pure.........
Aluminum metal.............

Bauxite (natural aluminum 
oxide)

Bauxite
Bauxite

Aluminum, pure.............. Aluminum metal

Abrasives and refractories

Insulating material; aluminum metal
Electric power transmission cable; light­

weight alloys for airplanes, automobiles, and 
trucks; deoxidizing agent for steel; alumino­
thermie reactions; ammonal. (explosives) ; 
acid containers; cooking utensils

Corrosion-resistant coatings

Beryllium.........................
Bismuth.........................

Cadmium.........................
Calcium...........................
Calcium carbide..............

Calcium cyanamid...........

Carbon bisulfide..............

Caustic.............................
Cerium metals.................

Chlorine gas.....................

Beryl
Lead refining slimes

Zinc electrowipning slimes
Calcium chloride
Lime and coke

Calcium carbide (nitrogen of 
the air)

Coke and sulfur

Water, salt
Rare-earth chlorides

Water, βalt

Chrome yellow................
Copper, pure....................
Copper, pure....................

Ferrochrome .................

Ferromanganese..............
Ferromolybdenum..........
Ferrosilicon......................
Ferrosilicon-titanium.... 
Ferrotitanium..................
Ferrotungsten.................
Ferrovanadium................

Lead
Crude copper
Copper ore

Chrome ore

Mąnganese ore and coke 
Molybdenum ore 
Iron, silica rock, coke 
Bauxite
Titanium ore
Tungsten ore
Iron vanadate

Light alloys
Alloys

Alloys; plating
Special uses; radio tubes; lamps
Acetylene for welding, cutting, and lighting; 
acetone, acetic acid; airplane dope

Fertilizer; ammonia; cyanides

Solvent; insecticide; carbon tetrachloride; 
artificial silk (viscose)

Soap; paper industry; explosives
Pyrophoric alloys; automatic lighters; tracer 
bullets and shells

Bleaching; gas. warfare; mustard gas, phos­
gene, chlorpicrin, silicon tetrachloride ; 
explosives; chlorbenzol; water purification ; 
surgery (Dakin solution); detinning; arti­
ficial, plastics; hydrochloric acid; aluminum 
chloride for oil refining; sanitation

Paint pigment
Electrical industry; brass
Electrical industry; brass

Special and high-speed steels; armor plate; 
projectiles

Steel; permanganates
Special steels
Steel manufacture; hydrogen production
Steel deoxidizer
Scavenger in steel manufacture
Special and high-speed steels
Special steels; automobile steels

Gold...............................
Graphite..........................

Hydrogen.........................
Hypochlorite....................

Iron, pig....... .
Iron, pure or “Swedish”

Lead refined.....................
Lithium metal.................

Magnesium metal............

Copper refining slimes 
Anthracite coal

Water, sodium hydroxide 
Water, salt

Iron ore
Pyrrhotite

Crude lead
Lepidolite, lithium salts

Magnesium chloride

Jewelry; coinage; industrial alloys 
Electrodes; lubricants; paints

Ballooning; hydrogenated fats 
Disinfectants; bleaches

Steel industry
Tubes and special steels

Alloys; fittings; acid chambers
Light alloys

Flash-light powders; light-weight alloys; 
tracer bullets and flares
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Table 1. Products of Electric Furnace and Electrolytic

Cell—(Concluded)

Product Raw material Applications of product

Nickel, refined................. Crude nickel Alloys; plating industry; dairy equipment;

Nitric acid....................... Air Explosives; fertilizers

Oxygen............................. Water, sodium hydroxide Oxy-Welding; oxy-cutting
Ozone............................... Air Sterilization of water; sanitation

Palladium........................ Nickel refining slimes Industrial alloys
Perborates....................... Borax Bleaching agents for textiles
Phosphoric acid............... Pliosphate rock, coke, and sand Acid phosphates; cleaners; food products
Phosphorus...................... Phosphate rock, coke, and sand Matches; phosphorus compounds; phosphor 

bronze; smoke screens
Platinum.......................... Copper refining slimes Electrical uses
Platinum.......................... Nickel refining slimes Catalysts; jewelry; industrial alloys
Potassium chlorate.......... Potassium chloride Primers; matches; dyeing

Quartz, fused................... Quartz rock Silica tubes; heat-resisting materials; optical 
uses;lenses

Rhodium ....................... Nickel refining slimes Industrial alloys

Silicon.............................. Sand and coke Silicon steel; hydrogen for balloons; resist­
ance units; silicides; silicon tetrachloride

Silicon carbide................. Sand, sawdust, and coke Abrasives and refractories
Silver Copper refining slimes Jewelry; coinage; industrial alloys
Sorbitol Glucose Humectants
Sodium bichromate......... Chromium salts Dyeing; tanning
Sodium metal ............... Caustic (Castner) Peroxides; cyanides; bleaching; mining
Sodium metal ............... Salt Alloys; tetraethyl lead; organic synthesis
Sodium perchlorate....... Sodium salts, NaClO3 Fireworks

Tin, refined ......... Impure tin, tin dross Tin-plate industry; bronzes

White lead....................... Lead Paint pigment

Zinc, pure........................ Zinc ore Brass; galvanizing
Zinc metal, pure......... Zinc ore Brass industry

can be determined against the international ohm and the international 
ampere, and such a cell is used as a medium for realizing the international 
volt.

Standard cells have provided the means for making comparisons of e.m.f. 
The cells so used may be divided into primary standards, or normal cells, 
and secondary standards. The first are those by means of which the value 
of the vt)lt is maintained, as at the National Bureau of Standards or else­
where. The second are those suitable for general laboratory use.

The Weston standard cell consists of an amalgam of cadmium, a solution 
of cadmium sulfate having a concentration corresponding to that of a solution 
saturated at 4oC., and pure mercury overlaid with Hg2SO4. This combination 
has a very low temperature coefficient and is constant when properly made. 
However, it is not reproducible to the degree required in a primary standard. 
The “normal Weston” or “normal cadmium” cell, having an excess of cad­
mium sulfate, is therefore the standard maintained at the various govern­
ment laboratories upon which rests the duty of establishing the volt. Its 
e.m.f. is taken as 1.0183 volts at 20oC. by international agreement. These 
cells are reproducible to better than 10 microvolts.
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Electrochemical Laws. Conductors of electricity may be sharply divided 

into three classes. The first class, the metallic or electronic conductors, 
consists of the metals, alloys, and a few other substances such as carbon. 
The current passes through these without the accompaniment of any quantity 
of matter. Those of the second class are termed electrolytic conductors. 
They embrace in general the solutions of acids, bases, and salts, fused salts, 
some solid substances, and hot gases. In electrolytic conduction the passage 
of the current is always connected with a movement of matter. When the 
current leaves the electrolyte, it cannot take the matter with it; the latter is 
consequently set free. Chemical effects are produced. These mark the 
chief distinction between metallic or electronic and electrolytic conduction. 
In a third class with mixed conductors, the current passes partly in a metallic 
and partly in an electrolytic manner. Examples of these are the β form of 
silver sulphide and the solutions of the alkali and alkaline-earth metals in 
liquid ammonia. The greater part of electrochemistry is concerned with the 
chemical effects resulting from electrolytic conduction, and the corresponding 
electrical effects necessary for their production.

If two carbon plates be dipped into a dilute solution of HCl and connected 
with a source of d.c. such as a battery, electrolysis will take place. At the 
negative carbon plate, hydrogen gas is given off; while at the positive plate, 
chlorine is evolved. The gases are produced only at the carbon plates. 
The plates are termed electrodes, the negative the cathode and the positive 
one the anode. If a AgNO3 solution be electrolyzed, silver is deposited on 
the cathode and oxygen evolved at the anode. Whatever the solution, 
chemical action takes place only at the electrodes.

Michael Faraday (1791—1867) discovered the quantitative relations between 
the amount of electricity which passes through a solution and the quantity 
of matter separated at the electrodes. His first law is: The quantities of 
substances set free at the electrodes are directly proportional to the quantity of 
electricity which passes through the solution. A second law expresses the 
fundamental relation between quantities of different substances liberated 
at the electrodes by the same quantity of electricity. It is : The same quantity 
of electricity sets free the same number of equivalents of substances at the elec­
trodes. In other words, the quantity of silver liberated at the cathode by 
the passage of 20 coulombs electricity through a solution of a silver salt is 
double that which would be obtained by the passage of 10 coulombs. The 
passage of the same quantity of electricity through solutions of a silver salt, 
a copper salt, an iron salt, a zinc salt, and an acid will set free quantities of 
silver, copper, iron, zinc, and hydrogen which are proportional to their equiva­
lent weights.

The neutral dissolved molecules of an electrolyte consist of two oppositely 
charged parts, called ions. Those which move toward the cathode are called 
cations, and those toward the anode, anions. When the current passes, 
the positive ions are attracted toward the negatively charged cathode where 
their charge is neutralized and they are set free. In a similar manner, the 
anions move to, and are discharged at, the anode.

The electrochemical equivalent of an element or a group of elements 
is the number of grams of that substance set free by the passage of 1 coulomb 
of electricity through an electrolyte. Electrochemical equivalents are pro­
portional to chemical equivalents.

One coulomb of electricity (by definition) sets free 0.00111800 g. silver 
from a solution of a silver salt. If the gram equivalent of silver (its gram-
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Electrochemical Equivalents of the ElementsTable 2.1 2 3 4 5 6 7 8 9

Element Sym- Atomic Val. or Mg. per Coulombs G. per Amp.-hr. Lb. per 1,000 amp.-hr. Amp.-hr.bol weight chg. val. coulomb per mg. amp.-hr. per g. per lb.
Actinium.. Ac 227* 3 0.78 4ÏÏ 1.27 533 2.82 280 0.35 426 6.22 320 160.689

n 2.35 233 0.42 511 8.46 839 0.11 809 18.66 961 53.563
Alabamine Ab 221* 7 0.32 717 3.05 656 1.17 775 0.84 904 2.59 656 385.1205 0.45 803 2.18 326 1.64 891 0.60 646 3.63 523 275.0853 0.76 339 1.30 995 2.74 819 0.36 388 6.05 871 165.0522 1.14 508 0.87 330 4.12 228 0.24 258 9.08 807 110.0341 2.29 016 0.43 665 8.24 456 0.12 129 18.17 614 55.017
Aluminum. Al 26.97 3 0.09 316 10.73 415 0.33 538 2.98 171 0.73 938 1352.480

n 0.27 948 3.57 805 1.00 613 0.99 390 2.21 815 450.827
Antimony . Sb 121.76 5 0.25 235 3.96 272 0.90 847 1.10 075 2.00 283 499.2943 0.42 059 2.37 763 1.51 411 0.66 045 3.33 805 299.5752 0.63 088 1.58 509 2.27 117 0.44 030 5.00 707 199.717

n 1.26 176 0.79 254 4.54 234 0.22 015 10.01 415 99.858
Argon............ A 39.941 n 0.41 393 2.41 588 1.49 014 0.67 108 3.28 519 304.395
Arsenic.... As 74.91 5 0.15 254 6.44 106 0.55 891 1.78 918 1.23 219 811.5603 0.25 876 3.86 464 0.93 152 1.07 351 2.05 366 486.9362 0.38 813 2.57 642 1.39 729 0.71 567 3.08 049 324.621

n 0.77 627 1.28 821 2.79 457 0.35 784 6.16 057 162.312
Barium.... Ba 137.36 2 0.71 171 1.40 507 2.56 216 0.39 030 5.64 858 177.035

n 1.42 342 0.70 253 5.12 431 0.19 515 11.29 717 88.518
B e r y 11 - Be 9.02 2 0.04 674 21.39 688 0.16 825 5.94 358 0.37 092 2693.553ium. n 0.09 347 10.69 844 0.33 650 2.97 175 0.74 185 1347.981
Bismuth... Bi 209.00 5 0.43 316 2.30 861 1.55 938 0.64 128 3.43 784 290.8803 0.72 193 1.38 517 2.59 896 0.38 477 5.72 973 174.5282 1.08 290 0.92 345 3.89 845 0.25 651 8.59 460 116.352

n 2.16 580 0.46 172 7.79 689 0.12 826 17.18 920 58.176
Boron............ B 10.82 5 0.02 242 44.59 337 0.08 073 12.38 704 0.17 798 5618.6693 0.03 737 26.75 602 0.13 455 7.43 223 0.29 662 3371.2512 0.05 606 17.83 735 0.20 182 4.95 482 0.44 495 2247.467

n 0.11 212 8.91 867 0.40 365 2.47 741 0.88 989 1123.733
Bromine... Br 79.916 7 0.11 831 8.45 263 0.42 590 2.34 795 0.93 896 1065.0136 0.13 802 7.24 511 0.49 689 2.01 252 1.09 545ι 912.8685 0.16 563 6.03 759 0.59 626 1.67 708 1.31 454ι 760.7244 0.20 704 4.83 007 0.74 533 1.34 169 1.64 317 608.5793 0.27 605 3.62 255 0.99 377 1.00 626 2.19 090 456.4342 0.41 407 2.41 504 1.49 065 0.67 084 3.28 634 304.2891 0.82 815 1.20 752 2.98 132 0.33 542 6.57 269 152.145
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Table 2. Electrochemical Equivalents of the Elements—(Continued)1 2 3 4 5 6 7 8 9
Element Sym- Atomic Val.or Mg. per Coulombs G. per Amp.-hr. Lb. per1,000 amp.-hr. Amp.-hr.bol weight chg. val. coulomb per mg. amp.-hr. per g. per lb.

Cadmium. Cd 112.41 2 0.58 244 1.71 693 2.09 677 0.47 692 4.62 258 216.329
n I.16 487 0.85 846 4.19 353 0.23 846 9.24 516 108.165Calcium.. Ca 40.08 2 0.20 767 4.81 537 0.74 761 1.33 760 1.64 8Ï9 606.726
n 0.41 534 2.40 768 1.49 521 0.66 880 3.29 638 303.363Carbon... C 12.010 4 0.03 111 32.13 989 0.11 201 8.92 773 0.24 694 4049.5582 0.06 223 16.06 994 0.22 402 4.46 387 0.49 388 2024.779
n 0.12 446 8.03 497 0.44 804 2.23 194 0.98 776 1012.390Cerium... . Ce 140.13 4 0.36 303 2.75 459 1.30 691 0.76 516 2.88 125 347.0723 0.48 404 2.06 594 1.74 255 0.57 387 3.84 166 260.3041 1.45 212 0.68 865 5.22 765 0.19 129 11.52 455 86.768Cesium.... Cs 132.91 I 1.37 731 0.72 606 4.95 83δ 0.20 168 10.93 118 91.481Chlorine... ɑ 35.457 7 0.05 248 9 19.05 124 0.18 896 5.29 201 0.41 659 2400.4176 0.06 123 8 16.32 964 0.22 046 4.53 601 0.48 603 2057.5005 0.07 348 6 13.60 803 0.26 455 3.78 001 0.58 323 1714.583
4 0.09 185 8 10.88 642 0.33 069 3.02 401 0.72 904 1373.6673 0.12 248 8.16 482 0.44 092 2.26 80L 0.97 205 1028.7502 0.18 372 5.44 321 0.66 137 1.51 200 1.45 808 685.8331 0.36 743 2.72 161 1.32 275 0.75 600 2.91 616 342.917Chromium. Cr 52.01 6 0.08 983 10.13 247 0.32 338 3.09 235 0.71 293 1402.6684 0.13 474 7.42 165 0.48 507 2.06 157 1.06 939, 935.1123 0.17 965 5.56 624 0.64 676 1.54 618 1.42 585∣ 701.3342 0.26 948 3.71 082 ).97 013 1.03 078 2.13 878 467.5561 0.53 896 1.85 541 1.94 027 0.51 539 4.27 756 233.778

Cobalt.... Co 58.94 3 0.20 359 4.91 177 0.73 287 1.36 450 1.61 570 618.9252 0.30 539 3.27 452 1.09 931 0.90 966 2.42 356 412.6171 0.61 078 1.63 726 2.19 861 0.45 483 4.84 711 206.308
Columbium Cb 92.91 5 0.19 256 5.19 320 0.69 32Î 1.44 255 1.52 828 654.3324 0.24 070 4.15 436 0.86 65'2 1.15 404 1.91 035, 523.4663 0.32 093 3.11 592 . 14 702 0.86 553 2.54 713 392.5992 0.48 140 2.07 728 .73 304 0.57 702 3.82 069 261.7331 0.96 280 1.03 864 3.46 607 0.28 851 7.64 138 130.866
Copper.... Cu 63.57 2 0.32 938 3.03 602 . 18 576 0.84 334 2.61 416 382.5321 ).65 876 1.51 801 2.37 132 0.42 167 5.22 831 191.266
Dyspro- Dy 62.46 3 ).56 069 1.78 351 2.01 849 0.49 542 4.44 901 224.885sium. n .68 207 0.59 450 >. 05 547 0.16 514 3.34 002 74.962
Erbium.... Er 67.2 3 >. 57 755 1.73 145 2.07 917 0.48 096 4.58 378 218.160

n .73 264 0.57 715 >. 23 731 0.16 032 3.75 I35∣ 72.720
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Table 2. Electrochemical Equivalents of the Elements—{Continued)1 2 3 4 5 6 7 8 9

Element Sym- Atomic Val. or Mg. per Coulombs G. per Amp.-hr. Lb. per 1,000 amp.-hr. Amp.-hr.bol weight chg. val. coulomb per mg. amp.-hr. per g. per lb.
Europium. Eu 152.0∙ 3 0.52 504 1.90 461 1.89 016 0.52 906 4.16 708 241.9∏

n' 1.57 513 0.63 487 5.67 047 0.17 635 12.40 124 80.637
Fluorine... F 19.00 1 0.19 689 5.07 893 0.70 88Î 1.41 082 1.56 265 639.937
Gadolinium Gd 156.9 3 0.54 175 1.84 572 1.95 04δ 0.51 270 4.30 002 232.737

n 1.62 538 0.61 524 5.85 137 0.17 090 12.90 007 77.579Gallium. .. Ga 69.72 3 0.24 083 4.15 232 0.86 698 1.15 342 1.91 137 523.1842 0.36 124 2.76 822 1.30 048 0.76 895 2.86 706 348.789I 0.72 249 1.38 411 2.60 095 0.38 447 5.73 4Î7 174.355
Ge r m a - Ge 72.60 4 0.18 808 5.31 680 0.67 710 1.47 689 1.49 275 669.90Snium. 2 0.37 617 2.65 840 1.35 420 0.73 845 2.98 549 334.953

n 0.75 233 1.32 920 2.70 839 0.36 922 5.97 099 167.475
Gold................ Au 197.2 3 0.68 117 1.46 805 2.45 223 0.40 779 5.40 624 184.9772 1.02 176 0.97 870. 3.67 834 0.27 186 8.10 936 123.3141 2.04 352 0.48 935 7.35 668 0.13 593 16.21 871 61.657
Hafnium... Hf 178.6 4 0.46 269 2.16 123 1.66 570 0.60 035 3.67 223 272.313

n 1.85 078 0.54 03T 6.66 280 0.15 009 14.68 895 68.078
Helium.... He 4.003 n 0.04 148 2 24.10 692 0.14 933 6.69 637 0.32 923 3037.421
Holmium. . Ho 163.5 3 0.56 477 1.77 064 2.03 316 0.49 185 4.48 235 223.097

n 1.69 430 0.59 021 6.09 948 0.16 395 13.44 705 74.365
Hydro- H 1.0081 1 0.01 044 7 95.72 463 0.03 760 8 26.59 0Î8 0.08 291 12061 .107gen.Deute- D 2.01471 1 0.02 087 8 47.89 771 0.07 516 0 13.30 497 0.16 570 6035.OlTriumfIllinium. .. Il 146* 3 0.50 432 1.98 288 2.72 332 0.55 080 3.90 756 272.539

n 1.51 293 0.66 096 5.44 663 0.18 360 11.00 760 90 845
Indium.... In 114.76 3 0.39 641 2.52 266 1.42 707 0.70 074 3.14 614 317.849

n 1.18 922 0.84 089 4.28 120 0.23 358 9.43 843 105.950
Iodine............ I 126.92 7 0.18 790 5.32 223 J 67 641 1.47 840 1.49 122 670.5936 0.21 921 4.56 193 1.78 914 1.26 720 1.73 976 574.79?5 0.26 305 3.80 161 ).94 697 1.05 600 2.08 771 478.9954 0.32 881 3.04 129 .18 371 0.84 480 2.60 963 383.1953 0.43 841 2.28 096 .57 828 0.63 360 3.47 951 287.3972 O.65 762 1.52 064 2.36 742 0.42 240 5.21 927 191.5981 .31 523 0.76 032 1.73 484 0.21 120 0.43 853 95.799
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Table 2. Electrochemical Equivalents of the Elements—(Continued')1 2 3 4 5 6 7 8 9

Element Sym- Atomic Val. or Mg. per Coulombs G. per Amp .-hr. Lb. per 1,000 amp.-hr. Amp.-hr.bol weight chg. val. coulomb per mg. amp .-hr. per g. per lb.
iridium... Ir 193.1 4 0.50 026 1.99 89Ć 1.80 055 0.55 54∈ 3.97 038 251.8653 0.66 701 1.49 922 2.40 124 0.41 65ξ 5.29 384 188.8991 2.00 104 0.49 974 7.20 373 0.13 881 15.88 151 62.966iron................. Fe 55.84 3 0.19 288 5.18 446 0.69 438 1.44 0l3 1.53 085 653 2302 0.28 933 3.45 630 1.04 158 0.96 008 2.29 628 435.4871 0.57 865 1.72 815 2.08 315 0.48 004 4.59 256 217.774Krypton... Kr 83.7 11 0.86 736 1.15 253 3.12 249 0.32 025 6.88 390 145.265

Lanthanum La 138.92 3 0.47 986 2.08 393 1.72 750 0.57 887 3.80 849 262.57T
η 1.43 959 0.69 464 5.18 25Î 0.19 296 11.42 547 87.524Lead................ Pb 207.21 4 0.53 681 1.86 284 1 93 253 0 51 746 4 26 050 234.715117.3572 1.07 363 0.93 142 3.86 506 0.25 873 8.52 0991 2.14 725 0.46 571 7.73 011 0.12 936 17.04 198 58.679Lithium... Li 6.940 1 0.07 192 13.90 495 0.25 890 3.86 247 0.57 078 1751.988Lutecium.. Lu 175.0 3 0.60 445 1.65 429 3.26 435 0.45 952 7.34 874∣ 208.437
η I.81 347 0.55 143 6.52 849 0.15 317 14.39 287 69.479Magnesium Mg 24.32 2 0.12 601 7.93 586 0.45 364 2.20 440 1.00 0ÎÔ 999.901
η 0.25 202 3.96 793 0.90 727 1.10 220 2.00 020 499.951Manganese Mn 54.93 1 0.08 132 12.29 772 0.29 274 3.41 633 0.64 537 1549.487
6 0.09 487 10.54 090 0.34 153 2.92 803 0.75 294 1328 1325 0. Il 384 8.78 455 0.50 983 2.44 002 0.90 352 1106.7774 0.14 230 7.02 727 0.51 229 1.95 202 I.12 941 885.42l3 0.18 974 5.27 045 0.68 305 1.46 401 1.50 587 664.0662 0.28 461 3.51 363 1.02 458 0.97 601 2.25 881 442.7111 0.56 921 1.75 682 2.04 915 0.48 800 4.51 762 221.355Masurium. Ma 97.8* 7 0.14 478 6.90 695 0.52 121 1.91 860 1.14 908 870.362
η 1.01 347 0.98 671 3.64 850 0.27 409 8.04 356 124.323Mercury... Hg 200.61 2 1.03 943 0.96 207 3.74 195 0.26 724 8.24 958 121.2181 2.07 886 0.48 103 7.48 390 0.13 362 6.49 917 60.609MoIybde- Mo 95.95 6 3.16 572 6.03 439 3.59 658 1.67 622 1.31 523 760.321num. 5 ).19 886 5.02 866 ).71 590 1.39 685 1.57 828 633.6014 ).24 858 4.02 293 1.89 487 1.11 748 1.97 285 506 88Ï3 ).33 143 3.01 720 .19 316 0.83 811 2.63 047 380.1602 3.49 715 2.01 146 .78 974 0.55 874 3.94 570 253.440I ).99 430 1.00 573 1.57 948 0.27 937 7.89 141 126.720Neodym- Nd 44.27 3 ).49 834 2.00 665 .79 403 0.55 740 3.95 516 252.835ium. η .49 503 0.66 888 . .38 209 0.18 580 1.86 548 84.278
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Table 2. Electrochemical Equivalents of the Elements—(Continued)

1 2 3 4 5 6 7 8 9
Element Sym- Atomic Val. or Mg. per Coulombs G. per Amp.-hr. Lb. per 1,000 amp.-hr. Amp.-hr.bol weight chg. val. coulomb per mg. amp.-hr. per g. per lb.

Neon.............. Ne 20.183 n 0.20 915 4.78 125 0.75 294 1.32 813 1.65 995 602.428Nickel........... Ni 58.69 3 0.20 273 4.93 2TB 0.72 982 1.37 019 1.60 899 621.5092 0.30 409 3.28 846 1.09 474 0.91 346 2.41 348 414.3401 0.60 819 1.64 423 2.18 947 0.45 673 4.82 696 207.170Nitrogen .. N 14.008 5 0.02 903 2 34.44 446 0.10 452 9.56 795 0.23 042 438.9954 0.03 629 0 27.55 568 0.13 064 7.65 436 0.28 802 347.1963 0.04 838 7 20.66 676 0.17 419 5.74 077 0.38 403 260.3972 0.07 258 0 13.77 784 0.26 129 3.82 718 0.57 60¿ 173.5981 0.14 516 6.88 892 0.52 258 1.91 359 1.15 209 86.799Osmium... Os 190.2 8 0.24 637 4.05 889 0.88 694 1.12 747 1.95 537 447.4356 0.32 850 3.04 416 1.18 259 0.84 560 2.60 717 383.5585 0.39 420 2.53 680 1.41 911 0.70 467 3.12 860 319.6324 0.49 275 2.02 944 1.77 389 0.56 373 3.91 075 255.7063 0.65 700 1.52 208 2.36 518 0.42 280 5.21 433 191.7792 0.98 549 1.01 472 3.54 777 0.28 187 7.82 150 127.8531 1.97 098 0.50 736 7.09 554 0.14 093 15.64 299 63.926Oxygen.... O 16.0000 2 0.08 290 2 12.06 250 0.29 845 3.35 069 0.65 796 1519.850
n 0.16 580 6.03 125 0.59 689 1.67 535 1.31 592 759.925Palladium . Pd 106.7 4 0.27 642 3.61 762 0.99 513 1.00 489 2.19 388 455.8123 0.36 857 2.71 332 1.32 684 0.75 367 2.92 518 340.8592 0.55 285 1.80 881 1.99 026 0.50 245 4.38 777 227.9061 1.10 573 0.90 440 3.96 052 0.25 122 8.77 554 113.953Phosphorus P 31.02 5 0.06 429 15.55 448 0.23 144 4.32 069 0.51 025 1959.3323 0.10 715 9.33 269 0.38 574 2.59 241 0.85 041 1175.8992 0.16 073 6.22 179 0.57 861 1.72 828 1.27 562 783.933
n 0.32 145 3.11 090 1.15 722 0.86 414 2.55 124 391.966Platinum.. Pt 195.23 4 0.50 578 1.97 716 1.82 080 0.54 921 4.01 417 249.1172 1.01 155 0.98 858 3.64 160 0.27 460 8.02 834 124.559
n 2.02 311 0.49 429 7.28 319 0.13 730 16.05 669 62.279Polonium.. Po 210* 6 0.36 269 2.75 714 1.30 570 0.76 587 2.87 857 347.3944 0.54 404 1.83 810 1.95 855 0.51 058 4.31 786 231.5962 1.08 808 0.91 905 3.91 710 0.25 529 8.63 572 115.798
n 2.17 617 0.45 952 7.83 420 0.12 765 17.27 145 57.899Potassium. K 39.096 1 0.40 514 2.46 828 1.45 850 0.68 563 3.21 545 310.998Praseo- Pr 140.92 3 0.48 677 2.05 436 1.75 237 0.57 065 3.86 332 258.845dymium. n 1.46 031 0.68 479 5.25 712 0.19 022 11.58 996 86.282Protoac- Pa 231 5 0.59 845 2.08 874 1.72 352 0.58 02Î 3.79 572 263.177tinium. 3 0.79 793 1.25 325 2.87 254 0.34 812 6.33 286 157.9062 .19 689 0.83 550 4.30 881 0.23 208 9.49 929∣ 105.271
n 2.39 378 0.41 775 3.61 762 0.11 604 8.99 855∣ 52.635
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Table 2. Electrochemical Equivalents of the Elements—(Continued)

1

Element
Sym­
bol

2

Atomic 
weight

3

Val. 

or 
chg. 
val.

4

Mg. per 
coulomb

5

Coulombs 

per mg.

6

G. per 
amp.-hr.

7

Amp.-hr. 

per g.

8

Lb. per 
1,000 

amp.-hr.

9

Amp.-hr. 
per lb.

Radium... Ra 226.05 2 1.17 124 0.85 379 4.21 648 0.23 716 9.29 574 107.57δ
n 2.34 249 0.42 690 8.43 295 0.11 858 18.59 148 53.788

Radon........... Rn 222 n 2.30 052 0.43 468 8.28 187 0.12 075 18.25 835 54.769
Rhenium... Re 186.31 7 0.27 581 3.62 568 0.99 292 1.00 713 2.18 901 456.8286 0.32 ¡78 3.10 772 1.15 840 0.86 326 2.55 384 391.5675 0.38 613 2.58 977 1.39 008 0.71 938 3.06 46Ί 326.3064 0.48 267 2.07 182 1.73 761 0.57 550 3.83 07? 261.0443 0.64 356 1.55 386 2.31 681 0.43 163 5.10 769 195.7832 0.96 537 1.03 591 3.47 521 0.28 775 7.66 153 130.522

.
I 1.93 06? 0.51 795 6.95 042 0.14 388 15.32 306 65.261

Rhodium.. Rh 102.91 4 0.26 661 3.75 085 0.95 978 1.04 190 2.11 596 472.5993 0.35 547 2.81 314 1.27 971 0.78 143 2.82 128 354.4492 0.53 321 1.87 543 1.91 956 0.52 095 4.23 192 236.3001 1.06 642 0.93 771 3.83 913 0.26 048 8.46 383 118.150
Rubidium. Rb 85.48 1 0.88 580 1.12 892 3.18 889 0.31 359 7.03 030 142.24Î
Ruthenium Ru. 101.7 8 0.13 174 7.59 095 0.47 425 2.10 860 1.04 554 856.4Ï46 0.17 565 5.69 322 0.63 233 1.58 145 1.39 405 717.3335 0.21 078 4.74 435 0.75 880 1.31 787 1.67 286 597.7784 0.26 347 3.79 548 0.94 850 1.05 430 2.09 108 478.2223 0.35 130 2.84 661 1.26 466 0.79 072, 2.78 8IÖ 358.6672 0.52 694 1.89 774 1.89 699 0.52 715 4.18 216 239.Ill1 ɪ.05 389 0.94 887 3.79 399 0.26 357 8.36 431 119.556
Samarium . Sm 150.43 3 0.51 962 1.92 448 1.87 063 0.53 458 4.12 404 242.481

n 1.55 886 0.64 149 5.61 190 0.17 819 12.37 211 80.827
Scandium.. Sc 45.10 3 0.15 579 6.41 907 0.56 083 1.78 3δ7 1.23 642 808.789

n 0.46 736 2.13 969 1.68 249 0.59 436 3.70 925 269.555
Selenium.. Se 78.9 6 0.13 637 7.33 283 0.49 094 2.03 690 1.08 234 923.9514 0.20 456 4.88 855 0.73 641 1.35 793 1.62 352 615.9472 0.40 912 2.44 428 1.47 283 0.67 897 3.24 703 307.974

n 0.81 824 1.22 214 2.94 566 0.33 948 6.49 406 153.987
Silicon.... Si 28.06 4 ).07 269 13.75 624 ).26 170 3.82 118 0.57 695 1733.257

n ).29 078 3.43 906 .04 650 0.95 529 2.30 775 433.314
Silver............. Ag 107.880 1 .11 793t 0.89 451 4.02 454 0.24 848 8.87 259 112.707
Sodium.... Na 22.997 1 ).23 831 4.19 620 ).85 792 1.16 561 1.89 139 528.712
Strontium Sr 87.63 2 ).45 404 2.20 244 .63 455 0 61 179 3.60 356 277.503

n ).90 808 1.10 122 ).26 910 0.30 589 7.20 713 138.752
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Table 2. Electrochemical Equivalents of the Elements—(,Continued)1 2 3 4 5 6 7 8 9

Element Sym- Atomic Val. or Mg. per Coulombs G. per Amp.-hr. Lb. per 1,000 amp.-hr. Amp.-hr.bol weight chg. val. coulomb per mg. amp.-hr. per g. per lb.
Sulphur. . . S 32.06 7 0.04 746 21.06 987 0.17 086 5.85 274 0.37 668 2654.7556 0.05 537 18.05 989 0.19 934 5.01 664 0.43 946 2275.5085 0.06 645 15.04 991 0.23 920 4.18 053 0.52 736 1896.2574 0.08 306 12.03 993 0.29 901 3.34 442 0.65 919 1517.OOS3 0.11 074 9.02 994 0.39 867 2.50 832 0.87 892 1137.7542 0.16 611 6.01 996 0.59 801 1.67 221 1.31 839 758.5031 0.33 223 3.00 998' 1.19 602 0.83 611 2.63 677 379.251Tantalum.. Ta 180.88 5 0.37 488 2.66 75Î 1.34 957 0.74 098 2.97 529 336.10Ï4 0.46 860 2.13 401 1.68 696 0.59 278 3.71 912 268.8813 0.62 480 1.60 051 2.24 928 0.44 459 4.95 882 201.6612 0.93 720 1.06 701 3.37 393 0.29 639 7.43 824 134.440I 1.87 440 0.53 350 6.74 785 0.14 820 14.87 647 67.220Tellurium . Te 127.61 6 0.22 040 4.53 726 0.79 343 1.26 037 1.74 921 571.6864 0.33 060 3.02 484 1.19 015 0.84 023 2.62 382 381.1242 0.66 119 1.51 242 2.38 029 0.42 012 5.24 764 190.562

n 1.32 238 0.75 621 4.76 058 0.21 006 10.49 528 95.281Terbium... Tb 159.2 3 0.54 991 1.81 847 1.97 969 0.50 5131 4.36 447 229.113n 1.64 974 0.60 616 5.93 957 0.16 838 13.09 340 76.371Thallium. . Tl 204.39 3 0.70 601 1.41 64Î 2.54 164 0.39 345 5.59 002 178.57Î1 2.11 803 0.47 214 7.62 491 0.13 115 16.80 005 59.524Thorium... Th 232.12 4 0.60 135 1.66 293 2.16 485 0.46 193 4.77 268 209.526
n 2.40 539 0.41 573 8.65 940 0.11 548 19.09 OTS 52.382Thulium... Trn 169.4 3 0.58 515 1.70 897 2.10 653 0.47 471 4.64 410 215.327
n 1.75 544 0.56 966 6.31 959 0.15 824 13.93 230 71.776Tin.................. Sn 118.70 4 0.30 751 3.25 190 1 10 705 0 90 330 2.44 0624.88 124 409.732204.8662 0.61 503 1.62 595 2.21 409 0.45 165
n 1.23 005 0.81 297 4.42 819 0.22 583 9.76 248 102.433Titanium.. Ti 47.90 4 0.12 409 8.05 846 0.44 67Ï 2.23 846 0.98 488 1OI5.3⅞83 0.16 546 6.04 384 0.59 565 1.67 884 1.31 318 761.5∏1 0.49 637 2.01 461 1.78 694 0.55 961 3.93 953 353.837Tungsten.. W 183.92 6 0.31 765 3.14 81Î 1.14 354 0.87 447 2.52 108 396.6555 0.38 118 2.62 342 1.37 225 0.72 873 3.02 53Ü 330.5464 0.47 648 2.09 874 1.71 532 0.58 298 3.78 162 264.4373 0.63 530 1.57 405 2.28 709 0.43 724 5.04 217 198.3272 0.95 295 1.04 937 3.43 063 0.29 149 7.56 325 132.2181 1.90 591 0.52 468 6.86 126 0.14 575 15.12 650 66.109Uranium .. U . 238.07 6 0.41 117 2.43 206 1.48 023 0.67 557 3.26 168 306.59Ï5 0.49 341 2.02 671 1.77 627 0.56 298 3.91 601 255.4924 0.61 676 1.62 137 2.22 034 0.45 038 4.89 252 204.3943 0.82 235 1.21 603 2.96 046 0.33 779 6.52 335 153.2952 1.23 352 0.81 069 4.44 068 0.22 519 9.78 503 102.1971 2.46 705 0.40 534 8.88 137 0.11 260 19.57 006 51.098
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Table 2. Electrochemical Equivalents of the Elements—{Concluded)
1 ------ 2----- ~3~ 4 ---- 5---- 6 ----- 1— 8 9

Element Sym- Atomic
Val. 
or Mg. per Coulombs G. per Amp.-hr. Lb. per

1.000 
amp.-hr.

Amp.-hr.
bol weight c⅛∙ 

val.
coulomb per mg. amp.-hr. per g. per lb.

Vanadium. V 50.95 5 0.10 560 9.47 007 0.38 013 2.63 037 0.83 808 1193.209
4 0.13 199 7.57 606 0.47 518 2.10 446 1.04 760 954.567
3 0.17 599 5.68 204 0.63 358 1.57 834 1.39 675 715.925
2 0.26 399 3.78 803 0.95 036 1.05 223 2.09 519 477.284
I 0.52 798 1.89 4SI 1.90 073 0.52 611 4.19 038 238.642

Virginium . Vi 224* 1 2.32 124 0.43 080 8.35 648 0.11 967 18.42 288 54.280

Xenon....... Xe 131.3 n 1.36 062 0.73 496 4.89 824 0.20 416 10.79 877 92.603

Ytterbium. Yb 173.04 3 0.59 772 1.67 302 2.15 179 0.46 473 4.74 385 210.797
n 1.79 316 0.55 767 6.45 538 0.15 491 14.23 167 70.266

Yttrium... Y 88.92 3 0.30 713 3.25 574 1.10 574 0.90 437 2.43 774 410.2Tδ
n 0.92 145 1.08 525 3.31 722 0.30 146 7.31 322 136.739

Zinc.......... Zn 65.38 2 0.33 876 2.95 157 1.21 932 0.81 999 2.68 859 371.942
n 0.67 751 1.47 599 2.43 903 0.41 000 5.37 718 185.971

Zirconium. Zr 91.22 4 0.23 632 4.23 133 0.85 076 l'.17 542 1.87 560 533.16?
n 0.94 528 1.05 788 3.40 303 0.29 386 7.50 239 133.291

Note.—Atomic weights in boldface type indicate those in which changes have been made since the 
last revision of this table in 1929, or new additions to the list since that time.

Digit3 overscored may, if desired, be dropped from the values, rounding them off to the nearest 
preceding digit; such digits have been carried as a matter of convenience and uniformity in calculating and 
tabulating but are in excess of the number of significant figures in the primary data and hence do not add 
to the true accuracy of the results.

* Best value known; not included in the official list.
↑ This is the second isotope of hydrogen and is the only isotope included in the table, as no others have 

as yet been isolated to a sufficient degree to have their atomic weights determined.
j This value varies from the basic figure of 1.1180 mg. because of the rounding off of the value of the 

Faraday to 96,500 coulombs; other values also differ in the same proportion.

atomic weight divided by its valence) be divided by the electrochemical 
equivalent of silver, we find that

107.88 ÷ 0.00111800 = 96,494 coulombs

This quantity of electricity is called a faraday (F). It is taken as 96,500 
coulombs or 26.8 amp.-hr. If 1 faraday be passed through an electrolytic 
conductor, 1 g. equivalent of some substance will be liberated at each elec­
trode. If 1 faraday be passed through a solution containing several elec­
trolytes, the summation of the quantities of the different products set free at 
each electrode, when expressed in equivalents, will be unity.

In practice more than 1 faraday is needed for the liberation of a gram 
equivalent of a substance. This is not due to the failure of Faraday’s laws 
but to other causes. Side reactions may take place. The products of the 
electrolysis may suffer mechanical loss. Secondary reactions may take 
place at the electrodes. In addition there may be current leaks, short cir­
cuits, and losses in the form of heat. The ratio of the theoretical to the actual
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Table 3. Atomic Numbers, Atomic Weights, and Isotopes of

the Elements

Atomic 
No. Symbo

Mean 
atomic 
weight

Known 
isotopes Atomic weight of isotopes

l H 1.0078 3 1-2-32 He 4.002 2 43 Li 6.94 2 6-74 Be 9.02 2 (8)-95 B 10.82 2 10-116 C 12.01 2 12-137 N 14.008 2 14-158 O 16.OOOC 3 16-17-189 F 19.00 I 1910 Ne 20.183 3 20-21-2211 Na 22.997 3 23( 1L-IG)12 Mg 24.32 3 24-25-2613 Al 26.97 1 2714 Si 28.06 3 28-29-3015 P 31.02 1 3116 S 32.06 3 32-33-3417 ɑ 35.497 3 35-37-3918 A 39.944 3 36-38-4019 K 39.096 3 39-40-4120 Ca 40.08 6 40-42-43-44-46-4821 Sc 45.10 1 4522 Ti 47.90 5 46-47-48-49-5023 V 50.95 1 5124 Cr 52.01 4 50-52-53-5425 Mn 54.93 7 55(3L-3G)26 Fe 55.84 4 54-56-57-5827 Co 58.94 2 57-5928 Ni 58.69 5 58-60-62-6429 Cu 63.57 2 63-6530 Zn 65.38 5 64-66-67-68-7031 Ga 69.72 2 69-7132 Ge 72.60 5 70-72-73-74-7633 As 74.91 1 7534 Se 78.96 6 74-76-77-78-80-8235 Br 79.916 2 79-8136 Kr 83 7 6 78-80-82-83-84-8637 Rb 85.48 2 85-8738 Sr 87.63 4 84-86-87-8839 Y 88.92 1 8940 Zr 91.22 5 90-91-92-94-9641 Cb 92.91 ] 9342 Mo 96.0 8 92-94-95-96-97-98-100-(102)43 Ma 97.844 Ru 101.7 7 96-99-100-101-102-10445 Rh 102.91 2 101-10346 Pd 106.7 6 102-104-105-106-108-11047 Ag 107.880 2 107-10948 Cd 112.41 9 106-108-110-111-112-113-114-11649 In 114.76 2 113-11550 Sn 118.70 10 112-114-115-116-117-118-119-120-(12Î )-122-12451 Sb 121.76 2 121-12352 Te 127.61 8 120-122-123-124-125-126-128-13053 I 126.92 1 12754 Xe 131.3 9 124-126-128-129-130-131-132-134-13655 Cs 132.91 5 133(2L-2G)56 Ba 137.36 7 130-132-134-135-136-137-13857 La 138.92 1 139
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Table 3. Atomic Numbers, Atomic Weights, and Isotopes of
the Elements—{Conduded)

Not®.—Parentheses indicate an uncertain value.

Atomic No. Symbo Mean atomic weight Known isotopes Atomic weight of isotopes
58 Ce 140.13 4 136-138-140-14259 Pr 140.92 1 14160 Nd 144.27 5 142-143-144-145-1466Í Il 146.62 Sm 150.43 7 144-147-148-149-150-152-15463 Eu 152.0 2 151-15364 Gd 156.9 5 155-I56-157-158-16O65 Tb 159.2 1 15966 Dy 162.46 4 161-162-163-16467 Ho 163.5 1 16568 Er 167.64 4 166-167-168-17069 Tm 169.4 1 16970 Yb 173.04 5 171-172-173-174-17671 Lu 175.0 1 17572 Hf 178.6 5 176-177-178-179-18073 Ta 180.88 1 18174 W 184.0 4 182-183-184-18675 Be 186.31 2 185-18776 Os 191.5 6 186-187-188-189-190-19277 Ir 193.1 2 191-19378 Pt 195.23 5 192-194-195-196-19879 Au 197.280 ⅛ 200.61 8 196-198-199-200-201-202-203-20481 Tl 204.39 8 201 -203-205-207-209-211-213-21582 Pb 207.21 16 201 -202-203-204-205-206-207-208-209-210-211-212-213-214-215-21683 Bi 209.00 14 205-206-207-208-209-210-211-212-213-214-215-216-217-21984 Po 210.85 Ab 221.86 Rn 222.87 Vi 224.88 Ra 226.05 4 226-228-230-23289 Ac 227.90 Th 232.12 8 229-230-231-232-233-234-235-23691 Pa 231. . i92 U 238.07 8 233-234-235-236-237-238-239-240

quantity of current used is the current efficiency. In a similar manner, 
the actual amount of a product formed from a definite amount of current, 
divided by the theoretical amount, also gives us the current efficiency. In 
commercial practice, current efficiencies may vary from as low as 25 to 30 
per cent in the decomposition of certain fused salts and in chromium plating 
to as high as 92 to 95 per cent in copper refining and 100 per cent in the elec­
trolytic oxidation of anthracene to anthraquinone.

The current concentration is the current divided by the volume upon 
which the current acts. If a high concentration is to be produced of some 
compound subject to chemical decomposition, a high current concentration 
is desirable.

Electrochemical Equivalents
The electrochemical equivalents of the elements are tabulated. The use 

of the table, Table 2, has been simplified in that not only the ordinary valences 
of the elements are included but also the changes of valence which occur in 
oxidation-reduction reactions. For example, while iron exhibits the valence
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of 2 or 3, in the reduction of ferric to ferrous iron there is a valence change of 1. 
In Table 2, valence changes of 1, when they are not a normal valence or nor­
mal valence change of the element, are indicated as n. The calculations in 
Table 2 are based on the 1938 atomic weights, being the work of Roush 
[Trans. Ant. Electrochem. Soc., 73, 285 (1938)]. Mass and energy conversion 
factors allowing greater ease of use of the electrochemical equivalent tables 
are given in Tables 4, 5, and 6.

Table 6. Energy Conversion Data
τr , , g. per amp.-hr. × 0.7465Kg. per hp.-hr. = =- ,,------ ⅛-=----------- ----- -voltage of the reaction
Hp.-hr. per kg. = amp.-hr. per g. × 1.3411 × voltage 
τ, ι.ι. g∙ Pθr amp.-hr. × 1.6457Lb. per hp.-hr. = -----τ-------- ɪ-ɪ-------- —----

voltage of the reaction
Hp.-hr. per lb: = amp.-hr. per g. × 0.60786 × voltage 
τr. , g, per amp.-hr. × 6543.8

voltage of the reaction
τ - , g. per amp.-hr. × 14,426.5Lb. per hp.-yr. =------ π------ r-=------------------voltage of the reaction

Coulometers. Galvanometers are used for the detection of current and 
occasionally for the measurement of small currents. For large currents, 
ammeters are generally used and time recorded. Coulometers find applica­
tion for the measurement of current (in coulombs) in small-scale experimental 
work. Measurement is made of the electrode products due to the passage 
of the current. From Faraday’s laws, the quantity of electricity passed 
through can be calculated. Coulometers depend upon operation under 100 
per cent current efficiency. Side reactions must be eliminated.

Coulometers are of several classes. In the weight coulometer the gain 
in weight of the cathode of an electrolytic cell, due to the deposition of metal 
from a solution of its salt, is measured. Volume coulometers are those in 
which the volume of a gas liberated as the result of electrolysis, or the volume 
of mercury set free during electrolysis of a suitable mercury salt, is measured. 
In titration coulometers the change in concentration or the amount of a 
substance set free at one of the electrodes is determined by analytical methods.

The errors of coulometers are those inherent in the measurement of weight 
and volume or in titration, and also those due to imperfections in the coul­
ometer itself. The silver-weight and the iodine-titration coulometers are 
the most accurate, partly because of the high equivalent weights of iodine and 
silver (1 g. Ag corresponds to 894.53, 1 g. I to 760.33 coulombs).

The silver coulometer has been much studied. On the accuracy of the 
measurement of quantities of electricity depend not only the value of the 
faraday and the definition of the ampere but also the value of the e.m.f. of 
the normal Weston cell which is employed as a universal standard of e.m.f. 
The errors in the silver coulometer have been so completely eliminated that 
the results obtained for the e.m.f. of this cell by investigators in several 
countries, using three types of the coulometer, agree to about 1 part in 100,000. 
[See Rosa and Vinal, Bur. Standards Bull., 13, 479 (1916) ; Natl. Bur. Stand­
ards, Sei. Paper 285.]

Electrolytic Dissociation
In dilute solutions of nonelectrolytes the gas law equation 

PV = nRT
applies to osmotic pressure. There, P is the osmotic pressure, V the volume
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of the solution, n the number of mois in the solution, R the gas constant, and
T the absolute temperature. R = 0.0821 l.-atm. per oK (the absolute
temperature scale) or 1.985 cal. per deg. For electrolytes, P is always greater
than the value calculated. For electrolytes the expression becomes

PV = inRT
where i, always greater than unity, represents a degree of abnormality.

The presence of a solute causes a depression of the freezing point of a sol­
vent. For nonelectrolytes the extent of this lowering is given by the 
expression 

where Δ is the lowering of the freezing point, K is a constant, n is the number 
of formula weights of solute present in N formula weights of solvent. The 
value becomes 1.858 oK. per g. mol solute per liter. Electrolytes always give 
values which exceed 1.858.

In order to explain this behavior of electrolytes, Arrhenius in 1887 formu­
lated a theory of electrolytic dissociation. It was assumed that the mole­
cules of electrolytes break up into equivalent quantities of positively and 
negatively electrified particles or ions when dissolved in water. The solu­
tions of electrolytes are electrically neutral. The abnormal osmotic effects 
produced by electrolytes may then be accounted for by the increase in the 
number of particles of solute present in a solution. The theory does not 
assume that all of the molecules in solution are dissociated. Let a. equal the 
degree of dissociation or the fraction of each formula weight dissociated into 
ions, and n the number of ions into which each molecule dissociates, then

1 = (1 — a) -J- na 
= 1 + (n — l)<x 
_ a - ɪ) 

ɑ (n - 1)

Thus α may be calculated from osmotic pressure or from freezing-point 
determinations.

When n is the valence of the ion, the quantity of electricity carried by 
any gram ion is nF. One gram ion contains Avogadro’s number of ions, which 
is 6.06 × 1023. A single ion must carry the charge equivalent to the amount 
carried by the gram ion divided by the number of ions present, or a simple 
multiple n of this quantity if the ion have a valence of more than 1. This 
ultimate quantity of negative electricity is called the electron. It amounts 
to

96,500
(6.06 × 1023) = 1.59 × 10 19 coulomb

Solutions of electrolytes in solvents other than water conduct the electric 
current. It may be inferred that electrolytic dissociation takes place in these 
solvents. Substances which show conduction of the electric current in non­
aqueous solutions are not necessarily dissociated in water. This solvent, 
however, is more effective in bringing about dissociation than almost all others. 
Molten salts exhibit the same phenomena as solutions of electrolytes.

Solvents with high dielectric constants, like water, possess a high dissociat­
ing power, while those with low dielectric constants dissociate dissolved 
material to a less degree. The attraction of electric charges for each other
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is inversely proportional to the dielectric constant of the surrounding medium.
In the newer theories, the electric charges upon the ions are assumed to

set up electrostatic fields which do not allow the ions to behave independently
as demanded by the gas laws. The anomaly of strong electrolytes is to be
attributed entirely to these interionie attractions.

Debye and Hiickel [Physik. Z., 24, 185, 344 (1923) ; Ergehn, d. exakt. Natur­
niss., 3, 199 (1925) ; Physik. Z., 25, 97 (1924)] developed a theory that, owing 
to electrical attractions, an ion of a given sign will, on the average, be sur­
rounded by more ions of unlike sign than by ions of like sign. When such a 
solution is diluted to a very large volume, the ions become separated to such 
an extent that their mutual electrostatic attractions are no longer of signi­
ficance. If the excess electrical work involved in this isothermal dilution 
due to the rearrangement of the relative position of the ions be determined, 
the extent of the deviation from the gas laws in terms of the activity coefficient 
of the ions can be calculated.

Conductivity. In industrial operations, owing to the resistance of the 
electrolyte, certain amounts of electrical energy are converted into heat. 
From a practical viewpoint the resistance of the electrolyte is important in 
that it represents one of the ways in which electrical energy is consumed.

The resistance of any conductor of uniform cross section is 

where I is the length, a the cross-sectional area, r the specific resistance, and R 
the total resistance. The specific resistance is defined as the resistance 
of a unit cube of a conductor of a given material, expressed in ohms per centi­
meter cube or ohms per inch cube. The reciprocal of resistance is conduc­
tivity, and the reciprocal of specific resistance is the specific conductivity, 
denoted by K which may be defined by the expression

K = i = ɪ = — 
r Ra Ea

where I is the current and E the potential drop between the electrodes.
Conductivity of a solution is a function of the nature of the electrolyte, 

the. solvent, the concentration, and the temperature. Specific conductivity 
varies directly with concentration up to a maximum point, after which there 
is a decrease. The K — t relation

Ki = Kιs[l + δ(i — 18)]
is almost linear, where b is 0.02 to 0.025 for salts and bases, and 0.01 to 0.016 
for acids.

The equivalent conductivity (Λ) equals KF, where V is the volume of 
the solution containing 1 g. equivalent of the solute, A varies directly 
with F.. K decreases with dilution except in very concentrated solutions, 
while A increases. At first the change in value is rapid, gradually diminishing 
until, at sufficiently high dilutions, a practically constant maximum termed 
Aa,, or equivalent conductivity at infinite dilution, is reached. It can be 
shown that A√Λκ = a, giving an electrical method for determination of the 
degree of ionization at any dilution, a increases with dilution, approaching 
1 as the limit. Equivalent conductivities of a number of inorganic acids, 
bases, and salts are shown in Table 7. The values for the concentrations of 
0.001 N are in many cases equal to or approximately the same as .ix, so that 
« values may be calculated from the tables. From the relations Al, = KV'



ELECTROLYTIC DISSOCIATION 2741
Ta

bl
e 7

. Equ
iv

al
en

t C
on

du
ct

iv
iti

es
 of

 Sa
lts

, A
ci

ds
, a

nd
 B

as
es



2742 ELECTROCHEMISTRY

Ta
bl

e 7
. Equ

iv
al

en
t C

on
du

ct
iv

iti
es

 of
 Sa

lts
, A

ci
ds

, a
nd

 B
as

es
—

{C
on

tin
ue

d.
)



ELECTROLYTIC DISSOCIATION 2743
Ta

bl
e 7

. Equ
iv

al
en

t C
on

du
ct

iv
iti

es
 of

 S
al

ts,
 A

ci
ds

, a
nd

 B
as

es
-(C

or
ei

ira
ue

d)



2744 ELECTROCHEMISTR Y

Ta
bl

e 7
. Equ

iv
al

en
t C

on
du

ct
iv

iti
es

 of
 Sa

lts
, A

ci
d

κr, u~∣<N<N ∙ιΛ

qSo9oo o⅞.z⅛i-, MBMWMB

σ% ∙ '^≡ g 1

⅛⅛⅛325S333SSS



ELECTROCHEMICAL ENERGY 2745
and K = l/r, Aυ = V∕τ, and r = V/Av, the resistance of electrolytes at 
various concentrations may be calculated from the tables. V can be cal­
culated from the normalities or concentrations given. If, instead of nor­
malities, concentrations C in mil-equivalents per liter be used, the normalities 
must be multiplied by IO3 and Λv — IO6 K∕Cf, from which specific conductivi­
ties and resistances may be calculated. The values in Table 7 are reciprocal 
ohms. This table has been condensed from those of Washburn and Klemenc 
and Parker and Klemenc in the “International Critical Tables,” vol. 6, by 
permission.

Electrochemical Energy
Differences of potential are electrochemically produced by voltaic or gal­

vanic cells, which may be defined as any arrangement by which the energy 
of chemical reactions or of certain physical processes, such as diffusion, is 
converted into electrical energy.

If the reaction involved in a voltaic cell be written completely as a thermo­
chemical equation, and on an equivalent basis for the components involved, 
and the thermal energy be converted into electrical units, the electrical energy 
(in watts) divided by the faraday (in coulombs), the quotient of watts per 
equivalent divided by coulombs per equivalent will be volts. This will be 
the rough calculation of the theoretical decomposition voltage of the reaction 
of the cell under the conditions and limitations of the reaction.

The effective voltage of a primary>· cell is a function of the amount of current 
drawn from the cell. The greater the current, the lower will be the voltage 
across the terminals. When the current flowing is infinitely small, the voltage 
will have its maximum value, a figure which is termed the e.m.f. of the cell, 
or voltage on open circuit. Conversely, the greater the current forced into 
the cell, the higher the necessary voltage which must be applied across the 
terminals. With an infinitely small current the minimum value of applied 
voltage approaches the e.m.f. of the cell as a. limit.

The maximum amount of electrical energy can be developed only when a 
cell operates isothermally and its reactions are completely reversible.

In a reversible process involving the conversion of energy, U=A- Q, 
where Q is the heat absorbed by the system (following the custom of thermo­
dynamics, heat developed by a reaction is taken as negative), and A the 
external work done by the system when its total energy decreases by V. 
Electrical energy converted from chemical energy has a maximum value equal 
to A. In electrical units A = nFE, where n is the number of equivalents 
involved. If Q be negligible,

U = ∏FE
and

The e.m.f. of a cell can be calculated from either thermochemical data or the 
theoretical decomposition voltage of a compound.

The relation between electrical energy of a system and the heat of reaction 
is given by the Gibbs-Helmholtz equation

in which T is the absolute temperature. In chemical reaction systems, the 
external work is small. Since A approaches zero as a limit, U = —Q. By
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substitution in the Gibbs-Heimhoitz equation for A and Ui we obtain

whence

TnFdE
~dT~

-Q ∞ 
nF + d⅛Γ

If E be expressed in volts and Q in caiories, then 
-JQ TdE

^^*~  , / rτιnF dT
where J = 4.182 is the electrical equivalent of heat. It will be observed 
that when dE/dT is positive, the e.m.f. of a reversible voltaic cell increases 
with rise in temperature; when zero, the electrical energy is equal to the 
chemical energy. By the use of this equation, heats of reaction may bo 
determined by e.m.f. measurements. The equation also allows the deter­
mination of the theoretical voltage of a cell for the calculation of the theoretical 
energy and energy efficiency.

The existence of a definite tendency toward the passage from the atomic 
to the ionic state is designated as electrolytic solution pressure (p). In 
general, the values decrease in the same order as the increase of the electro­
positive character of the metal. The nonmetals are also assumed to have 
electrolytic solution pressures, the order in the case of the halogens and sulphur 
being fluorine, chlorine, bromine, iodine, and sulphur. If a bar of zinc be 
placed in water, some zinc atoms give up two electrons each to the bar of 
metal, passing into the water as positively charged zinc ions. An electric 
double layer is thus formed at the interface of the metal and the liquid. The 
electrostatic attraction of the negative charges accumulating on the metal 
surface opposes the passage of atoms to the ionic state. If a piece of zinc 
be immersed in a solution of a copper salt, copper ions will discharge and 
deposit as copper atoms on the zinc. The negative charges on the zinc will 
be reduced, and more zinc atoms will be able to assume the ionic state. The 
amount of zinc entering the solution will be equivalent to the amount of 
copper deposited. When any metal A is immersed in a solution of a salt of 
another metal B having a lower electrolytic solution pressure, B is deposited 
and A enters solution. Electrolytic solution explains the displacement 
of metals by others from solution, and the solution of metals in acids (dis­
placement of hydrogen). When a metal of a high electrolytic solution pres­
sure is in contact with a solution of its own ions, the tendency of the atoms to 
pass into the ionic state is opposed by the osmotic pressure P of the metal 
ions in solution. If p > P1 the metal will dissolve; if Pj> p1 the metal will 
deposit.

The single-electrode potential is the difference of potential between 
the electrode and the solution around it. The e.m.f. of a cell is equal to the 
difference of the single-electrode potentials of the electrodes of the cell.

E ≈ βl — β2

where βι and β2 are single-electrode potentials. The normal hydrogen elec­
trode is the standard and a single potential of zero is assigned to it. A normal 
hydrogen electrode consists of a platinized-platimιm plate, half immersed in 
a normal H+ solution and half surrounded by pure hydrogen gas which is 
bubbled through the solution. The hydrogen is dissolved in the platinized 
platinum and behaves like a metal. A definite and reproducible potential 
difference is set up between the electrode and the H+ solution. The single
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potential of an electrode can be obtained by measuring the e.m.f. of a cell
in which the hydrogen electrode is combined with the electrode in question.
The sign of this single potential will be positive or negative according as the
electrode in question is the positive or negative pole of the cell. Such values
are single-electrode potentials on the hydrogen scale.

Table 8. Electrode Potentials

Volts Refer­ence Volts Refer­ence
Li+ 4- e = Li...... ............................................Rb+ + e = Rb................................................ -2.959-2.925 1K+ 4- e = K...................................................... —2.924 1Ca+÷ 4- 2e = Ca............................................. -2.76 2-2.714 1 -1.570 3NaCl 4- e = NaHg (4-Cl"insat.NaCl ............................................................... -1.837 7Sr++ 4- 2e = SrHg.................................... -1.793 8Zn++ 4- 2e - Zn.............................................. -0.761 1Cr++ 4- 2e = Cr............................................. -0.557 3Fe++4~ 2e - Fe.............................................. -0.44 1Cd++ + 2e = Cd............................................. -0.401 ɪ Tl+4-e = TΓHg.......................................... -0.336 1NJ++ + 2e - Ni............................................. -0.23 4Sn++ 4- 2e - Sn............................................. -0.136 1Pb++ 4- 2e = Pb............................................. -0.122 XH+4-e - ½H2................................................ 0.000

Cu++4-2β - Cu............................................. 0.344 1

Sb2O3 4- 6H 4- 6e ≈ 2Sb 4-3H2OBiOCl ÷ 2H÷ + 3β = Bi +Cl'+ H2OAs2O3 + 6H÷ + 6e = 2As +3H2O
0.1440.1580.234

3

9.10

110.797 1Hg<>++ 4- 2e =, 2Hg........................................ 0.798 1Au÷++4-3e = Au.......................................... 1.36 5

1Lewis and Randall, “Thermodynamics and the Free Energy oí Chemical Substances,” McGraw-Hill, New York, 1923.2 Drucker and Luft, Z. physik. Chem., 121, 307 (1926).3 Grube and Breitinger, Z. Elektrochem., 33, 112 (1927).4 Haring and Van den Bosche, J. Phys. Chem., 33, 161 (1929).5Jirsa and Jellinek, Chem. Listy, 18, 1 (1924); Z. Elektrochem., 30, 286 (1924).8 Danner, J. Am. Chem. Soc., 46, 2385 (1924).7 Danner, J. Am. Chem. Soc., 44, 2832 (1922).8 Schuhmann, J. Am. Chem. Soc., 46, 52 (1924).9 Jellinek and Kühn, Z. physik. Chem., 105, 337 (1923).10 Noyes and Chow, I. Am. Chem. Soc., 40. 739 (1918).11 Schuhmann, J. Am. Chem. Soc., 46. 1444 (1924).
In order to indicate the direction of the polarity between a metal and a 

solution, the sign of the charge on the metal is placed before the potential 
difference between the two phases—the so-called potential of the metal or 
the electrode potential.This convention, according to Bancroft [Trans. Am. Electrochem. Soc., 33, 79 (1918)] the only one which can be adopted universally, has been adopted officially by the Bunsen Gesellschaft, the American Electrochemical Society, and the National Bureau of Standards and is employed by most European electrochemists and largely in this country. Another convention, advocated by Lewis [Jr. Am. Chem. Soc., 35, 1 (1913)], is extensively employed in this country. According to this, the potential difference of a metal-solution junction is considered as positive when there is a tendency for positive electricity to flow from left to right through the junction as written, and as negative when there is a tendency for positive electricity to flow from right to left.
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In solutions containing their own ions, noble metals (e.ff., with electrolytic 
solution pressures lower than that of hydrogen) acquire a positive potential, 
while base metals (.e.g., with electrolytic solution pressures greater than that 
of hydrogen) acquire a negative potential. In accordance with this conven­
tion, the potential of a metal in contact with a solution containing its own 
ions is positive when p < P, and negative when p > P.

A short arrow will sometimes be placed above a metal-solution junction 
to indicate the direction in which the positive current tends to flow. When 
the arrow points toward the metal, its potential is positive; when it points 
away from it, its potential is negative.

The magnitude of a single-electrode potential will be a function of p and P. 
For reactions of the reversible type,

Μ»® —± Af + nφ
Nernst developed the equation

ncF = -RT Ioge p

on the assumption that the gas laws are valid in respect to ions in strong 
electrolytes, where p is the electrolytic solution pressure of metal M ; P the 
osmotic pressure of the M ions in solution; e the single-electrode potential 
corresponding to the equilibrium; R the gas constant; and T the absolute 
temperature. For dilute solutions, P is a function of c, the concentration, 
and P = kc. Then

-RT loge Γ-

RT 
nF

.RT.
+ nF 1°8^ C

For a pure metal at a given temperature
RT 
nF

or the normal electrode potential of the specific equilibrium. If T ≈= 291 
(180 C.), R = 8.32 joules and, using Briggs’ logarithms for the cation,

, (0.058 log c)≡≡ C'Q ~J- " ' " .... .....
n

and for the anion,
(0.058 log c)

βfl. — <? O n
if c = 1, e ≈ e<¡. The potential of an electrode equilibrium is then the poten­
tial difference of the electrode material and a molar solution of the ion involved.

A table of electrode potentials will furnish data as to the quantitative 
aspect of electrode equilibriums in a concise form. A table of the more impor­
tant single potentials is given, the values being taken from Gerke, “Interna­
tional Critical Tables,” vol. 6, McGraw-Hill, by permission.

In addition to electrode reactions between metal electrodes and metal ions, 
gas electrodes exist in that hydrogen, the halogens, and oxygen also are known 
to ionize. Nitrogen, however, does not ionize. The gases are bubbled 
against the surface of a platinized-platinum electrode in an electrolyte con-
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taining the ion concerned. The gases are dissolved or sorbed by the metal
and can ionize. The P of a gas dissolved in platinum is a function of the
concentration of the gas in the metal and the gas pressure on the entire system.

Table 9. Reduction Reactions

Volte Refer­
ence

Cr++*-  + e = cr++ .................................... -0.40 1,2
Cu2O + H2O 4- 2e - 2Cu ÷ 2OH“............... -0.34 3
CuS + 2H+ + e ≈ Cu ÷ H2S........................ -0.259 4

SbO + 2H+ 4- 3c = Sb + H2Ol...................... -0.212 6
PbS + 2H+ 4- 2e = Pb 4- H2S...................... 0.07 4

PbO2 4- H2O + e = PbO 4- 20H~................. 0.27 6
Ti+++ 4- e = Ti++............................................. 0.37 7
Cu++ + 2C1" -H = CuCl2-............................ 0.455 3

K3Fe(CN)6 + K+ 4- e = K4Fe(CN)6............. 0.486 9
H3AsO1 + 2H+ + 2e = H3AsO3 + H3O........ 0.57 10

0.664 H
Fe+++ + e - Fe++............. ............................. 0.747 12,11
Tl++÷ 4- 2e = Tl+............................................. 1.21 14
Sn-H-++ _]_ 2e = Sn++................... .................... 1.25 U
MnO2 + 4H+ 4- 2e = Mn++ ⅛∙ 2H2O............. 1.33 lβ
Ce++++ + e = Ce+^l^+........................................ 1.55 17
MnO4- 4- 4H+ 4- 3e = MnO2 + 2H2O........... 1.58 18
Co+++ + e = Co++........................................... 1.81 19 Λ

1 Forbes and Richter, J. Am. Chem. Soc., 39, 1140 (1917).
2Grube and Breitinger, Z. Elektrochem., 33, 112 (1927).
3 Allmand, J. Chem. Soc., London, 95, 2151 (1909).
4 Knox, Trans. Faraday Soc., 4, 29 (1908).
5 Schuhmann, J. Am. Chem. Soc., 46, 52 (1924).
sGlasstone, J. Chem. Soc., London, 121, 1456 (1922).
7 Forbes and HaU, J. Am. Chem. Soc., 46, 385 (1924).
8 Carter and Lea, J. Chem. Soc., London, 127, 499 (1925).
9 Lewis and Sargent, J. Am. Chem. Soc., 31, 355 (1909).

10 Foerster and Pressprich, Z. Elektrochem., 33, 176 (1927).
11 Sackur and Taegener, Z. Elektrochem., 18, 718 (1912,.
12 Noyes and Brann. J. Am. Chem. Soc., 34, 1016(1912).
13 Popoff and Kunz, j. Am. Chem. Soc., 51, 382 (1929).
14Grube and Hermann, Z. Elektrochem., 26, 291 (1920).
15 Forbes and Bartlett, J. Am. Chem. Soc., 36, 2030 (1914).
lβ Tower, Z. physik. Chem., 32, 566 (1900).
π Baur and Glaessner, Z. Elektrochem., 9, 534 (1903).
18 Brown and Tefft, J. Am. Chem,. Soc., 48, 1128 (1926).
19 Jahn, Z. anorg. allgem. Chem., 60. 292 (1908).
20 Lamb and Larson, Jr. Am. Chem. Soc., 42, 2024 (1920).
Many reactions, when resolved into their constituent oxidation and reduc­

tion processes, give electrode reactions which involve transference of electricity 
from ion to ion. Cells involving these reactions are oxidation-reduction cells, 
and the electrode systems oxidation-reduction electrodes. The essential 
reactions are the changes in the amount of electricity associated with the 
substances. For a reaction of the type Mx My 4- (x — ?y) φ, the potential 
difference varies with ionic concentration according to the relation 

where c = concentration of Λfx ions and c' = concentration of A∕y ions.

When c = c' = 1, log ~ -- 0. Table 9 gives representative values of oxida- 
c

tion-reduction potentials for some common cells.
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In concentration cells, potential differences are set up between electrodes
in contact with different concentrations of the same electrolyte. The
e.m.f. of a concentration cell is a function of the ratio of the ionic concentrai
tions at the two electrodes. Only when the concentration ratio is large are
the e.m.f. values large.

Polarization, Overvoltage, and Passivity
1. Polarization. If current from an external source be sent into a cell, 

the voltage of the cell terminals is raised above its static value. The cell 
is said to be polarized. When, however, an appreciable current is passing 
across the boundary between an electrode and a solution, the value of the 
potential difference between the two is changed from its equilibrium value 
as given by the Nernst equation. The differeɪiee between these two values is 
called polarization. Complete or partial removal of this difference is termed 
depolarization. Any agent which does this work is called a depolarizer.

A primary cell becomes polarized when discharged so that its e.m.f. falls 
below its static value. When the potential of an electrode is raised, the 
electrode is anodically polarized; when the potential is lowered or becomes 
more negative, the electrode is Cathodically polarized. The amount of 
polarization is the difference between the actual and the equilibrium values 
of the electrode potential.

Owing to irreversibility of electrode processes and ohmic resistances in the 
cell at various points, the working voltage of a cell always exceeds the theo­
retical decomposition voltage. The percentage ratio between the theoretical 
quantity of energy necessary for the production of a given amount of a sub­
stance and the actual quantity of energy, the latter always being the larger, 
is termed the energy efficiency of the process. The energy efficiency may 
also be described as the product of the current efficiency and the percentage 
ratio of the theoretical to the actual voltage.

Electrode processes occur essentially at the surface of the electrode in 
contact with the electrolyte or in thin films adjacent to these electrodes. 
The bulk of the electrolyte may be considered merely as a reservoir for ions 
and as a conducting medium. At the cathode the discharge of an ion would 
tend to reduce the concentration of the ions in the cathode film. As a result, 
the single potential of the electrode tends to become more negative and 
cathodic polarization begins. The higher the current density, the greater will 
be the tendency for the concentration of the ions in the cathode film to be 
reduced. This tendency is opposed by diffusion of the ions from the region of 
higher concentration in the electrolyte to that of lower concentration around 
the cathode. Convection currents, mechanical agitation, and other com­
pensating processes will tend to reduce this form of concentration polarization. 
A similar set of conditions holds true for the anode, with the exception that 
the single potential of the anode hence becomes more positive.

If the current become so large that the concentration of metal ions on the 
cathode surface is reduced practically to zero, no larger current can pass, 
however great the potential difference be made, unless some other ions 
begin to deposit. This value is termed the limiting or maximum current. 
It depends upon the concentration, temperature, and rate of stirring of the 
solution.

If the polarization occurring at ordinary current density be not greater 
than that accounted for by concentration polarization, the process is con­
sidered as reversible. Otherwise the process is considered to be irreversible.
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Fig. 2.—Electrolytic recti­
fier.

. Polarization may be caused by factors which interfere with the main
electrode process. Films of nonconducting substances may form on the
electrode surfaces, and the current density at the uncoated sections of the
electrodes will increase. Enormous polarization may set in at electrode
surfaces completely covered with films.

Commercial utilization of this type of effect is found in anodic oxidation 
of aluminum and its alloys, tantalum, and other metals in rectifiers, electro­
lytic lightning arresters, etc.

Electrolytic Rectifiers (see. Electrical Section). Electrodes which, as 
anodes, have become covered with an insulating film show different behaviors 
when employed as cathodes. With some the insulating layer is easily 
removed, but in the case of metals haying difficultly, reducible oxides (Al and 
Ta) the film, continues for some time although H+ ions may be discharged 
through it. Such electrodes are electrolytic valves. They possess the 
property of permitting current passage only in one direction. A cell with 
an aluminum plate as cathode and a lead sheet as anode in a suitable electro­
lyte may be placed in series with and between a gen­
erator and a storage cell battery. The interposed 
cell does not interfere with the charging current to 
the cells, but prevents the storage cells from “feeding 
back” to the generator when that machine is shut 
down.

Electrolytic valves may be employed as rectifiers 
for a.c.-d.c. conversion. A typical arrangement is 
shown in Fig. ,2. Four rectifier cells, each containing 
an aluminum electrode and one of carbon, iron, or 
platinum, are connected as shown. The film forma­
tion on aluminum allows the passage of appreciable 
current only when the electrode is used as cathode. From the figure it can be 
verified that the current produced on the right-hand circuit will be d.c., and 
that both positive and negative waves of the a.c. are utilized. The energy 
efficiency is about 60 per cent.

It so happens that in some cases polarization is definitely necessary for the 
production of the desired electrode process. In chromium deposition, the 
cathodic hydrogen film is an important factor in the production of the chro­
mium metal. Polarization effects may markedly affect the type of deposits 
obtained. When these cannot be eliminated by variation of current and 
voltage, depolarizers are employed. In high-quality nickel plating, hydrogen 
adsorbed by the nickel affects the ductility of the metal. Oxidizers like 
hydrogen peroxide are added to convert the hydrogen codeposited with the 
nickel into water. Chlorides in various plating baths and in refining solutions 
find application in overcoming anode polarization by increasing the rate of 
anode corrosion.

2. Overvoltage. Hydrogen Overvoltage. Even at low current den­
sity, some polarization is usually needed to cause cathodic hydrogen evolution. 
At higher current density, these polarizations may be of considerable magni­
tude. The polarization voltage needed for the evolution of a gas at an elec­
trode material is known as the overvoltage of the material for the gas under 
the conditions stated. The hydrogen overvoltage of an electrode is the 
difference between the (actual) cathode potential for hydrogen evolution and 
the equilibrium (theoretical) potential of hydrogen in the same electrolyte. 
Hydrogen overvoltage of an electrode material may be obtained from the 
current-density-electrode-potential curves for hydrogen evolution at a
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cathode of that material. The values vary directly with the current density,
the extent of this increase usually being greater than accountable by concen­
tration changes in the electrolyte. Hydrogen overvoltages at very high

AJuminuroBismuth .Brass.... Cadmium Carbon...Copper.. Duriron.. Gold..... Graphite. Iron............Lead............Mercury.. Monel.... Nickel.... Palladium Platinum, platinized Platinum, smooth. Silver.... Tellurium

Table 10. Overvoltage, H2 at 25oC. ; Electrolyte 2NH2SO4*, ↑, ↑, ∣∣, t

0.001 0.0I 0.1 0.5 1.0
0.56 0.83 1.0 1.24 1.290.78 1.05 1.14 1.21 1.230.50 0.65 0.91 1.23 1.250.98 1.13 1.22 1.25 1.250.70 0.9 1.1 1.17Ó. 48 0.58 0.8 1.19 1.250.20 0.29 0.61 0.86 1.020.24 0.39 0.59 0.77 0.800.60 0.78 0.98 1.17 1.220.40 0.56 0.82 1.26 1.290.52 1.09 1.18 1.24 1.260.9 1.04 1.07 1.1 1.120.28 0.38 0.62 0.86 1.070.56 0.75 1.05 1.211. 1.241.0.12 0.3 0.70.015 0.03 0.04 0.05 0.050.024 0.07 0.29 0.57 0.680.47 0.76 0.88 1.03 1.090.4 0.45 0.48 0.54 0.60.86 1.08 1.22 1.24 1.230.72 0.75 1.06 1.20 1.23

* Knobel, J. Am. Chem. Soc., 46, 2613 (1924).t Knobel, J. Am. Chem. Soc., 46, 2751 (1924).Î Knobel, Caplan, and Eiseman, Trans. Am. Electrochem. Soc., 43, 55 (1923). ⅞ Knobel and Joy, Trans. Am. Electrochem. Soc., 44, 443 (1923).¡I Newbery, J. Chem. Soc., London, 105, 2419 (1914).1 Newbery, Trans. Paraday Soc., 151., 126 (1919).11 Newbery, Trans. Paraday Soc., 151., 126 (1919).
Amp. per sq. cm.

Table 11. Overvoltage, O2 at 25°C. ; Electrolyte IN KOH*

0.001 0.01 0.1 0.5 1.0
Copper........................................................... 0 42 0 58 ∩ 66 ∩ 74 ∏ 70Gold.......................................................................... 0 67 0 96 1 24 1 53 U. / 7 1 A¾Graphite......................................... ... ...... 0 53 0 9 1 09 I 19 I . O? 1 74Nickel, smooth..................................................... 0 35 0 52 0 73 0 82

I .z⅛ ∩ «ςNickel, spongy.................................................................... 0 41 0 56 0 69 0 74 U. OJ0 76Platinum, platinized......................................................... 0 40 0 52 0 64 0 71 0 77Platinum, smooth................................................. 0 72 0 85 I 78 1 43 1 40Silver...................................................... 0.58 0.73 0.98 L 08 I . it 71.13
*References as under Table 10.

current density for nearly all substances approach limiting values of about 
1.3 volts. A table of hydrogen overvoltages for various metals (Table 10) is 
given above. This is condensed from Knobel’s data in “International 
Critical Tables,” McGraw-Hill, by permission.
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Hydrogen overvoltage values for most cathode materials are of practical

importance even at moderate current density. The highest hydrogen
overvoltages are shown by the soft metals of low melting point, while those
of high melting point have relatively small values.

Overvoltage depends upon a large number of factors such as condition of 
the electrode surface, purity of the electrode, temperature, impurities and 
colloidal substances in the electrolyte, external pressure, imposed a.c., current 
density, and time of electrolysis.
Table 12. Overvoltage, Cl2 at 25oC. ; Electrolyte Saturated Solution 

of NaCl or KCl*
Amp. per sq. cm.

0.001 0.01 0.1 0.5 1.0

Grapliite........................................................
Platinum, platinized.....................................
Platinum, smooth.........................................

0.006
0.008

Ó.Ò16
0.03

0.25
0.026
0.054

0.42
0.05
0.16

0.5
0.08
0.24

Overvoltage, Br2 at 25oC. ; Electrolyte Saturated Solution of NaBr or 
KBr

Amp. per sq. cm.

0.01 0.l 0.5 1.0

Graphite..................................... 0.002 0.027 0 16 0 33
Platinum, platinized................................................ 0.002 0.012 0 07 0 2
Platinum, smooth......................................................... 0.002 0.26 0.4

Overvoltage, I2 at 25oC. ; Electrolyte Saturated Solution of NaI or KI

Amp. per sq. cm.

0.01 0.1 0.5 1.0

Graphite............................................................................. 0.013 0.Î 0 4 0.8
Platinum, platinized.......................................................... 0.006 0.03 0 09 0.2
Platinum, smooth............................................................. 0.004 0.03 0.12 0.22

*References are same as under Table 10.

Overvoltage necessitates increased energy expenditure in the separation of 
electrolytic gases. In addition it may actually change the nature of an elec­
trode process as the result of the change of electrode potential.

Oxygen Overvoltage. In a manner similar to hydrogen overvoltage, 
oxygen overvoltage exists in the course of anodic evolution of oxygen. Only 
the noble metals, and a few others like those of the iron group which can be 
“ennobled,” can be satisfactorily employed for the evolution of oxygen. A 
table of values is given in Table 11 (condensed from Knobel’s tables in 
"International Critical Tables.”)

Halogen Overvoltage. Overvoltages for the halogens exist of a nature 
comparable to hydrogen and oxygen overvoltages. On continued electrolysis
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these frequently attain very large values. Values for chlorine, bromine, and
iodine overvoltages are given in Table 12 (condensed from Knobel’s tables,
in “International Critical Tables,” McGraw-Hill, by permission).

3. PassiviXy. In the case of the iron-group metals and chromium, 
solution of these metals as anodes may be displaced by other reactions without 
the formation of visible films on the anode. Normally the anodic solution of 
this group of metals requires a considerable polarization, but at higher 
current density, oxygen evolution sets in, the metal is “passivated” or 
ennobled. Reduction of current density does not immediately eliminate the 
passive state of the metal. Similar phenomena occur with other metals, 
particularly witn the noblé ones whose reversible potentials and oxygen- 
evolution potentials are close together. In general, halogen ions interfere 
with passivity while oxidizing ions favor its inception. Chromium and its 
alloys are easily rendered passive and are thus resistant to anodic solution or 
corrosion. Passivity may markedly affect the type of anode reactions taking 
place.

The passive state in metals when used as anodes in electrolytic cells is 
analogous to chemical pa⅛ivity, a state which is of considerable importance 
in the corrosion resistance of metals when used as structural materials.

Many theories of anodic metal solution and passivity have been proposed. 
In general, the anodic polarization required for the solution of certain metals 
is attributed to the formation of metal-oxygen complexes at the electrode 
surface which make the single potential of the electrode more positive and 
hinder its solution. The value of this quantity may become so great that 
other anode reactions set in. The passivation of a metal, whether anodic 
or chemical, will be favored,by those conditions which tend to produce a 
high oxygen concentration in the surface layers of the metal.

Superimposed A.C. on D.C. Superimposing an a.c. on d.c. in electrolysis 
causes a decrease in electrode potential, reduces any irreversibility of the reac­
tion, acts as a depolarizer, reduces hydrogen overvoltage [Goodwin and Knobel. 
Trans. Am. Electrochem. Soc., 37, 617 (1920)], affects oxygen evolution at 
anodes. [Grube and Dulk, Z. Elektrochem., 24, 237 (1918)], lowers chlorine over­
voltage, aids anodic solution of metals, and allows higher current density of 
d.c. at an electrode.

The electrochemical effects are a function of the direct current, and the 
ratio of a.c. to d.c. and the frequency of the a.c. determine the magnitude of its 
effects. The modified Wohlwill gold-refining process is the only industrial 
use of superimposed a.c. on d.c.

Primary and Secondary Cells
Batteries. The conversion of chemical into electrical energy is the func­

tion of primary cells or batteries. The term batteries is usually applied to an 
assembly of identical units or cells, but is often loosely used for designating 
a single unit. In a primary battery the chemically reacting parts require 
renewal or replacement, while in a secondary or storage battery, reactions 
being reversible to a high degree, the chemical conditions are restored after 
partial or complete discharge by reversal of the current flow, i.e., by sending 
electric current into the cell. The high cost of primary batteries makes the 
production of electricity in large quantities from them impractical, so that 
they aie largely used for services of an intermittent nature, or for those 
demanding electric current for short times.

From the table of single-electrode potentials (Table 8), we can determine 
the e.m.f. of a primary cell resulting from the combination of two electrode 
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systems, one with a high positive or oxidizing and the other with a strongly 
negative or reducing potential. The e.m.f. of the resulting cell is then the 
difference between the two potentials. A large number of systems may be 
theoretically set up, but in the case of most of them they will be found unsuited 
for practical use because of chemical activity of the anode material, cost­
liness, or tendency to passivity, as well as other reasons. In practice zinc 
is almost invariably the soluble anode in a primary cell.

On the assumption that the electrode system and its resulting reactions 
are reversible, the e.m.f. of the cell may be calculated from the Gibbs-Helm­
holtz equation. If the cell has a zero temperature coefficient, the theoretical 
e.m.f. may be calculated from the heats of reaction of the materials of the 
cell. In practice, however, electrode systems never behave absolutely 
reversibly. At times the degree of irreversibility is considerable. Inasmuch 
aS soluble anode materials are commonly used and oxygen evolution does not 
occur, passivity is the only irreversible effect to be feared. This is eliminated 
by the proper choice of metal and electrolyte. At the cathode where the 
process is a discharge of a metallic ion to metal, the reaction takes place very 
nearly reversibly. If, however, the cathode system is an oxidation-reduction 
electrode consisting of an oxidizing agent in contact with an indifferent elec­
trode and serving to depolarize the discharge of hydrogen ions, a considerable 
overvoltage may be needed for the hydrogen discharge which will in turn 
lower the e.m.f. of the cell. If depolarizers are used, the e.m.f. of the cell is 
increased above the value corresponding to reversible cathodic hydrogen 
discharge. The reaction occurs so quickly between the depolarizer and the 
discharged hydrogen that the electrode never becomes saturated with the gas, 
and hydrogen discharge takes place at a less negative cathode potential. 
The more effective and rapid the action of the depolarizer and hydrogen, the 
lower is the hydrogen concentration in the electrode, the more positive the 
cathode potential, and the more nearly it reaches its equilibrium value.

Liquid depolarizers act more rapidly than do solids but tend to diffuse 
toward the anode which they may strongly attack. This may necessitate a 
diaphragm between the anode and the cathode, which increases the internal 
resistance of the cell. For satisfactory use solid depolarizers, in addition to 
reacting quickly with the discharged hydrogen, should have high electrical 
conductivity and make good contact. This may be obtained, as in the case 
of the dry cells, by adding graphite to the MnO2 depolarizer.

Internal resistances in the cell lower the e.m.f. of the unit. These may be 
due to the type of construction, diaphragms, concentration changes, electro­
lyte resistances, as well as those of a film or polarization nature not taken 
care of by depolarizers.

Scores of different primary batteries were on the market a generation ago, 
but now only a few of commercial importance. At the present time the 
list includes the Daniell cell, the Lalande, and the Leclanche of which the 
dry cell and the Fery cell are modifications. Of the entire group, the dry 
cell is by far the most important, followed by the Lalande, often termed the 
caustic soda primary battery. Table 13 lists laboratory and commercial 
cell systems.

The Daniell cell consists of the system
Zn I ZnSO41 CuSO41 Cu

and the chemical reaction is

Zn + CuSO4 = ZnSO4 + Cu
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The cell e.m.f. is a function of the concentration of the ZnSO4 solution, having
a maximum value of about 1.14 volts. If the ZnSO4 solution be not acid
with H2SO4, the voltage is 1.07. Inasmuch as the chemical reactions between
the constituents of the cell continue whether the cell be used or not, the setup
is not adapted to stand on open circuit.

Table 13. Primary Batteries

Type System E.m.f.

Bunsen....................................................Bichromate or Poggendorf..DanielI or gravity.........................Pery............................................................Grove. ..,................................................Lalande....................................................Dry cell...................................................Ije Carbone...........................................Aircell......................................................

HgZnIl part H2SO4 + 12 parts H2OIconcentrated HNO3∣C HgZn 1 part H2SO4 4*  12 parts H2O concentrated solutionNa2Cr2O7 + H2SO4] CHgZn∣5% solution ZnSO4.6H2OIsaturated solution 
CuSO4JH2OICuZn...............^............................................................. ^12% NH4Cl solution∣depolarizing CHgZn 1 part H2SO4 + ¡2 parts H2OIfuming HNO3∣PtHgZn 20% NH4Cl solution—MnO21C18—19% NaOH solution-oxides of Cu∣Cu NH4Cl-ZnCl2-MnO2IC..JCsolution NaOHIspecial C

Zn
Zn_____  ________
Zn 20% NaOHIspecialZn solution NaOH∣spec

1.942.001.671.21.661.50.951.531.41.25
at the

-Copper

Fig. 3.—Gravitj- cell.

A modification of the Daniel cell is known as the gravity battery, shown 
diagrammatically in Fig. 3. The heavier CuSO4 solution is placed 
bottom of the cell in contact with a spread-out copper- 
sheet electrode to which a rubber-covered wire connec­
tion is made. The zinc electrode is frequently in the 
form of a cast crowfoot suspended at the top of the jar, 
surrounded by ZnSO4 solution which has been carefully 
poured on top of the CuSO4 solution. The edges of the 
jars are ordinarily coated with paraffin to prevent creep­
age of ZnSO4 crystals over the top, and evaporation is 
reduced by covering the solution with a thin layer of 
mineral oil. It is estimated that under average condi­
tions only about 30 per cent of the zinc is electrochemically utilized.

The Lalande cell has a soluble zinc anode, an alkaline electrolyte, and a 
solid cathodic depolarizer. The system is Zn [ alkali solution-oxides of cop­
per I Cu. The electrolyte is usually 18 to 19 per cent NaOH. The construc­
tion of a typical cell is shown in Fig. 4. The CuO acts as a depolarizer and is 
made either in a compressed or in a loose form. In the manufacture of the 
compressed form, the CuO is first made in a very fine powder, mixed with a 
binder, and compressed under heavy pressures, then given a baking treatment, 
after which the outer surface is metallized by partial reduction to lower the 
resistance, inasmuch as CuO alone is a very poor conductor. The com­
pressed oxide element is usually a flat plate or a hollow cylinder. In com­
mercial cells the zinc electrode is usually cast in a cylindrical form and 
amalgamated with mercury, so that the electrode contains as much as 
2.5 per cent of the latter metal. The CuO and zinc electrodes are mounted in 
a glass jar made of heavy construction to withstand the corrosive action of 
the caustic solution, and the electrolyte covered with a layer of mineral oil to 
prevent absorption of CO2 from the atmosphere by the solution as well as the 
evaporation of the solution. Purity of materials is quite important for the suc­
cessful operation of the cell. In the Edison type, the electrodes are flat 
plates, the compressed copper oxide being in the center of the cell on each sic⅛
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of which is a zinc plate cast with ribs. The construction of the cell is shown in
Fig. 5.

The chemical reaction of
the cell may be given as

Zn + 2Na0H + CuO = 
Na2ZnO2 + H2O + Cu

Cut of Exhausted Cell; 
Kormal Electrolyte

Fig. 4.—Lalande cell.

The e.m.f. of the cell is 
about 0.95, but the termi­
nal voltage drops to less 
than two-thirds of this 
when heavy currents are 
furnished. The internal 
resistance of the cell is low. 
It is adapted to both closed- 
and open-cireuɪt work. 
Because of its simple con­
struction, ready working, 
relative cheapness, and 
despite its low voltage, it 
has found extensive use for 
work.
in sizes from 75 amp.-hr. up to cells with a rated 
capacity of 1,000 amp.-hr. When cells are run 
down, fresh zinc plates are added and the oxide 
electrode, which has been largely reduced to cop­
per, washed and reoxidized by heating at 150oC.

The Leclanclie cell is of the system
Zn∣NH1Cl - MnO2∣C.

The electrolyte is a strong NH1Cl solution, usual­
ly about 20 per cent, to which various hygro­
scopic substances, such as glycerin, ZnCl2, or at 
times CaCl2, may be added to lessen the tendency 
of the cell to lose water. The reaction of the 
cell is given as

the operation of signal systems and for railway 
Batteries are commercially manufactured

>lincp!<Mβ

~~CuOpΛrfe

Fig. 5.—Etlison cell.

Zn + 2NH1C1 + 2 MnO2 ≈ Zn(NH3)2Cl2 + H2O + Mn3O3

In the original form, the carbon rod was contained in 
a porous cup filled with crushed carbon and MnO2, 
the mixture being tamped to obtain intimate contact. 
In later forms the MnO2 and carbon were molded 
by the use of a binder into a cylindrical form, the 
zine rod being suspended centrally as in Fig. 6. The 
cell e.m.f. is about 1.5 volts, but the terminal voltage 
drops rapidly when heavy currents are drawn from 
the cell, showing values of 1.1 to 1.2 volts at currents 
as low as 0.1 to 0.2 amp. for an ordinary cell. The 
cell is suitable for open- or closed-circuit work if 
large currents be drawn intermittently and only for 
a short time. The dry-battery modification of the
Leclanchê cell has largely replaced this unit in commercial work.

Carbon and

Fig. 6.—LeelancM cell.
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Fig. 7.—Dry cells.

Section of
Paper-Lined 

Cell
Sectjon of 
Bag-Type

the case of the larger cells the zinc

Cell Voltage
Fig. 8.—Dry-cell characteristics.

ry racCe. 1Cħa herɪsfi ,sunaeτ vnτererCurrent Dema 1 nds

->

Dry Cells. The dry cell is so built that its electrolyte is contained in an 
absorbent material which prevents its spilling out with the cell in any position. 
The cell, however, is not dry, as one of 
the essential requirements in its construc­
tion is to be sufficiently wet under all 
ordinary conditions. The zinc electrode 
is made the container for the cell, the 
electrolyte consisting of a water solution 
of NH4Cl and ZnCl2, held partly in an 
adsorbent material that lines the zinc 
container and partly in the mixture of 
ground carbon or graphite and MnO2 
which serves as a depolarizer. The lat­
ter is bulky and occupies most of the 
interior of the cell. Often the electro­
lyte is made into a jelly by the usé of 
colloidal materials such as gum traga­
canth, agar-agar, flour, or, more com­
monly, starch. In American practice 
the cell is completely sealed at the top, 
the newer types having a vent for the 
escape of gas.

The cells are made in two general sizes, the larger ones for ignition, signal­
ing, and miscellaneous intermittent use, the smaller ones for flashlights, radio 
batteries, and similar purposes. In 
container is made of sheet with the 
bottom soldered with lap seams, but 
in the smaller cells the containers are 
zinc stampings. The zinc, for elec­
trochemical reasons, must have a 
high degree of purity but to with­
stand the manufacturing operations 
must also have good mechanical prop­
erties, ⅛.e., high tensile strength and 
elongation as well as stiffness. The 
use of pure zinc avoids galvanic 
couples and local corrosion of the 
metal.

The electrical conductivity of the 
MnO2 depolarizer is very low, so that 
granulated carbon, more or less com­
pletely graphitized, is. added to 
increase the conductivity of the mix­
ture. As regards the NH4Cl elec­
trolyte, it is desirable that it be free 
of metals such as Cu, Pb, Fe, As, Ni, 
Co, and Sb, which may be plated out 
by the zinc, as well as free from neg­
ative radicals, such as sulfates, which form compounds less soluble than the 
chlorides. Insulation and sealing compounds are usually resin, sealing wax, 
or bituminous pitches with fillers such as ground silica, fibrous talc, and color­
ing matter added. The entire cell is ordinarily insulated by a paper container 
or carton surrounding it.
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Two general methods of manufacture are employed. In the first, used for 

the large cells, the zinc container is lined with a sulphite- and ground-wood­
pulp board into which the MnO2—NH4Cl—ZnCb mixture is tamped around 
the central carbon electrode, after which the cell is sealed with a sealing com­
pound. In the manufacture of cells of the flashlight type> the carbon rod 
with its surrounding mixture of depolarizer and electrolyte is wrapped in a 
muslin bag and tied with a string, forming a unit which is placed in the zinc 
can, leaving sufficient space between the two for the electrolyte in the form 
of a paste. A solution of ammonium chloride and zinc chloride used for the 
electrolyte is thickened with flour or starch. The so-called desiccated cell
is manufactured dry, being either 
of the paper-lined or of the bag type, 
the cell being provided with an 
opening in the seal or the center of 
the carbon rod, through which the 
water necessary to make the cell 
active may be introduced. Daniels 
[Trans. Am. Electrochem. Soc., 53, 
45 (1928)] has calculated that the 
energy of a 90-g. Z>-cell is equal to 
almost 13,000 watt seconds. Such 
a unit will deliver about 2.73 amp.- 
hr. before its voltage falls to 1.13 
volts on a discharge through 83.3 
ohms for 4 hr. a day. These con­
ditions correspond to radio use.
The average voltage during this discharge is 1.3. Table 14 gives the com­
mercially important dry-cell sizes and voltages. Figure 8 shows dry-cell 
characteristics, and Fig. 9 shows the effect of temperature on the voltage 
and amperage of No. 6 dry cells.

Table 14. Dry Cells

Type

Sizes

Diameter, in. Height, in. Diameter, mm. Height, mm. Minimum 
voltage

A ¾ 1⅞ 16 48 1.47
B 1A 2⅛ 19 54 1.48
C >¾β 11⅝β 24 46 Γ.49
D 1¼ . 2¼ 32 57 1.50
E ∣¼ 2⅞ 32 73 1.50
F I¼ 3¾β 32 87 1.50
6 2½ 6 63 152 1.50

The Fery cell is a modification of the Leclanche type for use where very 
low currents are required, designed to avoid the use of cathodic depolarizers 
completely, relying on air dissolved in the carbon for depolarizing the hydro­
gen discharge. The type used on the French railways consists of a glass jar 
at the bottom of which a zine-plate anode rests. External connection is 
made by a copper wire insulated from the electrolyte. The anode plate 
Ciirries a cross-shaped insulator of synthetic plastic or ebonite on top of
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which the hollow carbon-cylinder cathode rests. The cathode is about half 
the diameter of the jar and is pierced with holes. It projects several inches 
above the surface of the electrolyte which is 12 per cent NHiCl. Oxygen 
for depolarization is adsorbed from the atmosphere by the carbon. A cell 
weighing 2.1 kg. has a 90 amp.-hr. capacity and an open-circuit voltage of 
about 1.2. In practice the cells are discharged at currents of 20 to 50 milli­
amp. and have a life of about 6 months.

The most recent development in pri­
mary cells has been the manufacture of 
so-called breather batteries or air cells 
of the system Zn ∣ 10 to 20 per cent 
NaOH I C. No depolarizers are em­
ployed, inasmuch as the carbon is of an 
adsorbent type which takes up oxygen 
from the air for depolarization. Two­
cell units are manufactured for operation 
of 2-volt radio tubes. The cell shows an 
open-circuit voltage of about 1.25 and 
a closed-circuit voltage of 1.12; a closed- 
circuit amperage of 0.38. The batteries 
are said to be good for about a year of 
average service when used in connection 
with radio reception. They were developed for rural districts not served by 
power lines. Figure 10 shows the construction of the air cell of the National 
Carbon Co. Figure 11 shows the voltage characteristics of this battery.

Primary batteries of the adsorbent-carbon depolarizing type are also built 
for semaphore, highway flashing systems, lighthouses, railway-signal and 
similar work. A typical one is the Le Carbone cell, the construction of which 
is shown in Fig. 12, and the 
characteristics in Fig. 13. 
A cell whose cylindrical 
glass jar is approximately 
10 in. high and 7 in. in di­
ameter is rated at 500 
amp.-hr., with initial 
closed-circuit volt age of 
over 1 volt at rates of dis­
charge not greater than 3 
amp. The positive or carbon element has a capacity of 2,000 to 2,500 amp.- 
hr., while the zinc circular element weighing about 825 g. lasts 500 amp.-hr., 
after which it is renewed. The cell holds about 4 I. of a 20 per cent NaOH 
electrolyte, which is renewed every 500 amp.-hr. The open-circuit voltage 
of the cell is 1.4 to 1.5 volts.

Secondary Cells. Cells which are reversible to a high degree, in that the 
chemical conditions may be restored by causing current to flow into the cell 
on charge, are used as storage batteries or electric accumulators. The 
Daniell or gravity cell as well as the Lalande is reversible to a high degree, 
but these cells have practical disadvantages preventing their use as storage 
batteries. The form in widest commercial use is the Pb—H2SO4 type. The 
only other form of any prominence is the Ni-Fe-Caustic cell, often termed the 
Edison battery.

The positive pole of a battery is that from which the current flows into the 
external circuit. In storage-battery practice, a positive plate is one which is

partition
. <- 

position containerI
'//

Fig. 10.—Air cell—two-cell battery.

Fig. 11.—Voltage characteristics of air cell.
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covert.

Fig. 12.—Le Carbone caustic cell.

connected to the positive pole and a negative plate one which is connected 
to the negative pole.

The Pb—H2SO1 battery system is PbO2 ∣ H2SO1 ∣ sponge Pb. On discharge 
of the battery both the peroxide on the positive plate and the lead on the 
negative plate are quantitatively converted 
into PbSOj according to the reactions

PbO2 + H2SO1 = PbSO1 + H2O + O 
and

Pb + H2SO1 = PbSO1 + 2H
which may be combined into the reaction,

PbO2 + Pb + 2H2SO1 = 2PbSO1 + 2H.O 
which, when read from left to right, is the 
equation of discharge and, inversely, the reac­
tions during charge.

The active materials, the PbO2 on the posi­
tive plate and the sponge lead on the nega­
tive plate, are crystalline in structure and the 
intergrowth of the crystals holds the masses 
together. It is probable that the positive 
active material is a hydrated peroxide of lead 
as it exists in the cell. Many commercial 
modifications of plates have been proposed 
and are in use either for forming the active 
materials in place or for applying them and 
holding them in place by some mechanical 
structure. In general the plates may be of the
Planté type comprising a mass of lead, usually of flat form, with a highly 
developed surface on which the active material is electrochemically formed 
as a coherent layer, or pasted plates in which the active materials are cemented 
masses supported in a grid, usually of lattice form.

The capacity of a storage cell is stated in 
ampere-hours at some normal rate of dis­
charge, the 8-hr. rate being standard with 
lead cells of the stationary type. The 
capacity of a cell with a definite type and 
thickness of plate is in proportion to the 
plate area. The e.m.f., or open-circuit volt­
age, of any storage cell depends wholly upon 
its chemical constituents and not in any way 
upon the number, or total area, of the plates. 
It varies further with the strength of the 
electrolyte, temperature, and to a minor 
extent with the state of charge of the plates, 
internal resistance of the cell, polarization, 
and acid-concentration effects. Per am­
pere-hour of discharge, the amount of active material converted into PbSO1 
is 0.135 oz. sponge lead and 0.156 oz. PbO2, independent of the rate of dis­
charge. The amount of active material actually present in the plate is some 
three to six times that which under normal discharge of the cell is converted 
into PbSO1. Pai t of this excess is present to give long life to the plates.

Fig. 13.—CLirrent-Voltage relations 
of Le Carbone cell.

∖
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The open-circuit voltage of a lead cell varies from 2.06 to 2.14 according to
the strength of the electrolyte and the temperature and may be calculated
from the formula

E = 1.850 + 0.917 (G - g)

where G is the specific gravity of the electrolyte and g the specific gravity of 
water at the cell temperature.

Typical charge and discharge curves for the stationary type of lead cell 
are given in Fig. 14. It is often desirable to determine the relative perform­
ance of positive and negative plates in a cell, 
the voltage between either group and a refer­
ence electrode such as zinc, sponge lead, or 
preferably cadmium. Cadmium curves are 
included in the diagram.

Storage batteries are used for stand-by elec­
tric power services where the pasted-plate 
type is preferred; for electric vehicles; train 
lighting; gasoline-engine and automobile start­
ing, lighting, and ignition; signaling and con­
trol work, as well as for many other 
applications.

There are only two alkaline storage batteries 
in commercial use, the first being the Hub­
bell consisting of the system Ni threads and 
Ni oxide I KOH ∣ Fe, used in miners’ lamps, 
and the more important Edison battery con­
sisting of the following system: finely divided 
Ni + Ni peroxide [ 21 per cent KOH ∣ finely 
divided Fe. The active materials of the Edi­
son battery consist of nickel peroxide for the 
positive plate and finely divided iron for the 
negative. Small amounts of LiOH are added 
to the electrolyte, and certain amounts of
mercury are incorporated with the iron of the negative plate to Overcome 
the passivity of the iron, while layers of flake nickel are added to the positive 
plate nickel oxide to increase its conductivity. The reactions of the cell are:

80H -∣- 3Fe = Fe3O4 -F 4H2O 
8K + 6NiO2 = 2Ni3O4 + 4K2O

• 8K0H + 6NiO2 + 3Fe = Fe3O4 + 2Ni3O4 + 8K0H
or

6NiO2 -∣- 3Fe = Fe3O4 -f- 2Ni3O4

which, when read from left to right, are the reactions of discharge and, 
inversely, those of charge. It is probable that the iron and nickel oxides 
are both hydrated. In charging the battery, the electrolyte density does not 
change as in the lead storage cell, but concentration changes of the electrolyte 
in the pores of the active materials do occur with perhaps the formation of 
higher oxides of nickel.

The positive plate consists of a nickel-plated steel frame into which are 
pressed perforated tubes filled with alternate layers of nickel hydrate and 
metallic nickel in very thin flakes. The tube is made from a thin sheet of

This may be done by taking

2.602.502.402302.20co210
I 2.001-90---------(discharge,1.00---------—!—I—
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____ I 
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∖Zadmium to negatives 
"∙ ’ Ji.

Cadmium ton<
(discharge)0-200.1° ≤f
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Hours Charge or Discharge at Normal Rate

Fig. 15.—Charge-discharge curves for- 
Edison alkaline battery.
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steel, nickel-plated and perforated, and has a spirally lapped joint. The
negative plate consists of a grid of nickel steel with oblong openings into which
perforated steel boxes containing finely divided iron with mercury are placed.

Characteristic normal charge, and discharge, curves for the Edison battery 
are given (Fig. 15). The average voltage on discharge is approximately 1.2, 
the initial open-circuit voltage 1.5, and the final voltage at the end of discharge 
a little less than 1.

Edison cells are used for ignition and lighting of gasoline motor cars but 
because of their high internal resistance are not used for motor starting. 
They find application in electric vehicles, 
storage-battery street cars, mining loco­
motives, and industrial trucks. In con­
tradistinction to lead storage batteries, 
they are not used for load regulation in 
power systems because of their heavy 
voltage drop at high discharge rates. 
The commercial cells show ampere-hour 
efficiencies of 82 per cent and watt-hour 
efficiencies of 60 per cent, and an aver­
age capacity of about 13 watt-hr. per lb.
of cell. The Edison cell is especially sensitive to reduction of electrolyte tem­
perature, showing a critical point about 50oF. below which the capacity falls 
off very rapidly. Its performance at low temperatures, such as are met in the 
northern parts of the United States, is therefore unsatisfactory.

Electrolysis and pH Measurement
Electroanalysis. Electrochemical methods are employed to a consider­

able extent in analytical work for the determination of metals from solution, 
the separation of these metals one from the other by deposition at controlled 
voltages. Gauze electrodes and rotating anodes are employed so that high 
current densities may be used to. shorten the necessary time for analysis. 
In other cases mercury cathodes, which adsorb metals of the salt solution 
being electrolyzed, are advantageous. For specific methods, reference should 
be made to the standard works on analytical chemistry.

pH and Its Measurement. This section is a condensation of the dis­
cussion of pH in various publications of the Leeds and Northrup Co. and is 
used by their permission.

The concentration of H+ ion in any solution may be expressed in terms of 
the normal H+ ion solution containing 1 g. H+ ion per liter. In most solu­
tions the H+ ion concentration is only a small fraction of that in a normal 
solution and is expressed as powers of 10 to avoid decimals with a large num­
ber of ciphers, or fractions with large denominators. A concentration of 
0.0001 g. H+ ion per liter thus becomes l∕104 or 1 × 10~4. The symbol pH 
is used to designate the logarithm of the reciprocal of the H+ ion concentra­
tion, or the negative logarithm of the H+ ion concentration. Thus a 0.0001 
N solution of H+ ion equals 1 × 10-4, or — log (H+) = 4 = log (1∕H+) ; 
therefore pH = 4. Concentrations that are uneven decimal fractions of 
normal can also be expressed in pH units. Thus for a solution in which the 
concentration is 2.73 × 10-4 N, the pH number is 3.566. This can be 
proved by the use of a logarithm table, which shows that log 2.73 = ⅛0.434 
and log 10"4 = —4.000. Since the numbers are to be multiplied, the loga­
rithms are added, so —4.000 + 0.434 = —3.566. Therefore log (H+) = 
—3.566, so — log (H+) = 3.566, and pH = 3.566.
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If it be desired to know the actual figure for the H+ ion concentration when 
only the pH value is given, it can be found by the reverse of the calculation 
just given. Thus, 9.63 pH means that (H+) = 1 × 10"9∙63. The exponent 
-9.63 = -10 + 0.37, hence 10"9-63 = 10-10 × 10+o∙37. The logarithm 
table shows that the exponent 0.37 corresponds to the number 2.34. There­
fore (H+) = 10"9∙63is the same as (H+) = 2.34 × 10-10.

In a similar manner the alkalinity of a base may be expressed as pOH = 
log 1 / (OH”). In an acid-base equilibrium water is formed and neutrality 
is reached when

(H+) X (OH”) 
(HOH).

The number of water molecules dissociated is so small in comparison that the 
concentration HOH may be considered as constant and combined with K, 
making the equation (H+) × (OH”) = K(HOH) = Kw. At 25oC., Kw is 
10"i4, which is the product of the concentration of the H+ ions and OH" ions 
which are equal to each other, so that the concentration of each is 10"7 and 
in -water, pH = 7. In an acid solution the concentration of H+ ions is greater 
than that of water, due to the dissociation of the acid and according to its 
dissociation constant. 
In an analogous man­
ner in basic solutions 
the OH" ion concen­
tration is greater than 
that of water. But 
since water is present, 
there must be some 
OH" ions in any acid 
solution and some H+ 
ions in any basic solu­
tion, the concentra­
tion of one of these 
varying inversely with 
the concentration of

Fig. 16.—Theoretical hydrogen ion concentration setup. 
(Leeds and Northrup.)

the other and the product of the two concentrations being equal to 10 14. 
Then (H+)(0H-) = IO"“ and ɪog (1∕H+) + log (1∕OH~) = 14, and pH + 
pOH = 14.

It is evident that if the concentration of either ion is known, that of the 
other can be computed so that the reaction of any solution, whether acid, 
alkaline, or neutral, can be expressed in terms of pH. An acid-alkaline scale 
can be set up in terms of H+ ion concentrations with a pH = 0 at one end 
representing a normal H+ ion solution, and a pH = 14 at the other end 
representing the H+ ion concentration of a normal OH- ion solution. Any 
pH number from zero to 7 thus indicates acidity with decreasing acidity as 
the number increases. pH 7 indicates neutrality and any pH number 
between 7 and 14 indicates an alkaline solution with increasing alkalinity 
(or decreasing acidity) as the number increases.

H+ ion concentration in a water solution can be determined electrically 
by the use of two hydrogen electrodes in contact with the solution and the 
voltage developed by the two electrodes determined by the use of a potenti­
ometer. Such an arrangement is shown in Fig. 16. From the following 
formulas the H+ ion concentration or pH can be calculated.
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where T is the absolute temperature, V the voltage, Cn the known concentra­
tion, and C the unknown. At 25oC. for the temperature of the two solutions,
the equation be­
comes

V , Cn
0.0001983Γ °8 C

For many practical purposes in industry the quinhydrone electrode is 
substituted for the hydrogen electrode. The basis of this electrode is a piece 
of platinum or gold exactly the same as used for the hydrogen electrode, but 
the surface of the metal is not platinized and it is not supplied with gaseous 
hydrogen. Instead, a small quantity of quinhydrone (benzoquinhydrone) 
is dissolved in the solution, and, within certain pH ranges, the electrode in 
the solution acquires a potential that is definitely related to the H+ ion con­
centration of the solution. The potential is measured against that of a 
calomel electrode, and the pH value is found from the measured voltage in 
the same manner as with a hydrogen electrode. Quinhydrone is so slightly 
soluble in acid that only small quantities are necessary to saturate the solu­
tion. In solutions more alkaline than pH = 8, quinhydrone is more soluble,

0.0591 1°g C

If the known solu­
tion is a normal H+ 
ion solution, then 
Cn = 1 and log 1 / 
C = pH, and the 
equation becomes

P = pH
0.0591

?
ToKCt 
reservoir

irPo/en Itomefer

solution

z-^≡c- -------*~'
'"Ordinary mercury'"•'■KCl solution

Unknown 
solution

Calomel·--
Pure mercury-^ 
Platinum wireΥ~

Saff bridge
¡Hydrogen 
electrode

A more conven­
ient arrangement Fig. 17.—Calomel electrode setup for hydrogen ion measux^e- 
Substitutes a calo- ment. (Leeds and Northrupi)
niel electrode for
one of the hydrogen electrodes as a result of which the arrangement becomes 
that of Fig. 17. The formula then becomes

V

y “ v _ 1 1 - TT

0.0591 1°g C pH

The potential of the calomel electrode varies with its temperature as well as 
with the KCl concentration, as tabulated.
Table 15. Variation of Calomel-electrode Potential with Temper­

ature and KCl Concentration

Calomel electrode Potential at 20oC. Potential at 25°C. Potential at 30°C.
Tenth normal.Normal..............Saturated______ 0.33790.28600.2496 0.33760.28480.2458 0.33710.28350.2420



2766 Electrochemistr y
dissociates, and becomes oxidized. The quinhydrone electrode potential is
altered to such an extent that the measured voltage is no longer a linear
function of pH. The quinhydrone electrode is
therefore not suitable for use in highly alkaline
solutions.

The relation of voltage to pH is given by the 
expression

01234567 ô

~I—r—i—i—i—i—[
RelafionofpHtovoItage 
measured with hydrogen 
Xpndcalomel electrodesat 25 deg.C:

0.7177 - 0.00074i - V - υ
P “ 0.000198377

where t is the temperature of the solution and the 
electrodes, V the measured voltage, υ the correc­
tion factor for the potential of the calomel elec­
trode, and T the absolute temperature. With a 
saturated calomel electrode at 25oC., v == 0.2458 
and the equation; becomes

0.453 -7,1 
0.0591 - 1°g H+ ~ pH

The pH-voltage curves of the hydrogen elec­
trode, calomel electrode arrangement and the 
quinhydrone electrode, saturated KCl calomel 
electrode, are given in Figs. 18 and 19.

Glass electrode is a Na2O, CaO, S1O2 glass bulb, thin walled, blown on the 
end of a glass tube and filled with pH 1 HCl. 
this solution is the electrode terminal. Voltage 
measurements through the glass wall are made 
with a calomel reference electrode in the solu­
tion under test.

Antimony electrode, used for industrial 
controls, consists of prepared Sb with its end 
immersed in the solution whose pH is being 
measured.

CU
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Fig. 18.—pH-voltage rela­

tion of hydrogen electrode. 
{Leeds and Northrup.)
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Fig. 19.—pH-voltage rela­

tion of quinhydrone electrode. 
{Leeds and Northrup.)

Electrolytic Hydrogen and Oxygen 
Production

Hydrogen and Oxygen Production.
Commercial hydrogen and oxygen cells are built 
entirely of iron or steel, insulating materials, 
and asbestos cloth for diaphragms. Every 
effort is made to have simple and inexpensive 
construction. Great care is taken to reduce all 
contact voltages to a minimum, in order to ob­
tain the lowest possible cell voltages. Present- 
day cells are so well designed that per unit of 
current almost theoretical yields of the gases
are obtained. The electrolyte ordinarily employed is an alkaline solution of 
either 15 per cent NaOH or its equivalent KOH. Sulphuric acid electrolytes 
are no longer used. Theoretical data for electrolytic hydrogen production are 
tabulated, and operating data for a typical cell are plotted in Fig. 20.

In general the cells use iron electrodes, the anode of which is ordinarily 
nickel plated to reduce the oxygen overvoltage. In the Levin cell the cathode 
is plated with cobalt to reduce the hydrogen overvoltage.
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Two typical cells will be described, 

tank containing a number of 
sheet-iron, or steel, gas-collect­
ing hoods, rectangular in cross 
section and of considerably 
greater length than breadth. 
They alternately contain an­
odes and cathodes, each held 
in its hood by two conducting 
bolts which are insulated from 
the bells. Alternate hoods 
carry asbestos extensions 
which serve as diaphragms.

The Levin cell consists of a 
thin vertical tank divided by 
two asbestos diaphragms into 
three compartments, the two 
outer ones being the anode and 
the inner the cathode com­
partment. The gases pro­
duced pass upward through 
sight indicators to collecting 
manifolds. The entire tank is 
closed. For laboratory use, multiple or filter-press types of cells are used in 
which the plates act as bipolar electrodes. They are separated by asbestos dia-

The Knowles cell consists of an outer

Fig. 20.—Current, voltage, and gas volume rela­
tions for hydrogen-oxygen cells.

Table 16. Electrolytic Kydrogen-Cell Constants (Knowles')

Quantity of hydrogen liberated Amp.-hr. required to liberate unit
per 1000 amp.-hr. mass or volume of hydrogen, per

Grams........................................................ 37.65 Gram............................................................. 26.56
Pounds....................................................... 0.0830 Pound........................................................... 12,050
Cubic feet at 20°C. and 760 mm. pressure Cubic foot at 20oC. and 760 mm. pressure

saturated with water vapor.................. 16.25 saturated with water vapor..................... 61.55
Cubic feet at 0oC. and 760 mm. pressure Cubic foot at 0oC. and 760 mm. pressure

dry......................................................... 14.79 dry............................................................. 67.61
Cubic meters at 20oC. and 760 mm. pres- Cubic meter at 20oC. and 760 mm. pres-

sure saturated with water vapor.......... 0.4604 Suresaturated with water vapor.............. 2171
Cubic meters at 0oC. and 760 mm. pres- Cubie meter at 0oC. and 760 mm. pres-

sure dry................................................. C.4189 sure dry..................................................... 2387

Table 17. Levin Cell Characteristics

phragms with rubber packings at the point where they insulate adjacent 
plates. Each plate except the end ones has three holes, one on each side at the

Type
A

Type 
B

Type
M-1250

Dimensions, in.......................................................... 30 X 25 × 6⅛ 43 X 37 × S½
Weight, Ib................................................................. 145 325
Current, amp............................................................
Capacity per hr.:

250 600 1250
Oxygen, cu. ft........................................................ 2 4.8 10
Hydrogen, cu. ft.................................................... 4 9.6 20
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top to lead off the gases and one at the bottom for the electrolyte which may be
a 15 to 30 per cent NaOH. They are designed with sufficient plates to allow
operation on 110-volt circuits. Hydrogen purer than 99 per cent can be
obtained if means are provided for balancing the pressures on opposite sides
of the diaphragms. Similar large-sized industrial units are now in operation.

For descriptions of other cells see Mantell, “Industrial Electrochemistry,” 
2d ed., McGraw-Hill, New York, 1940; Billiter, “ Die neueren Fortschritte der 
technischen Electrolyse,” Knapp, Halle, 1930; Kirkpatrick, Pioneering Chem­
ical and Fertilizer Production in Western Canada, Chem. & Met. Eng., 38, 626 
(1931); Elworthy, The Pechkranz Electrolyzer, Chem. & Met. Eng., 38, 714 
(1931).

Oxidation and Reduction Products. The perchlorates, persulphates, and 
perborates can be produced in electrolytic cells by anodic oxidation processes. 
In the production of perchlorates, a concentrated (60 to 70 per cent) solution 
of NaClO3 is electrolyzed between smooth platinum anodes and iron cathodes 
at high current densities of 270 to 500 amp. per sq. ft., with over-all current 
efficiencies of 70 to 85 per cent and an energy consumption of 1.5 to 1.8 
kw.-hr. per lb. NaClO4. This salt is deliquescent, and the potassium and 
ammonium salts are formed by double decomposition from the corresponding 
chlorides. These are used in fireworks and the explosives industries. The 
persulphates are made by the use of (NH4)2SO4 solution in an anodic compart­
ment with H2SO4 in the cathodic compartment separated by a diaphragm. 
The electrolyte is kept at about 15oC., the anode platinum operated at a 
high current density, and the cathode lead of a much larger surface. The 
current efficiency exceeds 70 per cent. Simpler processes avoid the use of 
diaphragms by the addition of about 0.2 per cent K2CrO4 to prevent cathodic 
reduction, or else employ KHSO4 and the persulphate product K2S2Og is 
precipitated. Current densities are of the order of 400 to 600 amp. per sq. ft. 
and energy consumptions for (NH4)2S2O8 about 1 to 1.2 kw.-hr. per lb. 
Sodium perborate is prepared either by the interaction of borax and H2O2 
or by the electrolysis of sodium borate containing Na2CO3 at anodic current 
densities of 200 to 350 amp. per sq. ft., between platinum anodes and iron 
cathodes, with the addition of chromate to the electrolyte. Energy consump­
tion is about 3 kw.-hr. per lb. sodium perborate.

Table 18.
Type of cell......................................
Electrolyte........................................
Feed....................................................
Diaphragm.......................................
Anodes:

Material........................................
Number.........................................
Size.................................................
Weight...........................................
Support.........................................
Electrode connection................

Cathodes:
Material........................................
Size..................................................

Cell material........................... ..
Cell connection................................

Operating Data
.................... diaphragm, bifluid
.................... sodium acetate 4- Na2CO 3
.................... individual
.................... linen

.................... lead

.................... 18

..................... 21 X 30⅛ × 1 in.

.................... 250 lb.

..................... cast lugs

.................... parallel

..................... steel sheet

..................... ¼2 ɪɪɪ. thick

..................... concrete

..................... series

A small number of organic compounds are made electrolytically by 
cathodic reduction or anodic oxidation. Among these are bromoform, 
iodoform, chloral, and paraaminophenol.
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Sorbitol and mannitol [hexahydric alcohols CeH6(OH)6] are the elec­

trolytic reduction products of glucose (U. S. Patents 1,612,361; 1,653,004;
1,712,951-2; 1,990,582) and are produced by batch processing by cathodic
reduction in alkaline glucose solutions containing Na2SO4 with Pb anodes and
Pb-Hg cathodes.

White lead is made by the Sperry process by the electrolytic corrosion 
of lead anodes in a sodium acetate electrolyte containing Na2CO3.

Electroplating and Electrotyping
Electroplating is concerned with the production of metallic coatings on 

metal objects and, to a limited extent, on nonmetallic objects. In general, 
the metal plated is dissolved from an anode of the material and deposited 
on the object to be plated as cathode, although this arrangement may be

9 12 15 18 21 24 27 30 33 36 39 42 45 Rating in Kilowatts(6Volt Machines)κf⅛⅛B l,θ'θθ 1,500 1⅛ ⅛ 3⅛0 iM⅛ 4⅛) ⅞⅛0 ⅞⅛0 6000 ξ⅛0 7000 7⅛) Rating in Amperes
Fig. 21.—Characteristics of electroplating motor-generator sets.
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modified and the metal plated may be obtained from a dissolved salt in the 
plating bath. Where soluble anodes are used, electrochemical action at the 
cathode is the reverse of that at the anode. The e.m.f. applied at the ter­
minals of the cell is used to overcome concentration differences, voltage drops 
through the films adjacent to the anode and cathode, the ohmic resistance 
of the solution, the anodes, cathodes, connectors, and external circuit, plus 
the necessary overvoltages for the deposition of the particular· ion in question. 
In the case of insoluble anodes where oxygen may be evolved, the overvoltage 
of oxygen is a factor as well as the decomposition voltage of the electrolyte. 
In general, the terminal e.m.f. of a plating tank is low and electroplating 
generators are built so as to supply either 6- or 12-volt high-amperage current. 
The capacity and cost per kilowatt relation of motor-generator sets are given 
in Fig. 21. The upper curve gives the cost to the user of standard size 6-volt 
motor-generator sets, including starting equipment but not including exciters 
commonly used on all sizes, 12 kw. and larger. Where more than 6 volts 
are required, it is customary to connect the two commutators of a generator 
in series and operate at 12 volts. From about 6 kw. up to the maximum 
sizes, the cost of the 12-volt single-commutator machines is approximately
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Fig. 22.—Diagram shows plan, view of return 
type plating machine, containing relatively few 
operations. This type of machine may be ex­
panded to embrace almost any number of opera­
tions. Or two separate and distinct operating 
routines may be built into one of these machines, 
thus serving the purpose of two units; i.e.f rack 
may be loaded on conveyor at one end, pass 
through the various operations and be removed at 
other end for color buffing, then again racked and 
replaced on conveyor for return to starting point 
through the prescribed processes. One side of 
machine may be used for cleaning and copper 
plating and the other side for the preparing and 
applying of finishing nickel coat, or for final 
chromium deposit. The adaptability of this 
machine is almost unlimited.

85 per cent of that of the 6-volt units. The dotted-line curve gives the rela­
tion between the shop cost of the generator only and capacity, but does not
include generator base, couplings, motor, and manufacturing overhead.

In commercial work, preparation of articles for plating is as important as 
the plating itself for the production of high-quality finishes. No general 
statement can be made as to methods used for preparing articles for plating, 
in that the material of the object, its condition, shape, size, composition, kind 
of surface, and other factors must be considered. Inasmuch as the plating 
will follow exactly the contours of the object to be plated, smooth finishes 
can be produced only on smooth-surface objects. In general, rough surfaces 
may be cut down or made smoother by sand-blasting, mechanical cleaning 
methods, grinding, and buffing with abrasives; or the object may be pickled, 
generally in H2SO4 or occasionally in HCl solutions. Removal of dirt, 
grease, and lacquers is accomplished by some form of alkaline cleaner, often 
containing oxide solvents such as cyanides, and detergents such as Na3PO4, 
as well as other materials.— 
These may be operated alone or 
with the aid of the electric cur­
rent in which the object is sus- 
pended from a rod and is 
alternately made anode and 
cathode in the circuit. At other . 
times grease and dirt may be , 
removed by organic solvents, 
usually of the petroleum type. 
In some cases after cleaning, the ■ 
object may be further pickled or 
else may receive additional me­
chanical surfacing treatment for 
the production of preliminary 3 
polishes. In the case of non- 1 
ferrous articles, pickling is ordi- j 
narily done in so-called ‘ ‘ bright ’ ’ ] 
acid dips consisting of mixtures ! 
of concentrated H2SO4 and ‘ 
HNO3 with the addition of small 
amounts of salt. Depending upon the object and the type of surface to be pro­
duced on the article, the preliminary flow sheet may vary widely in different 
industries. In order to avoid contamination of solutions as a result of the 
material being carried over when articles are transferred, and the introduction 
of acids into cyanide plating baths or vice versa, all operations, irrespective of 
their nature, are followed by washing or rinsing.

Plating baths may be considered to consist of a number of different parts: 
(1) the salt containing the metallic ion or radical; (2) an additional salt 
whose function is to increase the conductivity of the bath; (3) a material 
to effect the anode corrosion and prevent passivity of the anode; (4) a so-called 
addition agent to effect the type of deposit produced; and (5) a buffer material 
to maintain the proper pH of the solution. Some baths may contain all 
these while others may not. For example, a common nickel-plating solution 
will have the metal ion in the form of NÍSO4.7H2O (105 g. per 1.), NH4Cl or 
(NH4)2SO4 (15 g. per 1.) to increase the conductivity of the bath, NiCl2.6H2O 
(15 g. per 1.) to assist anode corrosion, and H3BO3 (15 g. per 1.) which acts as a 
buffer to maintain the pH of the solution at 5.3. In the case of a tin bath, 



Electropla ting 2771
the tin salt would be furnished by Na2SnO3, the conducting salt by NaOH, 
which also assists anode corrosion, the addition agent to effect the deposit 
being glucose or other organic material.

X-ray examination shows that all electrodeposited metals have crystalline 
structures, the differences in their physical properties and appearances being 
caused by differences in the size and shape of the crystals. Plating baths 
are operated within definite current-density ranges beyond which poor types

Table 19. Electroplating Baths (Mantell)

Metal Bath type Anode
Cathode 

c.d. amp. 
per sq. ft.

Tcmp., oC.

Copper...,

Nickel....

Iron.........

Cobalt....

Chromlnm.

Zinc.........

Cadmium..

Lead..........

Tin............

Silver.........

Gold..........

Platinum...

Brass.........

Í Acid sulfate
( Alkaline cyanide

Í Single sulfate
Double sulfate 
Sulfate-chloride

(Chloride
( Double sulfate

Sulfate

Chromic acid

/Sulfate
J Sulfate (hot)
) Chloride
LAlkaline cyanide

Alkaline cyanide

Í FIuoborate
I Perchlorate

{Alkaline stannite 
Alkaline stannate

Cyanide

Cyanide

Phosphate

Cyanide

Cu 15-40
Cu 3-14

Ni 5-20
Ni 3-6
Ni 14-50

Fe 100-180
Fe 20-30

Co 30-165

Pb 100-300

Zn 12-30
Zn 80-100
Zn 40-100
Zn 8-20

Cd 10-50

Pb 5-20
Pb 20-30

Sn 10
Sn 5-15

Ag 3-8

Au 1-5

Pt 1

Cu-Zn alloy 2-3

25-50
35-40

20-30
20-30
50-60

90-110
20-30

20-30

40-50

20-30
50-60
20-40
40-50

20-30

20-30
20-30

50
60

15-25

60-80

70

32-45

of deposits result. In general, for the production of fine grained or so-called 
amorphous deposits, which are readily polishable, plating baths show low 
ionic metallic concentration produced not by dilute solutions but either 
by the use of salts showing low ionization or salts whose ionization is depressed 
by the addition of another salt having a common ion, or by the employment 
of compounds producing the metallic ion not by primary but by secondary 
ionization, or by reduction at the cathode. This explains the widespread 
use of double salts such as NiSO4XNH^2SCU6H2O, complex compounds such 
as the double cyanides, and, in the specific case of chromium, chromic acid. 
Deposition potentials in general are lower than the decomposition voltage of 
water, but in the case of chromium and alloys, such as brass, the deposition 
potential is above that of the decomposition of water, and hydrogen is evolved 
at the cathode. This latter condition is essential for the deposition of
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chromium, and about 70 per cent of the current is consumed in hydrogen 
evolution. In general, however, current efficiencies of plating baths are high, 
usually being above 90 per cent. A large number of metals are commercially 
plated. The general characteristics of the baths employed are given in 
Table 19. After plating and drying, the objects may be polished, usually 
with mild abrasives such as tripoli and rouge, on high-speed wheels.

Mechanical equipment for plating assumes many different forms. Large 
quantities of small objects are plated in barrels which rotate in the plating 
solutions. Larger objects are generally wired or hung on rods which in turn 
connect with cathode bars. In recent years there has been a tremendous 
development of automatic plating, in which the successive operations involved 
in the entire production flow sheet are mechanized by having the objects hung 
on rods suspended from conveyors with automatic mechanisms causing the 
object to pass through different baths such as cleaners, dips, plating solution, 
rising out of the tank at one end and dipping into the next one by a tripping- 
and-raising action connected to the conveyor. The plan view of a machine 
of the type widely employed in the automotive industries for plating, where 
the objects receive successive finishes of copper, nickel, and chromium, is 
shown in Fig. 22.

Commercial Thickness of Electroplates
Ni, rarely over 0.001 in.; usually 0.0005 in. or under.
Cr, generally 0.00002-0.00004 in.
Zn, usually over 0.0005 in.; frequently around 0.001 in.
Cd, usually 0.0002-0.0003 in.; rarely over 0.0005 in.
Au, usually less than 0.00005 in.

Composite Plates:
Cu-Ni- Cr, 0.0003, 0.0005, 0.00002 in.
Ni-Cu-Ni- Cr, 0.0002, 0.0003, 0.0003, 0.00002 in.

Conversion Factors for Electroplaters
Amp. per sq. dm. × 9.3 = amp. per sq. ft.
Amp. per sq. ft. × 0.108 = amp. per sq. dm.

G. per 1. X 0.134 
Oz. per gal. X 7.5

For thickness of 0.001 in. for any metal,

oz. per gal. 
g. per 1.

Weight plate in oz. per sq. ft. = 12

Typical Plating-bath Formulas
(Concentrations in avoirdupois ounces per gallon)

Chromium
Chromic acid, CrOa... 
Sulphuric acid, ILSO,

Temperature, oF...............................................
Cathode current density, amp. per sq. ft

33
0.34

113 
150-200

CuCN............................................................... 3NaCN....................................................................................................................... 4Na2CO3................................................................................................................... 2

Copper
A. Cyanide

Temperature, oC................................................. 40-50
Cathode current density, amp. per sq. ft.. 3-6
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B. Acid

CuSO¼5H2O..............................................................
H2SO4...........................................................................
Glue............................................................................ .

Temperature.........................................................
Cathode current density, amp. per sq. ft. . .

24
6

⅛ (optional for brightener) 
room
25-50

Nickel
NiSO4.7H2O..................................................................................................... 32
NiCI2.6H2O....................................................................................................... 2
H3BO3............................................... ................................................................. 4

pH................................................................................................................... 5.8-6.2
Temperature, 0F.......................................................................................... 120-130
Cathode current density, amp. per sq. ft........................................ 20

Brass
CuCN........................................................................................................................ 2
Zn(CN)2.................................................................................................................... 1
NaCN..............................................................................................................  5
Na2COs................................................................................................................... 1

Temperature, oC.............................................................................................. 40-50
Cathode current density, amp. per sq. ft.............................................. 2-4

Zinc

(1)
Zn(CN)2..................
NaCN......................
NaOH......................

A. Cyanide

8 ZnO...
3 NaCN
7 NaOH.

6
10

5
Temperature.................................................................................................... room
Cathode current density, amp. per sq. ft............................................. 10-20

B. Acid Sulphate
ZnSO4.7H20.......................................................................................................... 48
NH4Cl..................................................................................................................... 4
NaC2H3O2.3H20.................................................................................................. 2
H2SO4.......................................................................................................... .. 0.4

Temperature.................................................................................................... room
Cathode current density, amp. per sq. ft............................................ 15-30

Cadmium

(I) (2)*
CdO................................................................................................ 3 6NaCN.......................................................................................... 7 1.6NaOH.......................................................................................... 2 4NiSO¼7H2O........................................................................... 0.131.5

Cathode current density, amp. per sq. ft. 10 25
U.S. patent 1,681,509.

Lead
Basic lead carbonate....................................................................................... 20
Hydrofluoric acid, 50 %................................................................................. 32
Boric acid............................................................................................................ 14
Glue (optional).................................................................................................. 0.025

Temperature................................................................................................. room
Cathode current density, amp. per sq. ft........................................... 10-20
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Tin
Sodium stannate................................................................................................  12
Sodium hydroxide................................................................................................. 2
Sodium acetate crystals...................................................................................... 2

Temperature, oC............................................................................................ 60-80
Cathode current density, amp. per sq. ft............................................. 10-30

Gold
Gold fulminate, dwt.......................................................................................... 0.3 or 5
NaCN..................................................................................................................... 2
Na2HPO4.12H2O................................................................................................. 0.5

Temperature, 0C............................................................................................ 60-80
Cathode current density, amp. per sq. ft............................................. 1

Silver

Strike Plate

NaCN..................... ................................... 16 5
AgCN...................................... . ................ ¾ 4

Temperature..........................................
Cathode current density, amp. per sq. ft. 5+ 3-5

50

60

Thickness of DeposrrlInch
Fig. 23.—Plating characteristics of nickel bath.

The relation of time of plating, thickness of deposit, and current in com­
mercial baths for nickel is given in Fig. 23, for copper in Fig. 24, for zinc in 
Fig. 25, and for cadmium in 
Fig. 26.

Electroplating on Alumi­
num. In any application of 
electroplating on aluminum, 
the type of plate should be 
selected for the particular job. 
It is possible to apply a flash 
coating of zinc to aluminum 
and then plate with nickel, 
copper, or other metals. Un­
fortunately the corrosion re­
sistance of such a plate is poor 
and suited only for indoor 
service. The zinc alone does 
not suffer this disadvantage 
and is useful for special pur­
poses. Chromium may be ap­
plied directly 
but it has not 
sible to obtain 
factory luster 
when chromium is applied over 
nickel. There is a possibility, 
however, that such chromium 
plates will have application for special corrosion jobs, particularly against mild 
alkalies. For general use it is advised that nickel be first applied to the alumi­
num after a surface roughening, and then the desired metal should be applied 
to the nickel. The aluminum alloys are divided into three classes, each requir­
ing a somewhat different plating procedure, as follows:

to aluminum, 
yet been pos­
quite as satis- 
as is possible
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Plating 2∣S Aluminum.
1. Remove grease.
2. Rinse in clear cold water.
3. Dip for from 10 to 15 sec. in 1 part of 48 to 52 per cent hydrofluoric acid 

to 9 parts of water.
4. Rinse in clear cold water.
5. Dip in the following so­

lution: nickel chloride 37 oz., 
HCl (sp. gr. 1.18) 0.2 gal., 
water 1.0 gal., temperature 75o 
to 80oF. The time of dip must 
be carefully determined as this 
is the important step in the 
procedure. This is accom­
plished by plating a series of 
specimens after different times 
in the dip and then bending or 
breaking them. A 35-sec. dip 
usually gives good results, al­
though such factors as temper­
ature, purity of the chemicals 
in the dip, and the temper and 
polish of the metal plated on 
affect the time required. The 
speed of the action of the dip 
may be regulated by the 
amount of acid and the tem­
perature. Generally a time of 
dip of 15 to 40 sec. is desirable 
in production work. The ac­
tual composition of the nickel 
dip is not so important as the 
resultant adhesion of the 
electroplate.

6. Rinse in clear cold water.
7. Plate at 15 amp. per sq. 

ft. in the following nickel bath: 
single nickel salts 19 oz. per 
gal., magnesium sulphate 10 
oz. per gal., ammonium chlo­
ride 2 oz. per gal., boric acid 2 
oz. per gal. The time of plat­
ing should be determined to 
give the desired corrosion re­
sistance. A time of plating of 
1 hr. is suggested, but this can 
be reduced later if it is found 
that a thinner plate meets the 
service requirements.

8. Rinse in cold water and dry by means of a hot-water dip.
9. Polish nickel.

10. Clean and plate with any desired metal.

Thickness of Deposit, Inch
Fig. 24.—Plating characteristics of copper bath.

60
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Fig. 25.—Plating characteristics of zinc bath.
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Plating 3$ and Strong Alloys. For this group of alloys a different

etching process is needed, otherwise the plating procedure is unchanged.
Step 5 (as given above) will therefore be rewritten for these alloys for substitu­
tion in the above procedure.

5. Dip in the following solution: HCl (sp. gr. 1.18) ⅝ gal., water ⅜ gal., 
manganous sulphate (MnSO4.2H2O) ⅝ oz., temperature 75o to 80oF. The

22
24

Fig. 26.—Plating characteristics of cadmium bath.
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time of dip must be carefully determined by experiment as this is the most 
important step in the proce­
dure. It will generally be 
found somewhere between 10 
and 60 sec.

This group of alloys pre­
sents several peculiarities. In 
the first place, the heat-treated 
metal gives a plated product 
that is more resistant to corro­
sion than the untreated metal. 
There are also differences be­
tween the alloys. 51$ is most 
readily plated. 17ST is read­
ily plated, as screw-machine 
products, but often gives 
trouble in sheet form due to 
metal streaks. 25$ may give 
trouble in sheet form.

Plating Castings. * Cast­
ings require a still different 
etching process. In addition, 
it is possible to omit steps 3 and 
4 of the procedure for 2$. For

* 195 alloy presents special difficulties. Even a 3-min. etch is not sufficient to secure 
adhesion, although the corrosion resistance appears fairly good. The procedure for 
the strong alloys may be applied to secure good adhesion, but it is sometimes difficult 
to secure uniform results.

the etching, step 5 of the 2$ procedure, the following method should be 
substituted :

5. Dip in the following solution: HNO3 (sp. gr. 1.42) 3 parts, hydrofluoric 
acid (48 to 52 per cent) 1 part, temperature 75° to 80oF.

The proper timing of this dip must be carefully determined by experiment, 
as it is the most important step in the plating procedure. Each alloy com­
position will have a dipping time most suited to it, although the differences 
between alloys are slight, as the dipping range for each alloy is wide. Usually 
the proper time of dip lies between 15 and 30 sec. for die castings, and 60 to 
120 sec. for sand castings.

The container for the dip should be lead lined. It should be painted with 
a mixture of 1 part of beeswax to 4 parts of paraffin. This is particularly 
necessary above the solution line, as the greatest attack of the lead takes 
place here.

The electrodeposition of rubber was invented in 1921 by Sheppard and 
EberIin in the United States (U. S. Patent 1,476,374, Dec. 4, 1923) and about 
the same time by Klein and Szegvari in Budapest (British Patent 223,189). 
It has entered the technical field not as a competitor of mechanical methods 
but rather as a supplementary process and as a means of reducing costs.
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Electrolytic deposits can be made from artificial rubber dispersions in 

aqueous solutions of slightly alkaline characteristics, as well as from natural 
latex preserved with ammonia. The rubber particles, existing as colloidal 
suspensions, are negatively charged and on the passage of current move 
toward the anode. If the current is reversed, the particles will also reverse 
their direction. With a steady flow of current in one direction, the rubber will 
deposit on the anode in a solid uniform layer. It has been found that in the 
Sheppard process sulphur, pigments, and accelerators can be mixed with the 
latex or rubber dispersion and a rubber compound deposited by electrolysis on 
metal or any other substance. This compound will possess approximately the 
same percentage composition as the total solids in the bath. It is washed 
and dried and can then be vulcanized.

In general a current density of 0.25 to 0.33 amp. per sq. in. proved satis­
factory. The anode metal varies over a wide range, including lead, cadmium, 
zinc, tin, antimony, alloys of these metals, and iron and steel under certain 
conditions. Copper and copper alloys, however, proved objectionable. 
A typical plating bath follows:

Solids Concentration, 
g. per 100 cc.

Percentage of 
total solids

Rubber from latex....
Sulphur......... .............

8.000.30 53.32.0
Zinc oxide...................
Whiting......................

1.504.50 10.030.0
Carbon black............. 0.30 2.0
Paraffin wax............... 0.30 2.0
Tuads (accelerator)... 0.03 0.2
Gum arabie................ 0.075 0.5
Total solids................
Ammonia.....................

15.000.16 100.0
Ordinary fine sulphur, colloidal sulphur, or polysulphide sulphur may be used. 

Among the pigments and fillers, litharge, lithopone, white lead, magnesium 
carbonate, zinc oxide, titanox, clay, silica, certain carbon blacks, and a few 
others may be compounded without great difficulty. Softening agents and 
such materials as glue, dextrins, or gums for facilitating the dispersion of the 
added substances are readily incorporated. Accelerators insoluble in water 
may be employed, since they will be colloidally suspended in the solution. 
It has been found advantageous to homogenize the ingredients before mixing 
with the rubber emulsion.

Thickness of deposit is somewhat limited but not to so narrow a margin 
as might be expected from the nonconducting characteristics of rubber. 
Layers varying from 0.01 to 0.15 in. have been produced. The bath has 
sufficient throwing powers to effect a uniform coating on edges, corners, etc. 
Adequate stirring is of course important for smoothness of deposit.

Rubber and rubber compounds may be deposited not only as a coating on 
metals or other materials, but they may also be plated on a mold and later 
stripped off. Among the applications of the process described are the produc­
tion of coated fabrics for automobiles; waterproofed textiles; coated metal 
wire for insulation and protective purposes; coated metal apparatus such as 
rubber-lined tanks, etc.; the direct production of rubber gloves, inner tubes 
for tires, and the like, as well as rubber sheets and rubber slabs for stock in 
the rubber industry.
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The economic advantage of electrodeposition, as compared to mechanical 

milling and spreading, lies in the reduction of power and labor. Mixing and 
compounding operations are cheaper if done by high-speed mills. Further­
more, electrodeposited rubber will generally have a greater strength than the 
mechanically milled product, since it has not been degraded by friction. 
Rubber latex as ordinarily shipped has a solid rubber content of about 35 per 
cent. By means of concentration processes in the course of development, 
rubber shipments containing as high as 60 per cent have been made. [Shep­
pard and Eberlin, Electrodeposition of Rubber, Ind. Eng. Chem., 17, 711 
(1925); Sheppard, ElectiOdeposition of Rubber, Trans. Am. Electrochem., 
Soc., 52, 47 (1927); U. S. Patents 1,476,374, 1,580,795, 1,583,704, 1,589,324- 
5-6-7-8-9, 1,589,330-2, 1,548,689.]

Electrotyping. Electrotyping has as its object the reproduction of the 
printer’s type setup, of engravings and medals, while electroforming produces 
or reproduces an object by electrodeposition. The mold of the object to be 
reproduced is first made either in soft metal by pressure, or by impressing the 
object in wax. In the latter case the mold is a nonconductor, but its surface 
is made conducting by coating it with graphite. In other cases the surface 
may be made conducting by causing a thin metallic deposit to be formed on 
the object, for example by the use of a CuSCh solution over the object, out 
of which the copper may be precipitated by the use of finely divided iron 
filings. One reason for the use of the second method is that deposition does 
not take place at once all over the graphited surface, but the deposit “grows” 
from a point where contact is made. In other cases lead molds coated with 
graphite may be used. After forming, the electrotype is removed from the 
copper mold and backed, to give the piece rigidity and strength, with a low- 
melting-point metal such as those of the tin-lead alloy type.

For accurate reproduction the mold becomes a negative of the object to be 
produced. The most important example of the use of electrodeposited nega­
tives is in the phonograph industry, where an original wax record is first 
made and then coated with graphite, upon which copper is deposited to form 
a master matrix which is a negative. From this plate one or more master 
records are made by electrodeposition to give positives which serve as the 
forms from which the final or pressing matrices or working masters are depos­
ited. Best results are obtained by making the initial deposit of nickel, often 
coated with chromium to increase resistance to abrasion. The accuracy of 
reproduction is evidenced by the fact that several “generations” of plates 
can be obtained with satisfactory results in the shape of the final pressed 
phonograph record made from the working masters.

In ordinary electrotyping work the electrolytes used are 8 to 10 per cent 
H2SO4 solutions saturated with CuSO4 at room temperature. Current 
densities are relatively low.

Electrolytic Cleaning and Pickling. The electric current may often 
be advantageously employed in speeding up cleaning and pickling as well as 
in improving the quality of these operations. Grease, oil, dirt, and lacquers 
are removed by some form of alkaline cleaner. This may be operated alone 
or with the aid of the electric current, in which case the object is suspended 
in the cleaning solution from a rod and is made cathode or in other cases 
alternately anode and cathode in the circuit. In electrolytic cleaning, solu­
tions containing a fairly high content of alkali are employed as electrolyte. 
Alkaline salts such as sodium phosphate (Na3PO4) or sodium carbonate 
(Na2CO3) are added to control the alkalinity of the solution and aid in emulsi­
fying “dirt.” Iron anodes or, more frequently, the iron tanks are used as 
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anodes, the object to be cleaned being hung on the cathode bar. Sufficiently 
high e.m.f. is applied so that a current density of at least 10 amp. per sq. ft. 
(1 amp. per sq. dm.) is obtained on the cathode, at which a vigorous evolution 
of gas occurs. Cleaning takes place rapidly, partly as the result of the for­
mation of free alkali at the cathode, but also due to the mechanical action of 
the hydrogen which is evolved on the metal surface and tends to lift off films 
of oil, grease, paint, and dirt, and to assist in their emulsification. The gas 
evolution causes agitation of the solution and hence constantly brings fresh 
portions of the bath to the cathode surface. When zinc, tin, and lead, or 
their alloys, are cleaned electrolytically, there is a tendency for them to dis­
solve in the alkaline solution and be redeposited in small amounts in thin 
films. These films may prevent adherence of electroplatings. Under such 
conditions the redeposited metal is removed by causing the piece to function 
as anode for a short time. Electrolytic cleaning has been applied industrially 
in operations not connected with electroplating, such as the removal of paint 
from paint cans so that they may be reused, cleaning of steel barrels, drums, 
and shipping containers.

It is commercially desirable to get the most effective use of the electrical 
energy employed. The cleaning bath should be of such composition and 
concentration as to have high conductivity and resultant low bath resistance 
and low voltage drop across the terminals of the tank. The current supplied 
to the bath should be such as to give the most effective gas-generation rate 
at the anode and cathode. A current density of at least 10 amp. per sq. ft. is 
necessary; but the current density may be pushed to such a high figure that 
the gas bubbles evolved at the electrodes may blanket the electrode surfaces 
and cause high voltage drops through the gas films formed adjacent to the 
electrode surface. Too high a current density will increase the voltage drop 
across the bath, with resultant increase of electrical energy consumption 
without increased efficiency. Actually, too high a current density and too 
rapid a generation of gas bubbles on the object being cleaned may result in 
decreased efficiency of cleaning and higher power costs than necessary.

Electrolytic pickling has recently found commercial employment, par­
ticularly for the removal of oxides on machined parts which have been heat- 
treated. The operation is analogous to electrolytic cleaning in that the object 
to be pickled is hung on the cathode rod and suspended in an acid electrolyte 
containing chiefly H2SO4. Operating temperatures vary from room tem­
peratures to those near the boiling point, depending upon the object treated. 
Sufficiently high current density is applied so that hydrogen is copiously 
evolved at the cathode. The hydrogen in expanding pries off the scale, bit 
by bit, and bubbles to the surface. Lead anodes are commonly used. If the 
electrolyte contains chlorides as the result of addition of either HCl or NaCl, 
the anode will be attacked and a thin layer of lead deposited on the object 
being pickled. Experimental tests do not indicate any striking advantage of 
the electrolytic over chemical pickling methods as far as the amount of acid 
used is concerned, but it is possible to employ lower temperatures and obtain 
better surfaces with electrolytic pickling than by chemical methods. In the 
case of steel, the amount of iron dissolved by the two methods varies con­
siderably with different kinds of scale. Electrolytic pickling in general is 
more rapid than chemical pickling.

Scale-removing methods have been devised which consist first of elec­
trolytic pickling followed by electrolytic cleaning. In one method the object 
is hung as cathode in a lead- or rubber-lined tank with anodes of metals which 
form protective films on the object, such as lead which is commonly used, or 
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tin or zine. Electrolytic pickling is done in an electrolyte consisting of 
dilute H2SO1 and HCl and some NaCl at 65oC. Because of the presence of 
chlorides in the electrolyte and resultant anode corrosion, thin adherent 
metal films of lead are deposited on the object being pickled. This action 
continues until all the scale has been removed and all the surface coated. At 
this time the object is removed from the acid bath and placed as anode in an 
electrolytic cleaner containing soda ash, caustic soda, and a small quantity 
of Na3PO1 at 90° to 100oC. In this bath the lead coating deposited in the 
acid bath is removed, after which the object is withdrawn, washed, and dried. 
The process is stated to be free from the difficulties of pickling and hydrogen 
embrittlement. It need not be very carefully controlled, inasmuch as in the 
acid bath, after the first layer has been deposited, further action results in the 
deposition of porous spongy deposits without detriment to the object­

in the Bullard Dunn process (U. S. Patent 1,775,671, Sept. 16, 1930) 
applied to many objects such as heat-treated castings, forgings, etc., in the 
descaling bath lead or tin is used as anode, the electrolyte being (with Pb) 2.2 
oz. salt, 11.0 fluid oz. 66°Bś. H2SO1, 3.5 fluid oz. 20oBe. HCl, and 113.5 
fluid oz. of H2O. Of the anode surface 75 per cent is duriron and 25 per cent is 
lead. Current density is 60 amp. per sq. ft. and anode-cathode spacing is 8 
to 10 in. at 6 volts across the bath. Deleading is done in an alkaline cleaner. 
In descaling, the object under treatment is the cathode; in deleading, it is 
the anode.

Electrolytic Polishing. Strip steel, rods and sheet, particularly of the 
nickel chromium or “stainless” alloys, are polished by anodic treatment in 
phosphoric acid solutions as a competitive method to mechanical surfacing.

Anodic oxidation of aluminum has received considerable study 
and attention. Films of oxide are produced on aluminum and its alloys for 
protection against corrosion, for electrical insulation, for decorative effects, 
and for other uses. Protective adherent oxide films can be produced anod- 
ically on aluminum and its alloys. These can be dyed, painted, oiled, or 
otherwise treated. A number of different methods have been devised. 
Chubb (IT. S. Patents 999,749, 1,068,410, and 1,068,411) uses sodium silicate, 
ammonium borate, or other electrolytes; Mershon (U. S. Patent 1,065,704), 
borax; Presser (U. S. Patent 1,117,240), sodium carbonate; Abernathy (U. S. 
Patent 1,323,236), potassium permanganate and H2SO1; Flick (U. S. Patent 
1,526,127) ammonia and ammonium sulphide, the article after treatment 
being dyed by acid dyes; Kujirai (U. S. Patent 1,735,286), oxalic acid or 
oxalates; Bengough and Stuart (U. S. Patent 1,771,910), 3 per cent chromic 
acid solution. Other processes employing H2SO1 electrolytes have also been 
developed. Airplane and dirigible parts of aluminum alloys are often anod- 
ically treated in a 3 per cent chromic acid solution in which the voltage across 
the bath is raised from 0 to 40 volts in 15 min., kept at 40 volts for 35 min., 
held at 40 to 50 volts for 10 min., and at 50 volts for 5 min., after which they 
are washed, dried, and oiled or greased. The coatings are very resistant to 
corrosion.

Electrolytic Refining
Copper. The art of electrorefining of copper was invented by James 

Elkington, in 1865, shortly after the discovery of the dynamo. The invention 
of the dynamo made possible the electrolytic refining of copper, and the pure 
metal in turn opened up the great electrical industry of today, which is the 
largest customer of the copper plants. In electrolytic refining of metals the 
starting material is a highly concentrated alloy. The object of refining is to 
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remove the last impurities, to recover not only the principal metal in very pure 
form but also the foreign constituents, especially the precious metals. The 
impure metal is made the anode at which it dissolves in the electrolyte, to 
be deposited at the cathode in pure form, inasmuch as the impurities either 
do not dissolve and fall to the bottom of the tank as slime or mud, or, if they 
are dissolved, are precipitated by constituents of the electrolyte, or else can 
remain in the electrolyte without being deposited on the cathode. In general, 
in the case of copper refining, the anode material is comparatively pure, 
running 98 per cent copper or better and in most cases well above 99. During 
the smelting of the copper and lead ores, the base metals act as carriers for 
the precious metals so that the latter are found in the crude copper or lead. 
About 75 per cent of the total silver production of the world is recovered as a 
by-product of copper, lead, zinc, and nickel refining. In addition a very 
large portion of the platinum produced is a by-product of nickel refining, 
while considerable palladium is obtained from the same source as well as 
from copper slimes. Selenium and tellurium are produced almost entirely 
as by-products of copper refining.

The crude copper from the smelter, termed blister, comes to the refinery 
in the form of slabs which are sampled very carefully for their precious metal 
content and then cast into anodes for the refining cells. Cathodes are 
so-called starting sheets or thin sections of copper deposited on blanks 
employed as cathodes in starting-sheet cells, from which the deposited copper 
is stripped off as a sheet. Connectors are then attached and the starting 
sheet becomes the cathode in the refin- 
ing cell. The cathode copper is 
exceedingly pure, usually running con­
siderably better than 99.96 per cent 
copper in its commercial re melted 
forms. In order to have high electrical 
conductivity, the copper must be free 
of impurities, particularly the metal­
loids such as arsenic and antimony, and 
in order to avoid brittleness it must be 
free from tellurium and lead. The 
electric conductivity is a very delicate 
measure of copper purity. It is given 
according to the Matthiessen standard in which the resistance of 1 mg. pure 
soft copper at 0oC. is 0.14172 international ohm.

The electrolyte universally used is a solution of CuSCh containing an appre­
ciable amount of H2SO4, which is circulated through the tanks generally 
in cascade, i.e., from one tank at a higher level to a succeeding one at a 
lower level. The use of addition agents such as glue and goulac to cause 
better cathode deposits, and reduce nodules and crystals, is general. Cur­
rent densities in American refineries vary according to local conditions, 
power costs, and other items. Constant attention is directed toward reduc­
tion of voltage across the tanks to reduce energy cost. Every effort is made 
to eliminate contact resistances and unnecessary voltage drops through the 
tanks.

Soluble sulphates of impurities in the anode pass into the electrolyte, por­
tions of which are purified at intervals. Nickel sulphate from such purifica­
tion becomes a by-product of copper refining and finds extensive employment 
in nickel electroplating. In some plants copper builds up in the electrolyte 
to too great an extent, and portions of the electrolyte are run into depositing

Multiple System

Series System
Fig. 27.—Arrangement of electrodes in 

copper refining.
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out tanks in which insoluble anodes are used, so that part of the copper of
the electrolyte is precipitated.

Two different systems of electrode arrangement are in use. In the parallel, 
or multiple, system all cathodes are in parallel and all anodes are in parallel, 
the tanks being in series. In the series system, only the first and last elec­
trodes are connected to the electric circuit, so that all of the electrodes in 
the circuit, with the exception of the first and the last, are bipolar, one side 
functioning as cathode and the other as anode. The arrangements of the 
two systems are illustrated diagrammatically in Fig. 27. The multiple 
system finds much wider application in that in the United States there are 
only one plant and part of another employing the series system.

In the multiple rank, close attention must be paid to the contacts. The 
series tank has relatively no contacts or conducting bars, and the electrodes 
are very close together, the anodes being thin, even plates. To produce 
such anodes they must either be rolled or specially hand cast, and the material 
used must be of good quality. The interest on the metal tied up in process 
and the investment in plant are less in the series system. The series system 
requires no starting sheets, but much closer supervision is needed to keep up 
the quality of the cathodes. As lead-lined tanks cannot be used in series 
work due to the relatively high voltages used, tank maintenance becomes an 
important item.

Average data for copper refining are shown in Table 20. For greater 
detail, see. Mantell, “Industrial Electrochemistry,” 2d ed, McGraw-Hill, 1940.

Table 20. Copper Refining
Electrolyte:

% Ca..........................................................  3-3.5
Grams Cu per liter............................................................................ 35-42
% H2SO4................................................................................................ 15-18

Current:
Amp. per sq. ft. cathode.................................................................. 15-20
Voltage per tank................................................................................. 0.2-0.4
% current efficiency............................................................ ’........... 90-95

Lb. Cu per kw.-day........................................................................... 200-250
Anodes :

Composition......................................................................................... 994_ % Cu
Weight, Ib...,......................................................................................... 500-700

Cathodes :
OriginalweightjIb................................................................................. 7-11
Finished weight, Ib.............................................................................. 145-300

Lead. The successful electrolytic lead-refining method, known as the 
Betts process, is used in the large refineries at Trail, B. C.; East Chicago, 
Ind.; Omaha, Neb.; and at an English plant in Newcastle-On-Tyne.

Anodes of lead bullion and cathodes of electrolytic lead in sheet form are 
connected in multiple. They are supported on copper bars across a tank 
containing lead .fluosilicate (PbSiF6) and free Iiydrofluosilicic acid (H2SiF6) as 
electrolyte. The anode mud clings to the uncorroded anode and contains 
practically all the impurities. It is collected from the anode and from the 
bottom of the tank and treated for the recovery of Sb, As, Bi, Cu, and Se. 
Any tellurium which may be present is discarded. The lead deposit on the 
cathode is melted together with the starting sheet and east into bars.

During electrolysis, Pb, Sn, Zn, Fe, Ni, and. Co go into solution while Cu, 
Sb, As, Bi, Cd, Ag, Au, Se, and Te remain at the anode. In the first group, 
tin will invariably deposit with the lead, since these two metals are so close 
together in the electrolytic series. It is therefore necessary to subject the 
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lead bullion to a softening treatment before it is cast into anodes. The other 
soluble metals will not precipitate with the lead. Of the insoluble, metals, 
small amounts of antimony may pass to the cathode, especially when a cur­
rent density as high as 17 to 18 amp. per sq. ft. and a temperature of 370 to 
38oC. are employed. This may be removed by poling the cathode lead with 
air in a kettle, which at the same time will separate any tin that may be 
present.

The electrolyte contains 7 to 10 per cent lead and 8 to 12 per cent total 
H2SiF6, the free H2SiF6 content being 3 to 5 per cent. Multiplying the lead 
value by 0.7 will give an approximate figure for the lead combined with 
HsSiFß. To ensure a solid cathode deposit, a hot strong solution of glue is 
added daily, to the amount of about 0.013 per cent of the weight of the elec­
trolyte. In making the electrolyte at the plant, H2SiF6 is formed by the 
action of HF on SiO2, then allowed to combine with lead, PbO, or white lead 
to yield PbSiFe.

Tanks are arranged in double cascades. If impure anodes are used, the 
rate of circulation of the electrolyte is 3 to 4 gal. per min., while with pure 
anodes it becomes 7 gal. per min. The solution is raised from the sump by 
means of copper centrifugal pumps equipped with bronze shafts. An elec­
trolyte loss of 5 to 10 lb. H2SiF6 per ton of normal lead bullion is attributed 
in part to the dissociation of the acid. If the anodes contain appreciable 
quantities of impurities, the loss will approach the higher figure.

Ordinarily, impurities in lead bullion do not total more than 2 per cent, 
1 to 1.25 per cent being antimony. Anodes containing more than 2.25 per 
cent of foreign metals cause difficulties in electrolysis.

Table 21. Electrolytic Lead
Electrolyte:

% Pb........................................................................................................... 7-10
% Total H2SiF6........................................................................................... 12-15
Temperature, oC..................................................................................... 35-40

Current:
Current density, amp. per sq. ft........................................................... 16-18
Voltagepertank........................................................................................ 0.4-0.6

Anodes:
% Pb........................................................................................................... 98 +
Weight, Ib..................................................................................................... 375-400

Cathodes :
Original weight, Ib....................................................................................... 9-12
Finished weight, Ib..............................................................  130-150

Data on refining practice are given in Table 21. Cathodes are cast on 
sloping cast-iron tables fed by a trough at the upper end. The electrode 
spacing is 1⅜ to 2⅜ ɪɪɪ-, the usual range being 2⅛ to 2¼ in· center to center 
and 1⅝ in. face to face. Rectangular, flat-bottomed tanks, similar to those 
used in copper refining, are employed in the electrolytic lead-refining plants. 
These tanks are coated with petroleum-residue asphalt not exceeding ⅝ in. 
in thickness.

To ensure a full surface for slime particles, about 20 to 28 per cent of the 
anode is left unattacked, returning to the anode kettles as scrap. The anode 
mud which may drop to the bottom of the tank is likely not only to cause 
short circuits but to set up a chemical reaction between its components and 
the free acid of the electrolyte. A 10-day cleanup and renewal of anodes are 
the usual plant practice. The presence ,of bismuth, tellurium, and selenium 
is the determining factor in the treatment of the mud. If these metals be
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absent, the process is a simple one; but with bismuth to be recovered, the
treatment becomes complicated.

Nickel. The largest share of the world nickel production is obtained 
from the Sudbury district of Ontario, Can. The ores are copper-nickel 
sulphides containing cobalt, iron, and precious metals. The ores are smelted 
to low-grade mattes which are then blown in basic converters for the removal 
of iron. The product of these converters, termed bessemer matte, is shipped 
to the nickel refineries where the process is a combination thermal and elec­
trolytic one.

The process is based on the fact that in a molten system containing nickel 
sulphide, copper sulphide, and sodium sulphide, in general two liquid layers 
are formed, the upper carrying the bulk of the sodium and copper sulphides and 
the lower the bulk of the nickel sulphide. A separation is made of these two 
layers.

The bessemer matte, containing approximately 54 per cent Ni, 26 per cent 
Cu, 20 per cent S, and 0.30 per cent Fe, is smelted in a water-jacketed blast 
furnace with coke and soda flux. On solidification in pots a top and a bot­
tom are formed. About 90 per cent of the total copper in the form of top is 
transferred to converters, where it is blown to blister copper ready for market. 
The separation between top and bottom is marked by a clean line of cleavage.

The bottom, containing the nickel, is again smelted with soda flux, poured, 
and allowed to solidify into two layers.. The second bottom is nickel sulphide 
(Ni, 70 per cent; Cu, 0.90 per cent; Fe, 0.25 per cent), which is ground, washed 
free of soda, leached with dilute H2SO4 to remove iron, given a Chloridizing 
roast, and leached to remove the copper; then follows a second roast with soda 
ash to remove all fractional remaining impurities. The resulting black oxide 
of nickel of the following analysis, Ni, 77.60 per cent; Cu, 0.10 per cent; Fe, 
0.25 per cent; Si, 0.10 per cent; and S, 0.015 per cent, is ready for the market 
or reduction to metal in the open-hearth furnace. It is tapped from the 
furnace into pig nickel, nickel shot, and nickel anodes. The nickel anodes 
go to the electrolytic refinery where they are refined under the conditions 
tabulated.

The electrolyte, purified of iron and other metals, enters the catholyte box 
at an acidity equivalent to pH of 5.2. During refining, the electrolyte 
decreases in nickel content leaving the tank at a pH of 4.0. The electrolyte 
is purified of iron and precipitable metals by passage over finely divided nickel, 
using the cementation method. Further removal of iron is obtained by 
adjusting the pH of the solution to 5.2 and heating it to approximately 135°F., 
at which point ferric sulphates are precipitated. The electrolyte is then cooled 
down to 125oF. and returned to the cells through rubber-lined or hard-rubber 
piping. Every precaution is taken to keep the electrolyte out of contact with 
metals, the liquid coming in contact only with hard rubber, mastic, and, in a 
single case, with lead at the discharge-box end of the cell, where there is a 
lead apron.

Owing to the use of the closely woven special canvas diaphragms and the 
resultant voltage drop across them, the energy efficiency will be low in com­
parison with copper refining. The anodes are just slightly larger than the 
cathodes. A 3-day plating gives a 12-lb. starting sheet. Top buckle strips 
are made from l⅛-day starting sheets being fastened together in the same 
manner as is common practice in copper plants.

Chlorides are not added for anode corrosion, but they are present from 
various sources to the extent of 75 mg. per 1. The sulphur content of the 
electrolytically refined nickel is negligible.
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The precious metal content of the original anodes is % 025. per ton, being 

mostly platinum, palladium, and some rhodium. Slimes from primary anodes 
will run 12 oz. per ton. These slimes contain a large amount of nickel oxide, 
the nickel content being as high as 30 to 40 per cent. The slime goes back foi­
re worki ng and remelting into so-called secondary anodes which have an 
original precious-metal concentration of 30 oz. per ton, yielding slimes running 
500 oz. per ton. These slimes are concentrated by further operations to a 
product containing 5000 oz. per ton for shipment.

Table 22. Data on Electrolytic Refining of Nickel
Electrolyte:

% Boric acid........................................
Temperature, 0C.................................
Circulation apparatus.......................

Current:
Amp. per sq. ft. cathode..................
Voltage per tank................................
% current efficiency.........................
Kw-hr. per lb. Ni................................

Anodes:
Composition..........................................
Length, width, thickness, in...........
Weight, Ib..............................................
Mode of suspension............................
Life, days...............................................
% Scrap.................................................

Cathodes :
Starting sheet blanks.........................
Size starting sheet, length by 

width,in.............................................
Weight, Ib.............................................
Mode of suspension............................
Replaced after how many days. . . 
Weight, Ib.............................................

Deposition vats, length by width by 
depth...................................................

Number of anodes, cathodes..........
Tank material......................................

Anode mud:
Composition

From primary anodes...................

From secondary anodes...............

40 g. per I.
20 g. per 1.
52-57
hard-rubber pumps 10 rotaries, each 

1100 kva.

11.5-12
2.4—2.5
93-94
1.1

precious metals ⅜ oz. per ton
36 × 27 × 2
415-425
cast lugs
32-33
36-40

aluminum, NaaS dipped, 30 lb. each

36 × 28
11-12
nickel loops
14
125

16 ft. 9⅜ in. × 2 ft. 10¼ in. × 5 ft.
2 in.

29, 30
concrete, mastic, or gilsonite lined

precious metals 12 oz. per ton, Ni
30-40 %

precious metals 500 oz. per ton

Electrolytic nickel-dissolving cells are used for restoring the metal content 
of the electrolyte.

Cathode nickel is not remelted, but the cathodes are cut into squares 
either 2, 4, 6, 8, or 9 in. as specified by the customer. These are packed in 
barrels for shipment.

Tin. During the World War the electrolytic refining of tin was developed 
in the United States as a means of dealing with the metal obtained from the 
smelting of complex or impure Bolivian ores from which straight dry thermal 
methods of refining could produce only a poor grade of metal.

The bath employed commercially was 8 per cent H2SO4, 4 per cent cresol­
phenol Sulphonic acid, and 3 per cent Sn. Practically, lead is the only impurity 
that dissolves; consequently the electrolyte must contain a radical that will



2786 Electrochemistr y
form an insoluble compound with lead, such as a sulphate, chromate, fluoride,
etc. The other metals occurring as impurities in tin (As, Sb, Bi, Cu, etc.)
are not dissolved and remain in the anode slimes.

The operating data are given in Table 23. The total acid in the electrolyte 
is calculated as H2SO4, although it was partly H5SOi and partly cresol sul- 
phonie acid. Glue-cresylic acid emulsions were used as addition agents. 
The addition agent consumed was of the order of ⅜ to 3 lb. glue and 8 to 16 lb. 
cresylic acid per ton of refined tin. Refinery starting sheets were made by 
pouring molten electrolytic tin over an inclined steel table of the size and shape 
of sheet desired, a method similar to that used for making starting sheets for 
the electrolytic refining of lead. The electrolytic tin analyzed better than 
99.98 per cent Sn.

Table 23. General Data on Electrolytic Tin (ManteU)
Electrolyte :

% Sn.........................................................................
% total acid (as H2SO4)....................................
Temperature, 0C...................................................
Circulation, gal. per min....................................
Circulation apparatus.........................................

Current:
Amp. per sq. ft. cathode....................................
Voltage per tank...................................................
Current, kw. per generator...............................
% current efficiency.............................................
Kw.-hr. per lb. Sn................................................

Anodes:
% composition.......................................................

Length, width, thickness, in..............................
Weight, Ib................................................................
Mode of suspension....................................... . . .
Life, days.................................................................
% scrap....................................................................

Cathode:
. Size starting sheet, length by width by thick­

ness, in..................................................................
Weight, Ib................................................................
Mode of suspension..............................................
Replaced after how many days.......................
Weight, Ib................................................................

Deposition Tanks:
Length, width, depth...........................................

Number anodes, cathodes..................................
Electric connection...............................................
Material of construction....................................

Anode mud:

3
10.2
35
5
vertical centrifugal pumps

8-10
0.3-0.35
4500
85
0.085

Sn, 96.0; Bi, 1.0; Sb, 0.25; 
As, 0.15; Cu, 0.25; Pb, 
1.0

33 × 36 × 1⅛
350
cast lugs
21
25

34 × 37 × 0.03
8 to 10
wrapped
7
100

12 ft. Ilin. X 3 ft. 5 in. ×
3 ft. 6 in.

26, 27
Walker
wood, lead lined

% anode................................................................... 5
% composition....................................................... Pb, 20; Cu, 5; As, 3; Sb, 5;

Sn, 30; Bi, 20

Silver. The raw material from which pure silver is produced is in the 
main concentrates from anode slimes from copper refining as well as those of 
other nonferrous metals such as lead, nickel, and zinc; silver concentrates 
resulting from the desilverization of lead by the Parkes process; and silver­
gold bullion of various compositions including secondary metal and scrap. 
From copper-refining slimes the crude silver may contain 95 per cent Ag, ɪ
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to 3 per cent Au, the remaining 2 per cent being Cu, Bi, Pb, Te, Fe, Ni, Pt,
and small amounts of other metals; while from the desilverization of lead the
crude silver may contain 98 per cent Ag; 0.5 per cent Au; 1.5 per cent being
Cu, Bi, Pb, and Zn. Such material is cast into anodes and refined electroly-
tically in a AgNO3-Cu(NO3)2 electrolyte.

In the electrolytic refining of copper, all the precious metals originally in 
the anodes drop to the bottom of the tanks during the process of electrolysis 
and are known as slime or anode mud. When the scrap anodes are lifted 
from the tanks after electrolysis, the slime is sluiced from the bottom of the 
tank and pumped to the silver refinery. On reaching the silver refinery, the 
slime is allowed to settle in large tanks, filtered, and given a light roast 
(300°C.). This converts all the copper into copper oxide, readily Ieachable 
with 10 per cent H2SO4. The leached slime, containing less than 1 per cent 
copper, is melted and refined in small oil-fired reverberatory doré furnaces. 
During the refining process, the lead forms a lead slag which is skimmed off 
and sent to the lead refinery for further treatment. Antimony is volatilized 
and recovered from the flue dust. Selenium and tellurium are partly vola­
tilized but are mainly removed by the addition of alkaline fluxes. The doré 
silver is cast into anodes and electrolyzed for the parting of the silver from the 
gold, using both the Thum and the Moebius systems (Fig. 28a and Fig. 28⅛).

COré metal ∣ 
aroa'e —j 

Diaphragm'}

Concrete,
'-, mastic Sntrd 
; 'Silver crystals 

^^"Graphite

Fig. 28α.-Thum cell. Fig. 28&.—Moebius cell.

Dore' metal anode 
Cloth bag 
'Scraper 
Stainless steel 
cathode

In the Thum system the electrolytic cells consist of shallow, glazed, porce­
lain tanks, or mastic-lined concrete tanks, the bottom of which, lined with 
graphite slabs, forms the cathode. The doré silver anodes are arranged 
horizontally in wooden frames above the cathode. These frames are covered 
with canvas which acts as a diaphragm and prevents the gold slime from 
mixing with the cathode deposit. The silver is deposited in a loose crystalline 
form which is scraped from the bottom of the tank at regular intervals. In 
the Moebius system, the anodes and cathodes are arranged vertically in much 
the same manner as in copper refining, the anodes being enclosed in canvas 
bags in order to catch the gold slime. The cathodes are sheets of stainless 
steel. Mechanically operated wooden scrapers are used to remove the 
silver crystals from the cathodes into trays which are periodically withdrawn 
and emptied. The cathode deposit of silver crystals is very pure. After 
washing, it is melted in large graphite retorts into standard l,000-oz. bars, 
assaying over 999 in fineness.

The gold slime resulting from the silver electrolysis contains all the gold, 
platinum, and palladium which were originally present in the blister copper. 
It is treated with H2SO4 to remove the excess of silver present and is then 
melted in graphite crucibles and cast into gold anodes to be electrolyzed 
using the Wohlwill process.

The silver electrolyte is silver and copper nitrates (60 g. Ag per liter, 40 g. 
Cu per liter) operated at a current density of 40 to 50 amp. per sq. ft.

Gold. The process employed for gold refining is due to Wohlwill. The 
method, which is used for the refining of gold in all of the United States 
mints, consists in electrolyzing gold anodes in a hot acid solution of 7 to 8 per
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cent gold chloride and 10 per cent HCl. In order to maintain low interest
charges on the gold tie-up, a high current density of 110 amp. per sɑ. ft. of
cathode surface is used. This necessitates a thorough stirring of the elec­
trolyte, which is accomplished by means of a small air lift.

In gold electrolysis, the platinum and palladium are totally soluble and are 
allowed to accumulate in the electrolyte until present in sufficient quantity to 
recover. The amount of platinum and palladium recovered is small, averag­
ing only about 1 oz. of the combined metals per 1,000,000 lb. copper refined.

The electrolysis cells are constructed of glazed porcelain and chemical 
stoneware. They are relatively small in size, in that the electrolyte is an 
expensive one. The cathodes, having the same area as the anodes, are of 
thin gold foil or thin rolled-gold sheet. In copper refineries the anodes are 
fairly thin. In governmental refineries or mints where interest on metal 
tied up is not a factor, the anodes may be fairly thick. At periodic intervals, 
due to the accumulation of impurities, part of the electrolyte is drawn off 
for purification and replaced by a strong AuCh solution.

For the treatment of anodes of high silver content, Wohlwill modified his 
process by using an UnsymmetricaI a.c. in which an a.c. of low frequency and 
greater current density is superimposed on the d.c. The quantities of gold 
dissolved and deposited are functions only of the d.c. The a.c. opposes passi­
vation which would develop in a high-silver-content anode as the AgCl layer­
forms over the gold anode, lessening the active area and increasing the effec­
tive current density. The a.c. prevents the formation of an insulating film 
over the anode and causes the AgCl to flake off readily.

The modified Wohlwill process employing a.c. is not used in Copperrefineries, 
but the method finds employment in the government mints and assay offices.

Bismuth. Bismuth-rich slimes are produced as a by-product of the 
Betts method of lead refining. The slimes are washed, dried, and smelted 
under oxidizing conditions with Na2CO3 and NaOH to produce alkaline 
slags which carry off the arsenic and antimony as sodium compounds and 
the copper as oxide. The residue is crude bismuth containing mainly silver 
and lead. This is refined electrolytically in an acid BiCh solution containing 
somewhat more than 100 g. HCl per liter and 3 to 4 g. of bismuth in a Thum 
cell, the same type as is used for silver refining, at 50o to 60oC. The lead 
from the crude bismuth anode goes into solution as PbCh but does not 
deposit with the bismuth. It concentrates in the electrolyte, portions of 
which are periodically removed and the PbCh crystallized out.

Electrowinning
Copper. In several places in the world, copper-containing minerals are 

treated for the recovery of the copper by Iiydrometallurgical methods, in 
which the mineral is leached or dissolved by a solution which in turn becomes 
an electrolyte and is stripped of a portion of its metal values by electrolytic 
precipitation, the stripped or spent electrolyte being returned for leaching 
fresh ore in a cyclic process. The metallic values of ores treated by hydro- 
metallurgical or electrowinning methods are usually very low, being of the 
order of 1.5 to 1.75 per cent copper (or less). At the plant of the Chile 
Copper Co. at Chuquicamata, Chile, the principal copper minerals are 
chalcanthite (CuSO4.5H2O), brochantite [CuSO4.3Cu(OH)2], and atacamite 
[CuCl2.3Cu(OH)2], and the leach contains H2SO4. In the electrolytic 
deposition insoluble copper silicide anodes are used. Power consumption per 
pound of copper is much higheι∙ than in copper refining because of the greater 
voltages across the cells.
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In the plant of the Inspiration Consolidated Copper Co. at Inspiration,

Ariz., the ore consisted of mixed oxides and sulphides in which the total
copper of the ore was of the order of 1.1 to 1.2 per cent. The leach was a H2SO4-
Fe∙>(SO4)3 solution, and the insoluble anodes were 8 per cent antimonial lead.

In general, the ores were leached in large concrete tanks. At Chile the tanks 
are of reinforced concrete lined with mastic, while at Inspiration they were 
reinforced concrete lined with lead. In general, despite the fact that hydro- 
metallurgical plants are operating with extremely low grade ores, the copper 
recovery is of the order of 80 to 90 per cent and the production costs are 
considerably lower than in Pyrometallurgical plants operating smelters. 
These smelters, in addition, have the advantage of using high-copper-content 
ores.

Operating data for different plants vary widely depending upon ores treated, 
leaching solutions used, impurities encountered, and methods of purifica­
tion. For further data see Mantell, “Industrial Electrochemistry,” 2d ed., 
McGraw-Hill, New York, 1940. Cell electrolytes are 20 to 35 g. Cu per liter, 
20 to 45 g. H2SO4 per liter. Current densities average 10 to 12, although as 
low as 5 amp. per sq. ft. are used. Energy consumptions are 1 to 1.5 kw.-hr. 
per lb. Cu; tank voltages are 1.8 to 2.5, and current efficiencies 65 to 90 per 
cent.

Zinc. Vast quantities of complex zinc ores are available which are not 
readily amenable to Pyrometallurgical methods, but in the treatment of which 
leaching processes, coupled with electrolytic deposition, have particular 
advantages. In addition, the subsidiary metals can be completely recovered.

Electrolytic zinc plants are now operating on a very large scale in a number 
of places in the world. In general, all the processes employed involve H2SO4 
and the production of ZnSO4 electrolytes, which can be divided into those 
termed low-acid, low-current density, and the high-acid, high-current density, 
also known as the Tainton process.

The ores treated are of the complex zinc-lead-copper-iron sulphide type. 
These ores, averaged after roasting, contain 33 per cent or higher Zn, 4 to 4.5 
per cent S, and a soluble zinc content of the order of 82 to 86 per cent, 10 peí- 
cent Pb, 21 to 22.5 per cent Fe, and 1.7 to 2 per cent Cu, with about 7 to 7.5 
per cent of the ore being insoluble in acids. In the roasting of concentrate 
containing 5 per cent iron (or less), practically all the iron combines with 
zinc as ZnO.Fe2O3 (ferrite), which is nearly insoluble in dilute H2SO4. As the 
iron content increases above 5 per cent, the combination of zinc and iron 
oxides can be partly controlled by temperature regulation during roasting. 
The roasting furnaces are operated to convert the zinc sulphide in the ore to 
acid-soluble oxides and sulphates and, at the same time, to produce SÖ2 which 
is used for the manufacture of H2SO4 employed in leaching.

In general, the procedure is cyclic. Electrolyte from the cells after the 
greater portion of the zinc content has been deposited is used to leach roasted 
ore, termed calcine, the solids and liquids being separated, the ZnSO4 solution 
being purified by means of metallic zinc. Spent electrolyte from deposition 
tanks contains 10 to 11.5 per cent H2SO4 and about 2.5 per cent zinc. After 
the leaching treatment, the liquor contains about 0.5 per cent H2SO4 and 10 
per cent zinc.

The high-acid, high-current-density method is employed in the electrolytic 
zinc plants erected to treat the zinc-bearing ores of the Coeur d’Alene district. 
These ores cannot be classed as particularly favorable for electrolytic treat­
ment, inasmuch as they tend to form an unusually large amount of insoluble 
zinc ferrite in the roast and yield appreciable quantities of gelatinous silica 
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in the leaching operation. Furthermore, they contain relatively large 
amounts of cobalt, which is one of the most troublesome impurities from the 
standpoint of electrolytic zinc treatment. In the Tainton high-acid process 
the return electrolyte used for leaching carries 28 to 30 per cent free acid, 
and the electrolysis is carried out at a current density of 100 amp. per sq. ft., 
both of these amounts being about three times as great as the corresponding 
figures in ordinary electrolytic zinc practice.

Table 24. Electrolytic Zinc

Table 25. Electrolytic Recovery of Cadmium

Low acid, low c.d. High acid, high c.d.

Electrolyte:
Zn to cells, g. per 1.......................................... 100-150 200-220
H2SO4, cell discharge, g. per 1......................... 100-130 280

Current:
Density, amp. per sq. ft................................. 30-40 100
Current efficiency, %..................................... 90-94 87-92

Voltage per tank................................................. 3.7 3.2-3.5
Anodes:

Material........................................................... Lead Lead alloy
Construction.................................................... Solid 40-50% perforated

Cathodes:
Sheets................... .......................................... Aluminum Aluminum
Zn weight on cathode, Ib................................. 8-11 22-24

Tanks.................................................................. Wood, lead lined; or 
lined concrete

Wood, lead lined

Tank mud........................................................... MnO2 MnO2

Raw material.......... ......................................................

Electrolyte:
Cd to cells, g. per 1.................................................
Zn to cells, g. per 1..................................................
Concentration H2SO4, cell discharge, g. per 1. 
Temperature, oC......................................................

Current per cell:
Amp. per sq. ft.........................................................

Current efficiency, %.................................................
Kw.-hr. per Ib...............................................................
Voltage per tank................................................. .... ....
Anodes:

Composition..............................................................
Anode-cathode spacing, in........................................
Cathodes :

Composition..............................................................
Removed....................................................................
Weight, Ib..................................................................

Tanks:
Number anodes and cathodes............................
Material of construction.......................................

Precipitate from Zn dust puri­
fication of Zn electrolyte

100-120
80
70-80
35

4.25 ■
80-90
0.82
2.6

Lead
3½

Aluminum
24 hr.
100

27,26
Wood, lead lined

In the Tainton process, zinc ferrite is separated magnetically from the 
calcine and in the leaching process is first added to a strongly acid solution 
resulting from stripping the electrolyte in the deposition cells, the neutraliza­
tion of the acid being then completed by the use of the ZnO portion of the 
calcine free from ferrite. With the allowable production of zinc ferrite in 
the calcine, less rigid control on roasting is necessary than is needed for the 
usual type of leaching of zinc ores.
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Cadmium Recovery. Cadmium is found in very sιjιall quantities in 

practically all zinc ores. It can be profitably produced only as a by-product 
in the manufacture of some other metal. Important sources of raw material 
are bag-house condensation products from lead and copper furnaces, zinc 
ores, “blue” powder, and particularly cadmium residues from electrolytic 
zinc plants. These materials are leached, purified by chemical treatment and 
by the precipitation of heavy metals with zinc, to produce liquors containing 
only zinc, cadmium, and free H2SO4. These liquors are electrolyzed between 
insoluble lead anodes and aluminum cathodes. In earlier plants, rotating 
cathodes were used, but in present practice they are stationary. Operating 
data are given in Table 25. Cadmium has found widespread application in 
electroplating and rust-proofing. Demand for the metal has at times exceeded 
the supply and markedly increased the price.

Manganese is leached from reduced manganese ores by sulphate solu­
tions which are electrolyzed in multicompartment cells to produce pure metal.

Alkaline Chloride Electrolysis
Aqueous Electrolytes—Chlorine and Caustic. Chlorine and NaOH 

are made by the electrolysis of a solution of an alkaline chloride, generally 
NaCl. The sodium ion travels to the cathode. The cathodic products 
are a solution of NaOH and hydrogen gas evolved at the cathode. The 
chlorine ion travels to the anode, gives up its charge, becomes a chlorine 
molecule, Ch, and to the greater extent is evolved as gaseous chlorine, 
although some dissolves in the solution. The anodes almost universally 
in use are those nonattackable by chlorine, consisting of graphite. In every 
commercial cell, precautions are taken to keep the anodic and cathodic 
products separate from each other so that they do not interact to form hypo­
chlorites. The products of electrolysis are removed as rapidly as possible 
from the sphere of electrolytic action. Cells in commercial use fall, with 
only minor exceptions, into those in which the hydroxyl ions are not liberated 
inside the electrolysis chamber (as in the mercury cells) and diaphragm cells 
in which mixing of the anolyte and catholyte is prevented by a porous dia­
phragm. These may be subdivided into those rectangular in shape and those 
circular or cylindrical in form. The bell-jar cell is an example of the type 
which does not use a diaphragm, but in which mixing of the anodic and 
cathodic products is prevented by regulation of the electrolyte fed to the cell.

The fundanlental principles of construction of the more important cells 
used commercially are shown in Fig. 29.

The mercury cell employs a large iron-grid cathode with graphite anodes 
and an intermediate electrode consisting of mercury. In one portion or 
chamber of the cell a solution of NaCl is electrolyzed to produce chlorine at the 
anode and sodium metal at the mercury cathode. The sodium metal alloys 
with the mercury to form an amalgam. Circulation of the mercury by 
mechanical means, such as pumps, screws, or rocking, causes the mercury from 
the NaCl compartment to pass into another compartment where it functions 
as an anode in a NaOH electrolyte, with the production of hydrogen at the 
iron cathode. The second section is often termed the denuder. The sodium 
from the amalgam is discharged with the formation of caustic solution. A 
number of modifications of a mechanical nature for the circulation of the 
mercury have been proposed. In general, mercury cells produce caustic 
liquors of much higher concentration than those of other types.

In the Castner cell the mercury is circulated from two outside electrolysis 
compartments to a central denuder section. In the Sorensen cell the
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mercury is mechanically circulated by means of a cup wheel which returns the 
metal from the lower level denuder to the higher level of the electrolysis 
chamber, from which the mercury circulates back to the denuder. In the 
Krebs cell, built in capacities from 4,000 up to 15,000 amp. and shown in Fig. 
30, the mercury circulation is by means of an Archimedean screw or pump 
from the denuder chamber to the electrolysis section, from which higher level 
the mercury flows back to the denuder section. Typical operating data are 
given in Table 25.

In the bell-jar cell, used to some extent abroad but not at all in the United 
States, a bell jar consisting of a nonconducting and nonporous material is 
inverted in a vessel containing the NaCl electrolyte, while outside the bell 
there is a ring-shaped iron cathode. The graphite anode is inside the bell.

Amaigam 
discharge-
Brine exit­

Cl2 exit—■

impurities
Fig. 30.—Krebs mercury cell.

circulator
-H2O

yr^H2 exit 
'"insulators

Brine feed is through the top of the bell, past the anode. The bell also con­
tains a chlorine outlet. As cathode alkali is formed, because of its specific 
gravity and mixing due to hydrogen evolution, it is distributed throughout 
the whole of the containing vessel. Because of hydroxyl-ion migration 
and diftusion, it tends to ascend the bell jar but is prevented by the downward 
flow of brine solution coming from the anode, so that a sharp alkali boundary 
and neutral layer are formed at a level between the bottom of the anode and 
the bottom of the bell jar. Commercially, the cells are small in size and 
cannot be depended upon to operate in a satisfactory manner, difficulty being 
experienced in the maintenance of the alkali-salt-solution boundary.

The Hargreaves-Bird cell consists of an iron box lined with cement and 
divided vertically along its length into three compartments. The middle one 
contains the graphite anodes, brine feed entering the cell at the bottom of the 
middle compartment and overflowing at the top, a portion of it diffusing 
through the diaphragm and being electrolyzed. The separating partitions 
are asbestos or asbestos cement serving as diaphragms, while the cathodes 
are alongside of the diaphragms and consist of copper gauze. The electrolyte 
percolates through the diaphragm to the cathode and into the cathode com­
partment. Steam is introduced into the cathode compartment and tends to
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keep the diaphragms open. At the same time CO2 is also introduced, uniting
with the cathode product to form Na2CO3 so that the solution drawn off at
the bottom of the cathode chambers is a mixture of NaCl and Na2CO3, which

Typical Solution ofia Problem;
E 1000
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Z2.AmDere-Hour∣

6SV70^75-^0-S5^90-S>5

Operating current,A------------------- 840amρ.Operating pressure percell,D—4.15 V. NaOH produced per hour, B-----------2.51b.Kw.-hr.rate__________________________________ 0.8 c.Readings;Lb.chlorine per hour,opposite 2.5 read--------- 2.42Theoretical lb. of salt per hour.opposite 2∙5read3.66 Cu.ft. hydrogen per hour, opposite 2.5 read------- 11.4Amp.-hr. efficiency, line C at intersection Aand B,at end-------- - ---------------------------- ----------------- 90%Energy efficiency,line Eat intersection D with amp.-hr.eff icieπcy,af end.50 % Kwrhrperlhchlorine ,on cross-scale,linear side, read------------- 158Energy cost,align L5oand0.8on logarithmic scale read------ 1.26c.
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Caustic Soda, Pounds per Hour
Fig. 31.—Calculation chart for raw materials, products, and power in electrolytic 

chlorine cells. [Horine, Chem. & Met. Eng., 21, 71 (1919).]

are separated by crystallization. The commercial cells show extremely long 
life. The cell is in use only in the paper industry. It has the disadvantage 
of producing Na2CO3 instead of the more valuable NaOH.

The Townsend cell consists of a center compartment containing the graph­
ite anode, the electrolyte, a brine feed and a chlorine outlet, and two side 
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compartments containing kerosene separated from the center compartment 
by an asbestos diaphragm alongside of which are iron-grid cathodes. The 
side compartments have hydrogen exits and adjustable swan necks for 
drawing off the caustic liquors. Saturated salt electrolyte is circulated 
through the anode compartment and part of it diffuses through the diaphragm 
and is electrolyzed. The products of electrolysis in the form of drops of 
electrolyte are carried away from the cathode by the hydrogen gas, to become 
mixed with the kerosene oil through which they drop to the bottom of the 
compartment. The kerosene oil serves to equalize the hydrostatic pressure 
on both sides of the diaphragm. Commercial cells operate at voltages of 4 
to 4.2 and have capacities of 4,000 amp. per cell. Current efficiencies are 
of the order of 90 to 95 per cent. The materials of construction for the cell 
are cement and steel. In general, the shape of the cell is rectangular.

The Giordani Pomilio cell is similar in construction, employing vertical 
submerged diaphragms, but kerosene is not used.

The LeSueur was the first commercial porous, submerged diaphragm cell 
employed in the manufacture of Ch for paper work. It is shown diagrani- 
Biatically in Fig. 29.

The Allen-Moore cell resembles the Townsend cell in certain structural 
features. The anode compartment consists of a shallow U-shaped reinforced- 
concrete pot carrying the graphite anodes and forming the anode chamber. 
The cathode compartments are bolted externally, the separation between 
the compartments being made by asbestos diaphragms backed by perforated 
sheet-iron cathodes. The cell is rectangular in shape.

The Buck-McRae cell is similar in construction to the Allen-Moore cell 
but in addition has a central diaphragm and cathode. The entire cell fits 
in an iron tank and is enclosed at the top by a cement block or blocks through 
which the graphite anodes rise. Simplicity of construction is a feature. 
The cell is rectangular in shape.

The Nelson cell consists of a rectangular steel tank which carries a U-shaped 
perforated-steel cathode plate to which is fastened the asbestos diaphragm. 
Brine is introduced into the central compartment which contains the anode 
and the chlorine outlet. Brine percolates through the diaphragm to the 
cathode chamber in which an atmosphere of steam is maintained.

The Hooker cell is a high amperage unit, almost cubical in shape, using com­
pletely submerged diaphragms, being the commercial successor of the Town­
send cell.

The Basle cell is an unusual type, finding employment in Europe. The 
feature of the cell is the mechanism used to circulate the electrolyte from 
anode to cathode. Both the graphite anodes and the iron cathodes are sur­
rounded by asbestos-bag diaphragms. Hydrogen generated at the cathode 
inside the bag carries the cathode products up through the short iron tubes 
into gutters on the top of the cell, the gutters being covered by a collecting 
hood. Chlorine is taken off at the top of each anode through nonconductive 
collecting bells. A constant-level brine feed is used. The largest unit takes 
about 7,500 amp. and produces 11 to 13 per cent NaOH and 98 per cent 
chlorine, at a current efficiency of 90 to 92 per cent at a voltage of 3.3 to 4.5 at 
40o to 50oC.

The cylindrical cells are represented by the designs due to Gibbs, Wheeler, 
and Vorce. A central chamber contains the graphite anodes, surrounded by 
an asbestos diaphragm alongside of a perforated iron-sheet cathode, the entire 
cell being enclosed in a steel cylinder. The chlorine outlet is at the top in all 
cases, and in the Gibbs and Wheeler brine feed is at the bottom, in the Vorce at
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Power Costin Cents perkw.-Hr.
Power cost per ton of chlorine at varying 
power coste and chlorine yields.

the top. In the Gibbs and the Vorce cells, the anodes depend from a cover 
and are supported on the external cylinder, while in the Wheeler cell the weight 
of the anodes is carried by a central double-cone or cylindrical cement pedestal. 
Caustic flow in all cases is from the external cathode compartment at the 
bottom of the cell. The usual construction materials are graphite for anodes; 
asbestos for the diaphragm; iron, or one of its alloys in some cases, for the 
cathode; cement for the cell 
base and cover; and steel for 
the containing cylinder. 
The three cells differ in other 
more or less minor structural 
features.

Commercial operating 
data on the various types of 
cells finding employment in 
plants in the United States 
are given in Table 26. For 
greater detail, see Mantell, 
“Industrial Electrochemis­
try,” 2d ed., McGraw-Hill, 
1940. Figure 31 is a calcula­
tion chart, useful in connec- 
tion with commercial 
chlorine cells. It is the work 
of Horine [Chem. <fc Met. 
Eng., 21, 69 (1919)]. Power 
costs are very important in 
chlorine production. D i f- 
ferent cells operate under rel- 
atively widely different 
current efficiencies and volt­
ages, so that from 0.62 to 0.76 
lb. chlorine per kilowatt-hour 
are produced. Figure 32 
shows the relation between 
energy efficiency as expressed 
in pounds of chlorine per 
kilowatt-hour, cost of power 
in cents per kilowatt-hour, 
and the total power cost in 
dollars per ton of chlorine 
produced by the cell or plant in question.

Fused Electrolytes
Aluminum. The entire world production of aluminum is obtained by 

the electrolysis of a solution of alumina (AI2O3) in fused cryolite (AlFa.3NaF). 
The process is based on the patents (1883-1889) of Hall in the United States 
and Heroult in France. Fundamentally, aluminum is produced by the 
electrolysis of alumina dissolved in a bath of aluminum fluoride and the 
fluoride of one or more metals more electropositive than aluminum, such as 
sodium, potassium, or calcium. Cryolite melts at about 1000oC. and at 
temperatures slightly above its melting point’ is able to dissolve as much as 
10 to 20 per cent of its weight of alumina with resultant decrease in its melting
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point. As the result of electrolysis alumina is decomposed, aluminum metal
being deposited at the cathode in a molten condition (melting point about
660oC.) and oxygen at the carbon anode with which the oxygen reacts to form

+
Carbon electrodes `

Frozen crustσf'' 
electrolyte and 
alumina -r

Tqphole' 

Carbon Hning,

Fig. 33.—Electrolytic aluminum cell.

Electrolyte
'Molten 
aluminum

Έ CoHechr 
plate

the probable primary product of 
CÓ2. This is believed to be sub­
sequently reduced to CO by the 
hot carbon. The thermal effect 
of the oxidation of the carbon an­
odes is to reduce the amount of 
electrical energy required to main­
tain the bath in a fused state. 
The bath itself is not appreciably 
decomposed by the current.

At the operating temperature the fused cryolite (or modified bath) and 
molten aluminum are very reactive and destructive of containers. Hall 
solved the problem by the use of an iron crucible or a box lined with carbon. 
To date no better materials of construction have been found.

Table 27. Operating Data for Aluminum and Magnesium

Factora Aluminum Magnesium

Raw material.......................................
Melting point material, oC..................
Melting point metal, oC......................
Bath material.......................................

Furnace:
Shape................................................
Shell..................................................

Anode arrangement..............................
Anode material....................................
Cathode material.................................
Voltage across cell................................
Amperage of cell..................................
Current density, amp. per sq. in.........
Operating temperature, oC..................
Concenteation of raw material in bath 
Theoretical decomposition voltage.... 
Carbon consumption............................
Raw material consumption..................
Current efficiency, %...........................
Energy efficiency, %............................
Energy consumption............................
Specific gravity molten Al...................
Specific gravity molten cryolite..........

Purified AI2O3
Cryolite 1,000
AI 660 (about)
Cryolite + Na, Al, Ca 
fluorides

Rectangular
I-2-in. steel
Suspended vertically 
Carbon
Rammed carbon lining 

5.5-7 
8000-30,000

Anhydrous MgCh
MgCl2 708
Mg 651
MgCl2 + NaCI

900-1000
2-5% Al2O3

2.0
0.6-0.85 lb. per lb. Al
2-2.2 lb. Al2O3 per lb. Al 

70-90 
25-40

10-12 kw.-hr. per lb. Al
2.29 (1000 oC.)
2.095 (1000 0C.)

Rectangular
Steel
Suspended vertically
Graphite
Steel pot

6-9

16-35 
670-730

4-5 lb. MgCI2 per lb. Mg
70-80
20-30

8-13 kw.-hr. per lb. Mg

The reduction cell or “pot” is a strong steel box, usually rectangular in 
shape, provided with a carbon lining 6 to 10 in. or more in thickness. Figure 
33 shows the essential features of such a cell. External and internal dimen­
sions of the cell and lining vary considerably with current capacity. In 
commercial practice the smallest cells are 8,000 amp. and the largest of the 
order of 40,000 amp. Generally the more current that can be used in a cell, 
the lower will be the producing cost of 1 lb. aluminum. Aluminum produc­
tion is approximately proportional to the current, while it takes just about as 
much labor to run a small cell as a large one. The limit of current capacity is 
set by increase in difficulties involved in changing anodes, breaking the frozen 
top erust, and operating the larger cells. For multiple-electrode pots the 
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practical limit is reached at about 30,000 amp. Operating data are given in 
Table 27.

Aluminum Refining. Aluminum is refined electrolytically in an inverted 
cell in a fused electrolyte composed of cryolite, AIF3, and BaF2 nearly satu­
rated with AI2O3 [Frary, Electrolytic Refining of Aluminum, Trans. Am. 
Electrochem. Soc., 47, 275 (1925)]. Heavier aluminum alloys at the bottom 
of the cell are in contact with the carbon anode, and the refined, purified 
metal rises through the electrolyte to make contact with graphite cathodes 
suspended vertically through a top frozen crust of electrolyte which contains 
a large concentration of alumina.

Table 28. Aluminum Refining
Bath....................................... Cryolite, AIF3, BaF2 nearly saturated with AI2O3
Cathode................................ Purified molten metal, graphite
Anode.................................... Impure molten metal, carbon (Cu-Al alloy)
Cell working temperature 900-1100oC.
Voltage.................................. 5-7
Current per cell................. 20,000 amp.
Purity of metal.................. 99.80-99.90 per cent Al

/Graphite anodes

Fig. 34.—Magnesium cell.

"Fe cathode
'Heating 
hecfrih

Magnesium. Magnesium is prepared in large quantities by the chloride 
process, in which the raw material and electrolyte 
are MgCh to which some NaCl may be added to 
lower the melting point. Figure 34 shows a typical 
cell. Operating data are given in Table 27. For 
manufacturing processes involving preparation, puri­
fication, and drying of the MgCh and its electro­
lysis, see Gann, The Magnesium Industry, Trans. 
Am. Inst. Chem. Engrs., 24, 206 (1930) ; or Mantell, 
“Industrial Electrochemistry,” 2d ed., McGraw- 
Hill, 1940.

Beryllium. Beryllium is produced from beryl by 
chemical concentration, producing chlorides or fluo­
rides. Mixed fused salts are employed as electrolyte.

Table 29. Beryllium Production

Density Be metal....................................... 1.85
MeltingpointBemetal.............................. 1285oC.
Original raw material..................................Beryl, 4-5 per cent Be, 12-15 per cent BeO,

19-22 per cent AI2O3, 67 per cent S1O2

Cell raw material...........................................
Bath...............................................................
Cathode.........................................................
Anode............................................................
Bath temperature, oC...................................
Cell current, amp..........................................
Voltage..........................................................
Yield..............................................................
Purity of metal..............................................

BeCI2 BeF2
BeCl2-NaCl BaF2-BeF2-NaF2
Iron pot Iron
Graphite Graphite

730-820 1300-1350
600
5-8

10 parts BeCl2 to 1 part Be 95%.
98%

Calcium. Calcium is made on a small scale by fused salt electrolysis 
according to the data shown in Table 30.

Cerium. Metallic cerium is produced from fused CeCh plus alkali chlo­
rides in cast-iron pot cells with graphite anodes, at 5.5 to 6.5 amp. per sq. in. 
at voltages of 10 to 15. The metal is used for pyrophoric alloys.
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Lithium. Lithium is produced in small amounts by the electrolysis of 
fused halides of potassium and lithium which are produced from lithium min­
erals such as lepidolite, spodumene, and triphylite. The electrolytes used are 
either LiCl and KCl, or these with some LiBr. The metal is useful as an 
alloying agent for nonferrous metals such as copper. Its specific gravity is 
0.534, melting point 186oC.

Table 30. Calcium Production
Raw material.................................... Anhydrous CaC12
Melting point CaCb., oC.......................................................... 780
Melting point Ca, 0C................................................................ 800
Specific conductivity CaCh.................................................... 1.9 at 800oC.
Type of cell................................................................................... Contact electrode
Cell temperature, oC............................... .............................. 780-800
Current density, amp. per sq. in.......................................... 600-650
Energy consumption:

Kw.-hr. per ton....................................................................... 50,000
Kw.-hr. per Ib.......................................................................... 22 to 24

Energy efficiency, % .............................. 10

Sodium. Sodium is produced on a large scale from the electrolysis of fused 
NaOH or NaCL In the older method (NaOH) the Castner vertical cell is 
employed in which iron anodes and cathodes are used, with external heating of 
the cell. In the newer method (NaCl) graphite anodes are used and the cell 
assumes a number of different forms. In both cases sodium metal comes to 
the top of the electrolyte.

Potassium is prepared electrolytically in a manner similar to that employed 
for sodium, from either KOH or halide salts.

Barium has been prepared from a fused fluoride electrolyte.
Calcium-Iead alloys are prepared by the electrolysis of fused calcium 

halides with a molten-lead cathode in a furnace externally heated.
Electrothermics

The manufacture of many electrochemical and electrometallurgical prod­
ucts requires temperatures higher than those obtainable by ordinary com­
bustion methods. In this particular field there is no competition with heating 
obtainable by the use of fuels. In general, electric heating shows greater 
flexibility of application than do competitive methods of gas or solid-fuel 
combustion. Electric heat can usually be developed at, or adjacent to, 
the point of use more rapidly than fuel heat. In electric heating there is a 
lower temperature gradient between the heat source and the point of use. In 
contradistinction, flame temperatures are often 1000o to 2000oF. higher 
than the working temperatures required. Electric heating shows higher 
relative efficiency, but unless power rates are very low it is more costly (see 
relations in Fig. 35).

The field of application of electric furnaces can be subdivided into (1) 
those employed for iron and steel; (2) those commonly employed in the pro­
duction of ferroalloys; and (3) those especially adapted to the melting of 
nonferrous metals and alloys. To these must be added (4) the discussion 
of nonmetallic products of the electric furnace of the arc and resistance 
types, such as CaC2, silicon carbide (SiC), and graphite, as well as distillation 
products such as CS2.

The electric arc is the simplest and most practical of the general methods 
of electric heating. It has found the widest application in the steel industry. 
In general, the arc is formed between two carbon electrodes, but in order to 
strike the arc the electrodes are brought in contact, after which the gap may
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be gradually produced and the arc still maintained. If the gap become too
wide, the arc will break. Hence, in arc furnaces some means of regulating
the distance between the electrodes must be provided. Arc phenomena are
explained on the assumption that some of the electrode material is vaporized
by the heat of the arc, and that these vapors serve as the conductor. The
arc gives us the high­
est temperatures yet 
obtained. The Iim-

INDUSTRIAL FUELS
Comparative Cost per Million B.t.u. at Unit Prices

it in commercial 
practice is set by the 
materials forming 
the electrodes and 
the materials of con­
struction of the fur- 
nace body. The 
intensity of the heat 
of the arc may be 
appreciated from the 
fact that carbon va­
porizes at 3500o to 
3600oC.

Electric Furnaces
M o’dern electric 

furnaces are some­
what complicated 
mechanisms. The 
most widely used 
electric furnace is of 
the three-phase arc 
type. The com­
plete electrical 
equipment of a fur­
nace installation in­
cludes:

1. A transformer, 
usually of the multiple 
type, to step down the 
voltage bf the power 
supply system to the 
voltage or voltages 
needed for the furnace.

2. A secondary bus 
line and supporting 
structures between the 
transformer and the 
furnace.

Bituminous Coalat δ2.00 per Ton Natural Gasat IOc per Ç000 Cuft 
Fuel Oilat 2c per Gai. Bituminous Coalat ¢5.00 per Ton Natural Gasat 25c per 1,000 Cυ*Ft  Electricityat OJc per Kw. Hr. Fuel Oilat 5c per GaL
Anthracite Coalat ¢10.00 per Ton
Natural Gas^at 40c per 1,000 Cu.Ft.
*“Fuel” (⅛asat 25c per 1000 CuFt. Fuel Oilat IOc per GaL Electricityat 0.25 c per Kw. Hr. 
Kerosene Oilat IOc per GaL
City Gasat 50 c per ),000 Cu. Ft. 
Electricityat 0.3c per Kw. Hr. 
*“Fuel” Gasat 50c per 1,000 Cu. Ft.
Electricityat 0.5c per Kw. Hr. City Gasat «1.00 per ip00CuFt 
EIectriciTyat 0.67c per Kw. Hr. 
Electricityat Ic per Kw.Hr.
Gasoline at 30p per GaL
Electricity

at 2c per Kw. Hr

gas to heat retorts

Dollars10.071010 Assumed Thermal ValueB.t.u.!0.14 Per Per Per
Fuels Pound CuFt. Gallon10.17 BituminousCoaI. ....... 15,000Anthracite Coal. .___ 14,000⅛ 026 Natural Gas___ .950City Gas_______ 600» 0.29 *,,FueΓGas.____ ..400Fuel 0iL__......... ______ 142,000■ 0.35 Kerosene______ . _. ɪʒo,oooGasoline .......... 85,000HB0.3G Electricity______ ..........13411 B,t.u≈lKκ⅛)»0.42 *Gasification by Continuousprocess utiliz­

ing hot coke for nater gas and blow-up0.630.70

Fig. 35.—Comparative cost of industrial fuels.
3. Reactors, usually

in the primary circuit of the transformer, to maintain arc stability and limit current fluc­
tuations to the desired value.

4. Switching, instrument, and meter equipment.
5. Small d.c. electrode motors with automatic regulators.
6. Except in small hand-til ting furnaces, a tilting motor for the operation of the 

tilting mechanism.
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It will thus be seen that the furnace proper, consisting of the shell, roof,
electrodes, and tilting mechanism, is only a small part of the complete furnace
setup.

Electric Steel Furnaces. The electric furnace has almost entirely 
replaced the crucible method for steel manufacture, and in the recent develop­
ment of ferrous alloys, particularly of the stainless, nickel-chromium, vana­
dium, and tungsten types, of high-speed steels and cutting tools, has found 
other applications. It has definitely earned a place for itself in foundry work 
and steel-casting practice as well as for some types of rail steels. In general, 
the only part the electric current and electric furnace play in the manufacture 
of steel is in the production of heat. For the development of this heat only 
two successful types of furnace, the arc type and the induction type, are 
available. The advantages of electric-furnace application to steel metallurgy 
are the quick availability of the heat produced, the unusually high tempera­
tures, the ease of regulation, the steady maintenance of any desired tem­
perature, the cleanliness of the furnace and the method of heating, the 
nonproduction of harmful gases, and the, ease of control of the furnace atmos­
phere for the production of oxidizing, reducing, or neutral conditions at the 
will of the operator.

In arc furnaces the heating of the charge is chiefly by radiation from an arc 
or ares situated immediately above the bath. Many different arrangements 
have been proposed by various inventors, as well as utilization of single­
phase, two-phase, and three-phase circuits. In the majority of arc furnaces 
the arcs play between the electrodes in the bath itself. Such furnaces differ 
in the manner in which the current is introduced into the furnace and let 
out of it. This can be done entirely by electrodes entering through the roof 
or top, in which case there are as many arcs as electrodes and never less than 
two of each. In the Heroult and 'Lectromelt furnaces as examples, the arcs 
are in series. In another type the bottom of the furnace may be built of such 
materials as to allow it to be used as an electrode, giving a direct-arc free- 
hearth-electrode furnace, an example of which is the Girod. In a modification 
of this type the metallic or conductor-material hearth electrode may be 
separated from the fluid charge by the refractory which forms the hearth 
lining. Although at room temperatures these refractories are insulators, at 
the operating temperatures of the steel-refining furnace they conduct fairly 
freely. Under such circumstances considerable currents can pass through 
the hearth. Such a construction results in the direct-arc buried-hearth-elec- 
trode type of furnace such as the Greaves-Etchells and Electrometals. In 
addition, other furnace designs may combine electrode arrangements of two 
or more types, giving mixed types of furnaces such as the Newkirk, the Booth- 
Hall, and the Nathusius. Instead of being inserted through the roof of the 
furnace, electrodes may be introduced through the side, or through the sides 
and top, giving arcs between the electrodes, the heat being reflected down 
from the furnace roof to the bath or material under treatment. These are the 
indirect-arc type of furnace.represented by the Stassano and the Rennerfelt as 
applied to steel melting and the Detroit rocking furnace used in nonferrous 
melting. The different classes of furnaces are illustrated diagrammatically 
in Fig. 36.

The Heroult furnace heads the list of electric furnaces used in the manu­
facture of steel. It consists essentially of a shallow hearth lined with calcined 
dolomite or magnesite, roofed with silica brick. The hearth slopes up in 
front toward a pouring lip. The melting chamber is surrounded by poorly 
conducting material. The whole furnace is enclosed in a shell or casing of
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Direct Series ArcFurnaces

Heroult Heroult Lectromelt3 Phase 100 Ton 3 Phase

3 Phase bιng.e Phase Snyder
Sngle Phase 
Hinged Root

StassanoSingle Phase

Tctgliaferri3∙ Phase

Direct Arc Buried HearthElectrode Furnaces

Θ ⅛Greaves-EtcheIIs3 Phase Electrometals2 Phase
Indirect Arc Furnaces

BassaneseSingle Phase
Mixed Types

Rennerfelt2 Phase
O

Booth-Hali
Z Phase

Fig. 36.—Types of arc furnacee.

Θ

Nathusius ʒ Phase
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steel sheet. Present-day Heroult furnaces are usually three electrode, three 
phase. The electrodes are supported above the roof of the furnace through 
which they project to within an inch of the surface of the slag over the metal. 
Electrodes are so far separated from each other as to prevent arcs between 
them. Heating occurs through arcs between the electrode and the slag, thə 
slag and the metal underneath, the current carried thus in series to the next 
electrode but passing through a layer of slag and forming a second arc as it 
jumps between the slag and the electrode. Practically all of the heat is 
formed by the arcs above the slag which acts as a shield to the metal to protect 
it from the carbon vapors thrown off at the bottom of the electrode and from 
the very high temperatures at this point. Portions of this heat are trans­
mitted to the metal through the slag and may be distributed to all parts of the 
bath by conduction and convection. Heroult furnaces are designed in ½-, 
1-, 1⅜-, 2-, 3-, 7-, 10-, 15-, 25-, 40-, and 100-ton capacities for open-top, chute, 
or machine charges. In the larger sizes, six electrodes may be employed.

It is considered good practice to obtain a power consumption of approxi­
mately 500 kw.-hr. per net ton in the making of acid steel castings in a 3-ton 
Heroult furnace with an electrode consumption of 10 to 12 lb. carbon per net 
ton. In the making of alloy steels by the basic process in a 25-ton Heroult 
furnace, the power consumption is approximately 525 kw.-hr. per gross ton 
good ingots.

The Moore *Lectromelt  furnace is similar in type to the Heroult furnace, 
being of the direct-arc series type employing three electrodes operating on a 
three-phase circuit. While the Heroult has been used largely in steel refining, 
the 5Lectromelt furnace has found its place in steel and iron foundry work. 
It is estimated that over 80 per cent of the electric-furnace foundry capacity 
is produced in 5Lectromelts. The furnaces are of the quick-melting type, 
generally using acid linings. In foundry practice, the electric furnace show's 
a 75 per cent thermal efficiency as compared to a 35 per cent value for a well- 
operated foundry cupola. The reducing atmosphere of the electric furnace 
makes possible the utilization of light scrap, turnings, borings, and similar 
low-cost materials not ordinarily suitable for open-hearth and cupola melting.

A typical energy distribution during the melting period iιi acid hearth 
practice shows:

Per Cent
Useful energy....................................................................................................... 67
Heat flow through enclosure.......................................................................... 16
Heat flow through openings........................................................................... 7
Escaping gases..................................................................................................... 5
Cooling-water loss.............................................................................................. 5
Sources of energy:

Electric power................................................................................................. 93.4
Charge................................................................................................................ 0.46
Reactions.......................................................................................................... 2.26
Electrodes......................................................................................................... 3.88

Typical energy expenditures during melting and refining in basic practice 
with a 15-ton furnace are as shown in the table on page 2805.

The Swindell furnace is a three-electrode three-phase direct series arc 
furnace with a balanced load on each phase. No bottom furnace connections 
are used. In general, the construction and electrode locations are similar 
to the Heroult. One of the features of the standard line of Swindell furnaces 
that distinguishes it from all other makes is that the electrodes do not tilt 
with the furnace when tapping but are raised in a vertical position until they 
clear the furnace, after which the ports are covered and the furnace tilted. 
In this furnace the electrode masts are separate from the furnace shell.
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A multiple system of electrode melting furnaces has been developed for

the continuous pouring of castings. Two complete furnaces are mounted
on a revolving platform by which means the same transformer and set of
electrodes are used for each furnace alternately. Each furnace contains the
same features of design as described and is complete in itself.

Energy Distribution in Basic Practice

Per Cent
Steel.........................................................................................................  45.80
Slag................................................................................................  8.50
Electrodes............................................................................................................. 10.60
Gases......................................................................................................................... 3.20
Open-door loss............................................................      3.70
Cooling water......................................................................................................... 4.80
R,oofsurfaceloss............................   14.20
Side surface loss..................................................................................................... 5.20
Bottom surface loss.............................................................................................. 4.00

The Greene furnace may be classified as a three-electrode three-phase 
direct-series-arc furnace, similar to the Heroult save for special mechanical 
and electrical features designed for specific installations and locations. The 
Greene furnace shell is of heavy reinforced-steél construction mounted to 
roll over on the horizontal axis of the rolling cylinder shell in order to pour the 
metal.

The Fiat furnace is essentially an Italian modification of the Heroult design. 
The hearth is hemispherical, mounted on two circular shoes of cast steel. 
Electrodes are graphite, arranged at the points of a triangle and provided 
with special economizers. The hearth is slightly conductive and in practice 
is connected on the secondary side and grounded. When phase loads are 
balanced, very little current flows to ground.

The Stobie furnace is fed by a single-, two-, or three-phase current, which­
ever is available. For capacities larger than 6 tons, the furnace is of the four- 
electrode type supplied by a two-phase Scott transformer, the phases being 
independent of each other. For more than 25 tons, a design having six 
electrodes and three-phase current, each phase with its own return, is used. 
The feature of the furnace is the electrode economizers attached to the 
furnace electrode gear. The power factor ranges from 0.85 to 0.93.

The Girod furnace resembles the Heroult as far as the major constructional 
parts are concerned. Current enters through an electrode or electrodes pass­
ing through the roof, forming an arc between the bottom of the electrode and 
the slag, passing through the steel bath, and finally leaving by a number of 
soft-steel electrodes set in the hearth, which in turn are connected with a 
copper conductor plate under the base of the furnace. When more than one 
electrode is used, the arcs are in parallel. In operation the steel electrodes 
melt down somewhat, and when tapping takes place this molten part runs 
out but is replaced by the next charge. The furnaces use one or more elec­
trodes, being single phase in smaller sizes and three phase in larger ones.

The Keller hearth-electrode furnace is characterized by its composite 
hearth made of a number of iron rods or a grid of iron bars fastened to a metal 
base plate from which the bars project vertically upward. The space between 
the bars is filled with a mixture of burned magnesite and tar rammed in place. 
The hearth is water jacketed and connected to the source of current. Under 
furnace-operating conditions the refractory in the spaces between the hearth 
bars becomes conductive and carries some of the current.
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The Chaplet furnace is a special modification of the hearth-electrode type 
which avoids water cooling by the use of a hearth channel which leaves the 
hearth sideways and connects with a block or blocks of iron in subsidiary 
chambers at the side of the furnace. Transformer connections are made to 
these vertical blocks. The steel in the channel of the hearth electrode par­
tially melts during operation.

The Snyder furnace uses a hearth electrode in order that high-voltage 
currents may be employed as far as possible. Commercial refractories at 
high temperatures become good conductors and thus limit the voltage values 
possible because of power loss by current leaks through the refractory. In 
the original type of Snyder furnace the shell was of steel with a thick refrac­
tory lining. It tilted for pouring. A single small electrode entered through 
the roof. From this the current passed in a long arc to the slag and left by a 
single water-cooled steel conductor set in the hearth, connecting with the 
metal bath in the furnace. The special feature of this furnace is the 
hinged roof which permits charging through the top rather than through 
the door.

The Greaves-Etchells furnace consists of a rectangular steel shell with a 
low-domed, silica-brick-lined roof. The walls are of chrome brick and the 
hearth a dolomite-magnesite mixture tamped in place with a pitch or tar 
binder on to a copper plate in the bottom of the shell. Three-phase currents 
are used, two phases being connected to vertical electrodes entering through 
the roof and the third phase to ground, to which the hearth is also connected.

When the hearth is hot, its resistance is less than that of the arcs. Special 
transformer connections are supplied to permit of operation of the furnace in 
a number of different ways. Power can be put through the top electrodes 
only and the furnace employed as a direct-series-arc type. By proper switch­
ing, power can be introduced through the top electrodes and caused to pass 
to the hearth, as in the Girod furnace, with the exception that in the Greaves- 
Etchells furnace the hearth is of the buried type instead of being free.

The Electrometals furnace has been developed chiefly in Great Britain. 
In the United States it is known as the Grönwall-Dixon furnace. It uses a 
three-phase, high-voltage current from Scott transformers so that two phases 
are employed on the furnace. There are two roof electrodes and a buried 
hearth electrode which acts as a neutral return. The loads on the roof elec­
trodes are balanced, and very little power goes through the hearth which has 
a negligible resistance. The silica-brick-lined roof of the furnace is detach­
able. The hearth electrode is formed of steel conductors embedded in the 
lowest part, contact with the dolomite hearth being made by a graphite-rich 
bonding material.

In the Stassano furnaces the electrodes enter the furnace shell through 
the side, there being two electrodes for single-phase furnaces and three or 
six for three-phase units. The usual type of Stassano furnace is circular in 
plan, rotating slowly about an axis inclined from the vertical. The roof is 
domed and lined with magnesite brick, while the melting chamber is lined with 
dolomite, the brick being insulated from the steel furnace shell. The elec­
trodes are of small diameter and symmetrically arranged around the furnace, 
three-phase transformer connections being delta.

The Bassanese furnace is a modification of the Stassano, having its elec­
trodes mounted on mechanisms which make possible the use of direct as well 
as indirect action of the arc on the bath. The electrodes are inclined to a 
variable angle so that the arc may be made free burning or directly projected 
on the metal.
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In the Angelini modification of the Stassano, the electrodes are arranged

so that arcs may be formed between movable electrodes above the metal
surface as well as between each electrode and the metal. This arrangement
permits the use of single-phase currents at higher voltages than those employed
in other designs.

The Rennerfelt furnace is of the indirect-arc type but differs from the 
Stassano in that it employs two-phase current obtained from a three-phase 
supply by a Scott transformer as well as using three electrodes, two entering 
through the side of the furnace and one through the roof. The roof electrode 
operates as a common or neutral return. Arcs are sprung between the elec­
trodes above the surface of the furnace charge, but the unit may be operated 
with ares in contact with the charge for short periods, to increase the activity 
and fluidity of slags. In the operation of the furnace the arcs burn regardless 
of whether the furnace is charged or not, so that the hearth may be sintered 
by electric heat and kept hot for any length of time.

The Tagliaferri furnace combines the indirect-arc heating of the Stassano 
with the direct-series-arc principle of the Heroult. Two- or three-phase, low- 
voltage current, generally the latter, is used. The three-phase unit has three 
roof electrodes and during the refining period operates as a direct-series-arc 
furnace. Three auxiliary electrodes enter through the side of the furnace. 
During the melting period, arcs are sprung between the roof and corresponding 
side electrodes.

In the Booth-Hall furnace there are one, two, or three roof electrodes for 
single-, two-, or three-phase circuits, as well as hearth electrodes composed 
of conductors buried in the hearth. With single- and two-phase power the 
current passes through the hearth electrodes during the refining period, while 
with three-phase supply the hearth acts as a neutral point. There is an 
individual hearth electrode for each roof electrode but located on the opposite 
side of the furnace instead of being directly underneath the bottom of the 
roof electrode. An auxiliary roof electrode is provided, connected with the 
return to the transformer in parallel with the hearth electrode.

The Nathusius furnace combines the principles of the direct-series arc, 
the buried-hearth type, and the resistance idea. As in the Greaves-Etchells, 
the furnace charge is heated from above by arcs and from below by currents 
through the hearth electrodes. In the Nathusius furnace the latter type of 
heating can be independently regulated through star-transformer connections 
to the hearth electrodes independent of those through the roof. The hearth 
as well as the whole of the charge may be included in the circuit as an ohmic 
instead of an inductive resistance. Three-phase currents are used, the trans­
former secondaries being star connected to the roof electrodes, and their 
separate returns to the corresponding ones in the hearth. The metal bath 
in the furnace thus becomes the neutral point of the transformer. A feature 
of the furnace is its great flexibility.

Induction Furnaces for Iron and Steel. In the United States the use 
of the induction furnace for ferrous metallurgy has been very limited, finding 
almost no application; but in the form of the Ajax-Wyatt and Ajax-North­
rup induction furnaces, it has been extensively employed in nonferrous metal 
melting. In recent years the Ajax-Northrup high-frequency furnace has 
found greater application in steel and ferrous alloy manufacture, particularly 
on a small scale and for special materials.

An induction furnace may be described as a step-down transformer in 
which the metal under treatment is the short-circuited secondary coil or coils. 
The induction furnace is subject to the magnetic and electrical losses due to 
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hysteresis in the iron core in the same manner as transformers; but on account 
of the design of the furnace, these losses are usually greater than those in 
transformers, with resulting lower power factor. In the induction steel 
furnace there is only one turn in the secondary winding, consisting of the 
steel to be refined in a ring-shaped channel through the center of which the 
primary coil and the core pass.

Of the large number of arrangements of primary and secondary which have 
been proposed, only two are used.

The KjeUin furnace is shown diagrammatically in Fig. 37. The core is 
built up of laminated sheets of soft iron and, like an ordinary transformer core, 
forms a closed circuit. The primary is made of insulated copper wire and 
air cooled, or in other designs made of water-cooled copper tube. The second­
ary is the ring-shaped refractory-lined channel for the steel, insulated by 
brickwork. The entire furnace is enclosed in a steel shell. Charging and 
tapping doors are provided in both the fixed and the tilting types. Some

Fig. 37.—Diagrammatic sketch of the Kjellin induction furnace.

of the molten material must always be left in the furnace so that currents can 
pass on recharging. Furnaces have been built up to 8⅜-ton capacity, operat­
ing on low frequencies of the order of five cycles. Operating data for a 2-ton 
furnace show a consumption of about 170 kw. at 3,000 volts in the primary 
and 30,000 amp. in the secondary. Power consumptions are of the order of 
750 to 850 kw.-hr. per ton of steel with cold charges of pig iron or pig iron 
and scrap.

The Röchling-Rodenhauser furnace uses a combination induction-and- 
resistance principle. The unit consists of a soft-iron core with two primary 
windings, while the secondary has the shape of an 8, the middle part of which 
is a comparatively broad hearth to allow working of the bath and handling 
of the slags. Auxiliary secondary windings consisting of a few turns of strip 
copper are provided to heat the central hearth. These are separated from 
the primaries by a small air gap and connected with hearth electrodes or pole 
plates at opposite sides of the central hearth, through which currents may 
pass from the pole plates. These pole plates are made of corrugated cast 
steel embedded in the furnace wall behind a layer of refractory which at 
furnace-operating temperatures becomes conducting.

Single-phase furnaces have been built up to a rated capacity of 8⅛ tons, 
consuming 700 to 750 kw. with a primary voltage of 4,000 to 5,000. Three-ton 
furnaces show power factors of 0.7 to 0.8 at a frequency of 25 cycles. With 
molten charges, about 120 to 160 kw.-hr. per ton of steel is consumed when 
Bessemer steel is refined to open-hearth quality, while for reduction of the 
sulphur and phosphorus to 0.01 per cent, 200 to 300 kw.-hr. are required. On 
cold scrap, the power consumption is of the order of 900 kw.-hr. per ton.

Ferroalloys. In the development of the steel industry the production 
of alloy steels brought forth a demand for alloying agents in a form readily 
usable, as well as refining materials. These are the substances in general 
termed the ferroalloys, including ferrosilicon, ferromanganese, ferrochromium,
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ferromolybdenum, ferrotungsten, ferrovanadium, and silicomanganese. A
large part of these are made in the electric furnace, generally of the arc type.

Ferrosilicon is made either in the blast furnace, in which case the per­
centage Si seldom exceeds 15 per cent, or in i i i
the electric furnace, where higher percentage 
Si alloys can be made. The raw materials 
are silica, carbon, and iron, the process being 
essentially a carbon-reduction one taking 
place at high temperatures. All ferrosilicon 
furnaces are of the mixed arc-resistance 
type. Fig. 38.—Ferrosilicon furnace.

Ferromanganese containing up to about 20 per cent Mn is made in the 
blast furnace almost exclusively, but there has been considerable electric­
furnace manufacture of higher percentage Mn alloys. The furnaces used 
are low shafts working with open tops, in some cases having a hearth electrode 
but more usually with a neutral electrode in three-phase furnaces.

Ferrochromium, largely employed for chromium steels, armor plate, 
projectiles, cutting tools, as well as stainless steels, is made entirely in the 
electric furnace from chromite, carbon, and slag-forming materials. In the 
case of the low-carbon-content ferrochromium, silicon may be the reducing 
agent. The reduction of carbon content of high-carbon ferrochromium is 
accomplished in furnaces of the same type as used for steel refining, in which 
the material is remelted by the use of fluxes such as lime and fluorspar, with 
the addition of chromite.

Ferrotungsten is produced by electric-furnace smelting of a tungsten 
mineral [wolframite (FeMnWCb), ferberite (FeW0∙ι), or scheelite (CaWO4)], 
a carbonaceous fuel, and slagging materials, with the addition of iron ore or 
scrap iron if the iron content of the original tungsten mineral be insufficient.

Ferrovanadium is prepared from vanadium ores which are smelted with 
iron and fluxes, with reducing agents such as silicon 90 per cent or ferrosilicon, 
50 per cent Si, or coke.

Ferrosilicon-titanium was produced in considerable quantities as a by­
product of the electric-furnace refining of bauxite, in which the iron, silicon, 
and titanium content of the bauxite is reduced by carbon to form the ferro­
alloy. This settles to the bottom of the furnace and is tapped out, while 
the alumina of the bauxite becomes the slag which is drawn off as a purified 
alumina, granulated, and worked up for use in the manufacture of aluminum. 
Ferrosilicon-titanium finds use as a steel deoxidizer.

In general, furnaces for ferromolybdenum and ferrotungsten are small, 
of 200- to 750-kw. capacity, and are single phase. Ferromolybdenum meets 
competition from calcium molybdate. Ferrochromium and ferrovanadium 
furnaces are 2,000 to 5,000 kw., usually three phase, and like all the other 
ferroalloy furnaces, are of the arc-resistance type. The ferrosilicon, ferro­
manganese, and silicomanganese furnaces are larger, being 3,500 to 12,000 
kw., three phase. Electrode current densities are 30 to 60 amp. per sq. in. 
cross section. Power consumptions are of the order of 1.2 to 3 kw.-hr. peí- 
ib. ferroalloy, being highest for ferromolybdenum.

Electric Furnaces for Nonferrous Metals. For nonferrous melting, 
three furnaces are of industrial importance in the United States and find wide 
application. The first to be considered is the Detroit rocking furnace in which 
it is estimated that about 85 per cent of the foundry output of the United 
States is melted and 20 to 25 per cent of the rolling-mill tonnage of brass and 
Cu-Zn alloys. It is estimated that 75 to 80 per cent of the rolling-mill pro-
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duction of brass in the United States is melted in Ajax- Wyatt induction fur­
naces which also find some application in foundries. The third furnace is the
Ajax-Northrup high-frequency induction unit.

The Detroit rocking furnace consists of a steel cylinder mounted hori­
zontally on cog gearings whereby it can be rocked by means of a small motor. 
The steel cylinder is lined with insulating brick which are in turn covered by 
refractories. The charging door is on the upper side of the drum, the spout 
for pouring being located directly below it. Graphite electrodes are intro- 
d u c e d horizon­
tally through 
centers at the 
ends of the drum. 
They can be ad­
justed for length 
of arc and power 
input, usually by 
hand. Single- 
phase a.c. is em­
ployed. Heat­
ing of the metal 
is not by direct 
contact with the
arc but by reflected or radiated heat. During charging, the electrodes can be 
withdrawn until their ends are flush with the refractory lining of the furnace 
to avoid breakage. During operation, as soon as superficial melting of the 
charge is started, rocking of the furnace is caused to take place. The furnace 
has the advantages of rapid melting, a totally enclosed body so that volatiliza­
tion losses, particularly of zinc, are cut down, as well as control of the furnace 
atmosphere which, due to the presence of the electrodes, is ordinarily reducing..
Inasmuch as each charge can be 
completely poured from the fur­
nace, it shows great flexibility 
when different alloys have to be 
melted. The furnace has been 
applied to nonferrous alloys, 
particularly brass and bronze, 
and to a smaller extent to grey 
iron, special iron-alloy work, and 
the duplexing of cupola-melted 
iron. On brass it shows a pow­
er consumption of 250 to 300 kw.-

-Primary

hr. per ton; 540 kw.-hr. per ton on Fig. —Ajax-Wyatt induction furnace, 
melting cast-iron borings; 600
kw.-hr. per ton on synthetic grey iron, and 100 kw.-hr. per ton on duplexing
cupola iron.

The Ajax-Wyatt induction furnace is illustrated in Fig. 40. In operation, 
a single-phase alternating current of 220, 440, or 550 volts is fed to the 
primary coil A in the center of the furnace, which in turn energizes the 
furnace transformer B. This in turn induces a voltage in the V-shaped
channel C which is always filled with molten metal or alloy and acts as a 
secondary of the furnace transformer. A current of relatively high value 
flows in this V-shaped channel and, owing to the resistance of the molten 
metal, the channel is heated at a constant rate. At the same time the
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magnetic fields about this channel set up electromagnetic forces which eject 
the hot metal out of the channel, so that it is in turn replaced by colder metal 
from the main bath above the melting channel. The circulation follows the 
path shown in the figure. Thus with a furnace stationary throughout the 
melting cycle, the metal bath is thoroughly mixed by an internal automatic 
stirring action, while the electric energy is converted to heat directly within 
the metal. The furnace has the disadvantage that it must always be partially 
filled in order to operate and cannot stop with cold 
charges. It cannot, therefore, be used with 
charges of a varying nature without some trouble. 
It has the advantages, however, of a simple me­
chanical design, great steadiness in working, small 
metal loss, small wear and tear On the lining, and in 
continuous operation a low energy consumption. 
This is of the order of 250 to 270 kw.-hr. per ton of 
red brass (85 per cent Cu, 5 per cent Pb, 5 per cent 
Zn, 5 per cent Sn) ; 200 kw.-hr. per ton of yellow 
brass (75 per cent Cu, 2 per cent Sn, 3 per cent Pb, 
20 per cent Zn) for plumbing fixtures; 275 kw.-hr. 
per ton on nickel-silicon; 285 kw.-hr. per ton of 4 to 
5 per cent tin bronzes, 310 kw.-hr. per ton of 
copper, and 90 kw.-hr. per ton of zinc.

In the high-frequency Ajax-Northrup induction 
furnace, the material to be heated is not in the 
shape of a ring as in the ordinary induction furnace 
but is held in a crucible placed in the field of a high- 
frequency coil. The heating is produced by eddy 
currents generated in the material to be melted. If 
this is a nonconductor, a conducting crucible isused. 
Since the eddy currents increase as the square of the 
frequency, the reason for the use of high frequency 
is evident. The frequencies are of the order of 10,000 to 12,000 cycles pel- 
second. It has been found most convenient and satisfactory to use the oscil­
latory discharge of a bank of condensers as a source of high-frequency current. 
The desired frequency is obtained by the proper proportioning of the capacity 
and inductances of the oscillatory circuit. Figure 41 shows the circuits of a 
single-phase Ajax-Northrup furnace. The spark gap consists of water- 
cooled copper over mercury in a hydrogen atmosphere. With the two gaps, 
in whichever direction current from the secondary of the transformer is 
flowing, positive current must always leave a mercury surface. When the 
voltage between the mercury and the graphite reaches a certain minimum 
value, the mercury opens the circuit completely with great suddenness, caus­
ing very rapid and regular oscillations. The power input is controlled by 
regulation of the spark gaps. The induction coil around the furnace is a 
water-cooled flattened copper tube. The furnaces have been applied for 
nickel-silver where the energy consumption is 0.17 kw.-hr. per lb.; special 
steels produced at 660 kw.-hr. per short ton; silver and silver alloys, precious 
metals, special alloys, stainless steels, and a variety of other products.

Electric Furnace Products
Calcium carbide is made in the electric furnace according to the reaction

r-^ArΛΛ∕∖ΛΛf∖Γ~ Transhrmer

Furnace

Fig. 41.—Ajax-Northrup 
high-frequency induction 
furnace (small sizes).

CaO + 3C = CaC2 + CO - 125,000 cal.

/



2812 Electrochemistry

It does not seem probable that temperatures of 2000oC. are exceeded in the 
furnaces. The commercial materiał is dark colored and crystalline, but if 
pure it is colorless and transparent. The 80 per cent pure product melts in the 
neighborhood of 1800oC. The raw materials are carbon in the form of char­
coal, low-ash anthracite, low-ash coke (oχ∙ sometimes petroleum coke), and 
lime.

The furnaces in use are very large, being of the vertical-arc type. Ingot 
furnaces, in which the lower electrode is a small car which can be removed 
when filled, were formerly used, but hearth-electrode tapping furnaces of 
either the noncontinuous or continuous type are generally found in all 
carbide plants. In general, the furnaces are three electrode three phase. In 
the newest furnaces, single electrodes of sectional construction are found with 
capacities of 40,000 to 300,000 amp. The furnaces are single phase. Elec­
trode consumption is of the order of 2 to 4 per cent, current density on the 
electrodes being 35 to 50 amp. per sq. in., while energy consumptions may be 
from as low as 1.5 to 3 kw.-hr. per lb., with perhaps an average energy effi­
ciency of 60 per cent or better.

The annual United States production of CaC2 is of the order of a quarter 
million tons. For specific data on furnaces, capacities, operation, and design, 
see Mantell, “Industrial Electrochemistry,” 2d ed., McGraw-Hill, 1940; and 
Taussig, “Die Industrie des Kalziumkarbides,” Knapp, Halle, 1930.

Cyanamid. Finely divided CaC2 absorbs nitrogen at 1000oC., giving 
eyanamid according to the equation

CaC2 + N2 ≈ CaCN2 + C
The carbide is heated in furnaces, and nitrogen is passed over the heated 
material. The nitrogen is generally made by fractional distillation of 
liquid air. Starting with a carbide containing 75 to 80 per cent CaC2, 80 to 90 
per cent of the theoretical amount of nitrogen will be absorbed, resulting in a 
product containing about 20 to 22 per cent nitrogen with lime and carbide as 
impurities. If eyanamid be treated with superheated steam, ammonia is 
evolved according to the equation

CaCN2 + 3H2O = CaCO3 + 2NH3
Cyanamid may be converted into cyanides by the fusion of a mixture of salt, 
eyanamid, and carbide, and a rapid chilling of the melt, the equation being

CaCN2 + C + 2NaCl = CaCl2 + 2NaCN
Silicon carbide (trade names Carborundum, Crystolon, etc.) is made by 

heating a suitable charge of carbon and silica sand in a horizontal resistance 
furnace. The carbon used is either high-grade anthracite or good-quality 
coke such as petroleum coke. The proportions roughly correspond to the 
equation

SiO2 + 3C = SiC + 2CO
but a slight excess of coke is commonly used, with the addition of some saw­
dust and sometimes of salt. The sawdust is added to increase the porosity 
of the charge, while the salt at the furnace temperatures distills and attacks 
some of the metallic impurities to form volatile chlorides, which are thus 
removed from the reaction zone. Newer practice omits the salt.

The furnace construction is simple. The two ends or headers are perma­
nent stout brick walls through which the furnace electrodes pass. The side 
walls of the furnace are of either brick or other forms such as refractory-faced
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castings to hold the charge in place. The bottom of the furnace is usually
made of insulating firebrick or gannister. Through the center of the furnace
a heating core connects the electrodes, the charge surrounding the heating;
core (see Fig. 42). Operating data are given in Table 31.

Table 31. Products of Resistance Furnaces

Factors Graphite Silicon carbide Fused alumina

Haw materials.

Additions.......
Furnace:

Type...........

Size......................................................
Length, ft............................................
Cross section, ft..................................
Cross section of charge, ft. diam.......
Walls...................................................

Initial voltage.........................................
Final voltage..........................................
Initial current.........................................
Maximum current at 200 volts, amp... 
Final current, amp.................................
Current density across furnace charge, 

amp. per sq. ft.................................
Core temperature, oC.............................
Furnace temperature, oC.......................
Length of run, hr........ ..........................
% Conversion of material......................
Energy consumption, kw.-hr. per Ib.... 
Energy efficiency, %..............................

Low-ash anthracite 
or petroleum coke

Resistance

1,000 h.p.
30

2
Refractory brick or 

concrete blocks
200

80

3,700
9,000

900-2,250

2,200
24

90-100 
Î.5

25-30

Coke, 98% silica sand

Sawdust and salt

Resistance

2,000 h.p
30

10 × 10
3

Refractory brick, cast- 
iron or steel supports

230
75

6,000

20,000

650-2,200
2,350

1,820-2,220
36

70-80
3.2-3.85

55-70

Bauxite, coke, 
scrap iron

Vertical arc 
resistance 

550 kw.

Steel, water 
cooled

100-110

2,500

2,000-2.200

95-100
1.0-1.5

⅛ Unread 
∖ chargé 

I Graphite I αz⅛∕SiC

SiC 
amorphous 
(firesand)

SiC '* 
crystals

Core'

'Electrodes

- -Charge

-ΛWΛW?----------------------------
•^^^Trans former

Fig. 43.—Graphite furnace.

Boron carbide, B⅛C, is made in a resistance furnace from B2O3 and coke 
[Ridgway, Tvans.Elec- 
trochem,. Soc., 66, 117 
(1934)].

Graphite is made 
in a horizontal resist­
ance furnace similar in
construction to the Fig. 42,—Silicon carbide furnace.
SiC furnace. Graphite is produced either as a powder or as shaped articles 
such as electrodes, brushes, etc. When loose graphite or powder is made, 
low-ash anthracites or petroleum cokes are employed as raw materials. 
One theory of graphite formation is that 
the ash content of the raw material, con­
taining iron, aluminum, and other oxides, 
functions as a catalyst for the conversion 
of amorphous carbon into graphite at the 
furnace temperature through the inter­
mediary formation of carbides, which 
dissociate to give graphite. In the prep­
aration of graphite articles the materials 
are formed and baked into an amorphous-carbon article, after which they are 
graphitized in the electric furnace. The ash content of graphite is very low, in 
that at the furnace temperature most of the metallic oxides are volatilized. A 
sketch of a typical furnace is given, as well as operating data. The ready
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machinability of graphite is well known, as well as its resistance to most
forms of chemical attack. It is the standard anodic material for electrolysis
of NaCl to produce chlorine and caustic.

Fused alumina is made in the electric furnace. The product is extensively 
used as an abrasive, particularly in grinding wheels, and as a refractory. 
The raw material is a red bauxite containing a few per cent of oxides other 
than alumina (iron and silicon) which give tougher products than those made 
from purer bauxite. The material is first calcined to remove water, and the 
fusion done in vertical arc furnaces with a bottom electrode. The ore is fed 
into the furnace, melted in the arc between the top and bottom electrodes 
until the furnace is filled, after which the entire shell of the furnace is removed, 
the block of fused material allowed to cool, taken away from the furnace 
bottom, and broken up into commercial products. Operating data are 
given in Table 31.

Silicon is made in three-phase arc furnaces with bottom electrodes by the 
reduction of silica with coke, a 95 per cent silicon being produced. It may 
also be made from cheap SiC and silica sand. The energy efficiency of the 
furnace is given at about 50 to 55 per cent. The material is used for high­
grade silicon steels and as a reducing agent for the production of low-carbon 
ferrovanadium and ferrochromium, as well as silicon-aluminum and silicon­
copper alloys.

Fused silica (vitreosil, etc.) is made from silica sand by passing a current 
through carbon rods or plates embedded in the material. When sufficient 
sand has been fused, the carbon resistor is withdrawn. By utilizing the hole 
left in the interior of the melt, the latter is blown and molded to the desired 
form. The crude articles thus obtained are trimmed and polished by the 
use of the oxyhydrogen flame, sandblast, and abrasives.

Fused Quartz. In recent years clear fused quartz has been made under 
pressure in electric furnaces. The clean natural crystals of small size are 
packed as densely as possible in a graphite or carbon crucible, so that in the 
inevitable cracking of the crystals as the temperature is raised the parts 
cannot separate and permit gas which may be present in small quantities to 
enter the crevices and form bubbles. In a modified vacuum furnace, the 
quartz is heated to melting (about 1800oC.) as quickly as possible, usually in 
45 min. or less, while the pressure is kept as low as possible. The resultant 
transparent slugs, containing a few small bubbles, are placed in another 
graphite crucible suspended in a vertical carbon-tube furnace, with a graphite 
piston closely fitting the crucible and weighted. The slugs are heated to 
fusion, the bubbles mostly collapsed by the weight which also extrudes the 
quartz through the bottom of the crucible in rods, tubes, and other desired 
forms. When large blocks are to be made, a vacuum furnace is used which 
is capable of withstanding very high pressure. As soon as the quartz is 
fused, the vacuum valve is closed and the pressure raised. Thus are produced 
very large blocks of quartz more free from bubbles than many kinds of the 
best optical glass.

Carbon bisulphide is made by one company in an arc resistance furnace 
from charcoal and sulphur. Coke cannot be used. The process and furnace 
design are to be credited to Taylor (Trans. Am. Electrochem. Soc., vols. 1 and 
2). The CS2 distills out of the furnace and is condensed in external con­
densers. Data are given in Table 32.

Phosphorus is electrothermally produced from phosphate rock and 
reducing materials such as carbon, with sand as a slag-forming product, in 
arc furnaces. The phosphorus distills Out of the furnace and is collected.
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Phosphoric acid is also produced in a somewhat similar manner, but as the
phosphorus distills from the furnace it is allowed to oxidize to form phosphoric
acid. Data are given in Table 32.

Table 32. Distillation Products of Electric Furnaces

Factors Phosphorus CS2

Raw materials............................................ Bone ash or phosphate 
rock, coal, and SiO2

Arc, carbon lining, ver­
tical electrode

Charcoal, sulfur

Resistance, two phase, 
a.-c., shaft feed 

240-330 
4,000-6,000 

60

14,000 
0.4-0.5 

30-45

Furnace:
Type................... ...................................

Capacity, kw..........................................
Current, amp.........................................
Voltage...................................................
Temperature, oC....................................

Production per 24 hr., Ib..........................
1,150-1,450

Energy consumption, kw.-hr. per Ib.......
% thermal efficiency.................................

4.(⅛5

% P recovered.......................... 80-90

Zinc is produced by electrothermal processes whereby zinc ore is reduced 
to metal, volatilized out of the furnace, and condensed.

Gaseous Electrothermics
Nitrogen Fixation. In the United States there has been very little 

application of the fixation of nitrogen from the air in electric furnaces either 
of the arc or of the spark type. Atmospheric air is a mixture of 80 per cent 
by volume of nitrogen and 20 per cent of oxygen. The simplest fixation 
process would be one that would combine these, converting them into nitrogen 
oxides which in turn could be made into HNO3 and nitrates. This can be 
done by the processes of Bradley and Lovejoy, Birkeland and Eyde, Schoen- 
herr, and Pauling. All of these employ electric discharges through air to 
produce a very high temperature. The spark or arc is merely a heating 
means to reach the high temperature necessary for the combination of the 
nitrogen and oxygen. The mixture of air and oxides of nitrogen thus pro­
duced is treated with water or with an alkaline solution to give HNO 3 or 
nitrates, or a mixture of nitrates and nitrites.

The higher the temperature the more rapidly does the conversion of nitro­
gen and oxygen into nitrogen oxides take place. But the decomposition 
reaction proceeds in the same order. It is therefore necessary to have a very 
high temperature for efficient reaction, with a quick removal of the reaction 
products from the temperature zone so that they may be cooled down as 
rapidly as possible to prevent decomposition.

In the Bradley-Lovejoy process, now no longer in operation, a wheel 
carrying a set of electrodes was rotated so that the electrodes passed opposite 
and by a stationary set of electrodes so as to make and break continuous 
sparks, at the rate of about 6,900 sparks per second, in the space through 
which the air was passed. The units were limited in size and the desire to 
have larger ones led to the construction of arc furnaces.

In the Birkeland-Eyde process, employed in Norway where cheap power 
is available, the arc is deviated magnetically by means of a single-phase 
magnet field until the arc breaks, then a new arc is formed and the cyclic 
process continued. The high-voltage flame or arc is formed between two 
water-cooled copper electrodes by the use of a 50-cycle current at 500 volts.
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In ordinary operation of the furnace, a flame is formed at each reversal of 
the current every 0.02 sec. The furnace consists of a narrow iron chamber 
lined with firebrick. Air enters through the walls and leaves the furnace at 
a temperature of 1000oC., containing 1 per cent NO. The gases pass through 
the steam boiler in which they are cooled to 200oC., then through a cooling 
apparatus where the temperature is reduced to 50oC., and then into an acid- 
proof, brick-lined oxidation chamber where the reaction NO + ⅛O2 = NO2 
is completed. The NO2 is then absorbed in water to form HNO3 which 
is concentrated. The net yield is stated to be 62.5 g. pure HNO3 per 
kilowatt-hour.

The Schoenherr furnace has as its characteristic feature the use of a very 
long a.c. arc around which the air moves in a helical path. The process was 
used successfully for a time by the Badische Co. in Germany and has been oper­
ated on a commercial scale in Norway. In the latter plant the arc was 5 m. 
long in a 447-kw. furnace and 7 m. long in a 746-kw. furnace. It is estimated 
that 3 per cent of the power is used in the formation of the NO, 40 per cent 
is recovered in the form of hot water, 17 per cent is lost by radiation, 30 per 
cent is used in the steam boiler in which the gases are cooled, and 10 per cent is 
removed by water cooling after the gases have passed through the steam boiler.

The Pauling process uses a fan-shaped arc or an electric discharge quite 
similar to that obtained in a horn lightning arrester. The arc is lighted where 
the electrodes are nearest together and is blown upward by the hot air rising 
between the electrodes. The arc is broken every half period of the a.c. In 
a 400-kw. furnace, the arc length is about 1 m. at 4,000 volts. The NO con­
centration is about 1.5 per cent and the yield 60 g. HNO3 per kilowatt-hour. 
The process is in use in Tyrol and in France where very cheap power is 
available.

Ozone may be formed in various ways, but its commercial production 
has been only by the electrostatic method. It is probable that ionization 
of air takes place with consequent dissociation of the oxygen, which recom­
bines to form ozone. Within working limits in commercial ozone generators, 
the production is roughly proportional to the electrostatic intensity, and with 
a.c. to the frequency. Ozone generators have been made in various forms, 
but in general two or more discharging surfaces are placed in juxtaposition 
so as to form a condenser with an air gap which may or may not be furnished 
with a dielectric element. Most successful ozone generators have smooth 
electrodes and dielectrics and assume either the cylindrical or the plate form. 
They are operated on voltages ranging from 5,000 to 25,000 and frequencies 
from 50 to 500 cycles. An average yield is given as about 50 g. per kw.-hr., 
although much higher yields have been claimed. Concentrations of 1 to 3 g. 
per cu. m. air (although in some special cases the figure may reach 5 g.) are 
produced commercially. It is essential to refrigerate the air to dry it.

The tubular ozonizers are more compact and operate at lower voltages 
than the plate forms.

Electrostatic Precipitation. For descriptive matter, operation, and 
theory, reference should be made to Section 15, pp. 1867-1878.

Materials of Construction for Electrochemical Processes
Materials of construction for electrochemical apparatus may in general be 

subdivided into three classes: (1) those employed in electrolytic cells in which 
aqueous electrolytes are used, (2) those finding application in fused electro­
lyte work, and (3) those in electrothermic operations. These may be further 
subdivided as in Table 33,
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In fused salt electrolysis, the containers are almost universally steel, either 
bare or lined with carbon. When the containers are unlined, an effective 
lining is usually formed by a fused layer of the electrolyte or the material 
being melted. Such is the case in fused alumina furnaces where the furnace 
consists of a steel shell which is protected by a layer of the alumina adjacent 
to the steel. In electric-furnace work the container of the furnace is always 
sheet steel or cast iron refractory lined, the type of refractory used depending 
upon the furnace operations. The refractory may be acid, in which case it is 
silica in the form of silica brick or ground material mixed with a binder and 
tamped into place; or basic, when it is either magnesite, dolomite, or in some 
cases chromite. In addition various other refractories may be used, such 
as those of the clay type or the aluminous refractories and in special, cases
Table 35. Standard Amorphous-carbon Electrode Data (National

Carbon Co., Inc.)

Diam., in. Area, sq. In. Weight per 60 in. length threaded, ɪb. General limits current­carrying capacity, amp. Current density, amp. per sq. in.
Round Electrodes

6810121416172024

285079113154201227314452

921582503605105907309711437

1,200- 1,700 2,000- 3,000 3,000- 4,800 4,500- 6,800 5,400- 8,500 7,000-11,000 7,900-12,500 11,000-17,300 15,000-25,000

40-6040-6040-6040-6035-5535-5535-5535-5535-55
Square Electrodes

681012141620

3664100144196256400

1252243335006478641320

1.500- 2,2002.500- 3,8004,000- 6,0005.500- 8,5006,800-10,8009,000-14,000 14,000-20,000

40-6040-6040-6040-6035-5535-5535-55
silicon carbide materials. For preventing large heat losses, insulating refrac­
tories may be used, but they are never exposed to the furnace bath. They 
may be fire clay, diatomaceous earth, kieselguhr, magnesia, or asbestos com­
positions, as well as other special products. In some unusual cases where 
other materials fail as the result of high temperatures, the temperatures 
exceeding the point w’here the refractory gives satisfactory load service or else 
the melting point of the refractory being exceeded and reducing conditions 
maintained in the furnace, carbon refractories find application. They are 
used in the form of preshaped blocks or they may be rammed in place. For 
the base of resistance furnaces, particularly of the graphite, silicon carbide, 
and electrode baking furnaces, ground brick grog or gannister is employed. 
For the side walls and heads of such furnaces, high-quality clay refractory 
brick serves. For insulating materials in such furnaces the usual substances 
cannot be employed, in that they would contaminate the charge of the fur-
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nace. Insulation is therefore obtained by the use of relatively thick layers
of finely ground calcined carbonaceous materials such as those made from
petroleum coke or low-ash anthracite.

Table 36. Amorphous Carbon—Weights of Unthreaded and 
Threaded Electrodes (2VαiionαZ Carbon Co., Inc.)

Size, in. Unthreaded Threaded
4 × 40................................................... 305¼ × 48.................................................. 63
6 X 6 × 48...................................... 1006 × 48................................................... 80 776 × 60.................................................. 95 927 × 48................................................... 105 987 × 60................................................... 133 1268 X 48................................................... 134 1278 × 60................................................... 165 15810 × 28 × 28................................... 49210 X 48................................................... 222 20910 X 60................................................... 263 25012 X 48................................................... 292 27012 X 12 X 60................................... 50012 X 60................................................... 382 360525 493542 510622 590642 61016 X 60................................................... 647 59016 X 72................................................... 781 72416 X 16 X 80.................................... 115216 X 16 X 84.................................... 121016 X 16 X 110................................ 1584743 686787 73017 × 72 extruded.......................... 871 814949 89218 X 72................................................... 1027 9701223 11301285 119220 X 20 X 80................................... 176020 X 20 X 84................................... 184820 X 84 extruded.......................... 1403 13101515 142220 X 20 X 90................................... 19801638 154520 X 20 X 100................................ 220020 X 20 X 120................................ 264020 X 180................................................ 3033 2940* 1760 163024 × 72 molded.............................. 1890 176024 X 84 extruded.......................... 2130 20002226 209624 XllOextruded....................... 2750 2620

Carbon electrodes for use in electric furnaces are made from either calcined 
petroleum coke or low-ash anthracite coal, or mixtures of these. Materials 
before molding into the electrode are carefully ground and screened and a 
composite aggregate made of such screen sizes as to give mechanically strong 
electrodes. The aggregate is mixed with a binder, molded under relatively 
high pressures, baked, and machined for continuous feeding of the electrodes.

Furnace manufacturers have eliminated electrode designs which necessitate 
shutdowns for electrode changes. Continuous feed of electrode has become
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standard practice. The manner of joining electrodes has been reduced to
two methods. The first method employs electrodes turned down and

Table 37. Amorphous Carbon—Standard Connecting-pin Data
{National Carbon Co., Inc.)

Size of pin (pitch diam. by length of thread), in. Diam. of electrode used for, in.
3 × 6 63 X 6 74 X 8 85 X 10 106 X 12 127 × 14 148½ × 17 168½ X 17 178½× 17 1810 X 20 20IO⅞ X 24 2412 X 24 24

Max. diam. top of.threads, in. Max. length over all, in.
3.28 6⅝3.28 6⅝4.41 9⅛5.4Î 11⅛6.41 I3⅛7.59 149.13 I?9.13 179.13 1710.63 2011.69 2412.81 24

Average weight, lb. oz. Pins per package
2 3 242 3 246 0 1211 0 619 0 328 0 Crate as desired51 0 Crate as desired51 0 Crate as desired51 0 Crate as desired85 0 Crate as desired120 0 Crate as desired150 0 Crate as desired

Table 38. Graphite Electrodes {Acheson Graphite Corp.)

Size, diam., in. Approximate weight per piece, lb. Size rectangular, in. Approximate weight per piece, lb.
Cylindrical 2.10¼∙ X 12 0.002 1⅛XI2 X 12⅛ X 12 0.008 ½× 4 X 24 2.94« X 12 0.035 ½× 6 X 24 4.50⅜ X 24 0.15 ⅛ X 12 X 12 4.05¾β×24 0.21 SX 3½ X I9½ 3.13½ X 24 0.26 M X 5 X 18 4.2!⅝ X 24 0.40 H×12 X 12 6.75⅝ ×24 0.60 ⅞× 2 ×21¼ 2.20⅞ X 24 0.82 I × 4 X 30 7.50I X 24 1.00 1 X 6 X 30 11.301 X 48 2.00 I X 12 X 12 8.351⅛ X 24 1.4 1⅛ X 3 X 36 7.88l⅛ X 24 1.75 IJiX 5 X 30 11.501½ X 24 2.60 2 X 4 X 30 14.50Square 19.002×2×30 7.50 , 2X4 X 402 X 2 X 36 8.90 2× 6 X 28½ 20.004×4× 13 12.00 2X7 X 30 25.754X4X17 15.75 2×7 ×40 32.484×4×40 37.00 3 X 6 X 30 33.256×6×40 84.50 4 X 8¾ X 15 31.456×6×48 102.00 2 X 8 X 48 44.008×8×48 179.00 3X9 × 48 75.203 X 11 X 48 92.00Tubular2⅛ O.D. × 1¼6 LD. × 24 4.6 4 X 10 X 48 112.00
threaded at one end, and drilled and tapped at the other end. These can be 
fitted together as male and female joints. The second method calls for both 
ends of the electrode to be drilled and tapped; a small threaded pin serves as 
the connecting medium.
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Present-day dowel pins are turned out of stock just large enough to ensure 

good threads. Electrodes are now drilled and threaded in special self-center­
ing lathes. Mechanical details on the dowel pins 
such as an end boss, champering the first thread, 
and reduction of thread tolerances have done away 
with electrode overhangs. Joint trouble has been 
reduced to a minimum.

Desire for a continuous feed of electrode as it is 
consumed has brought the development of the 
Söderberg electrode. In this method, electrode 
paste (the “ green ” mix) is tamped into a shell which 
is a vertical continuation of the electrode holder. 
As the electrode is consumed, the tamped mixture 
passes through zones of increasing temperature up 
to a heating ring where baking takes place. The 
electrode is continuous in that the form is kept 
filled up with electrode paste. It is jointless, 
baked, and renewed right in the furnace.

Average practice allows a current density on 
the electrodes of 20 to 40 amp. per sq. in. cross 
section.

Furnace electrodes made of Acheson graphite 
are employed when very high currents are 
necessary, and a balancing of all factors shows
that graphite electrodes, although costing more per unit, would allow more 
economical operation.

O
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44.—Efficiency of 
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Fig.
synchronous converters 
motor-generator sets.

Converter efficiency
eludes losses of transformer 
and induction regulator or 
booster and 0.3 per cent 
alternating-current lead loss. 
Motor-generator set effi­
ciency is based on 100 peí- 
cent power factor for motors. 
All losses are calculated or 
measured in accordance with 
the A.I.E.E. rules. The 
resulting efficiencies are close 
to the actual efficiencies.

Power for Electrochemical Processes
Tt is estimated that over 200,000 kw. capacity represents the annual 

purchase of d.c. machines for electrolytic service. 
be obtained in several ways:

1. Purchased a.c. converted to d.c. by:
a. Synchronous converters.
&. Motor-generator sets.
c. Rectifiers.

2. Generated power:
a. Alternating-current generation and conver­

sion as for purchased power.
b. Direct-current generation:

(1) Geared steam turbines.
(2) Steam engines.
(3) Diesel engines.

Direct-current power can
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Fig. 45.—Speed of synchronous 

converters and motor-generator 
sets. (Westinghouse Electric and 
Manufacturing Co.)
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The bulk of d.c. power is obtained from 
synchronous converters or motor-generator 
sets, while a few geared steam turbines are in 
operation. Recently the mercury-arc recti­
fier has found wide application.

At voltages above 600, the mercury-arc rectifier with no moving parts is 
favored over rotary converters or motor-generator sets for continuous 
electrochemical loads (for construction, etc., see Sec. 24).

The Cu-CuO or oxide type of rectifier has found application in low-vol tage 
(6 to 15) practice such as electroplating, cleaning, etc.
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Fig. 46a.
Fig. 46a.—Prices of booster-type converters and motor generators for various ratings.
Fig. 46Ò.—Prices of synchronous converters and motor-generator sets. (Westinghouse 

Electric and Manufacturing Co.)
The converter prices include converter, transformer, and induction regulator or 

synchronous booster for a voltage range of plus and minus 5 to 10 per cent. The con­
verters are rated at 40oC. rise and the transformers at 550C. rise. Prices of the motor­
generator sets include the complete set but not transformer prices. These machines 
are rated at 40oC. rise, with motors for 100 per cent power factor, three-phase, 60-cycles 
operation.

Fig. 48.—Power costs per pound of 
product from electric furnaces and 
fused electrolytes at varying power 
rates.

Cents per Kw.- Hr.
Fig. 47.—Power costs per pound of metal 

at varying power rates.
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Table 41. Energy Consumption of Electrochemical Products

(MantelV)

Table 42. Typical Power Costs

Product Kw.-hr. per lb. Lb. per kw.-hr.
Voltage per 
tank, cell, 
or furnace

Aiumina, fused......................................... I - 1.5 0 67- 1 100 -110
Aluminum.................................................... 10 -12 0 08- 0 1 5.5 - 7
Cadmium................................................................... 0 8 I 25 2.6
Calcium............... ................................. 22 -24 0 04
Calcium carbide.................................................... 1.3 - 1.4 0.71- 0.77
Carbon bisulfide........................................................ 0.4 - 0.5 2 - 2.5 60
Caustic, diaphragm cells.......................................... 1.16 - 1.43 0.68- 0.86 3 4 - 4 7
Caustic, mercury cells......................................... 1 45 0 69 4.1 - 4.3
Chlorine, diaphragm cells................................. 1 3 - 1.6 0 62- 0.76 3.4 - 4.2
Chlorine, mercury cells................................... 1.6 0.62 4.1 - 4.3
Copper, electrorefining:

Multiple system.................................................... 0.09 - 0.16 6.3 -11 0.18- 0.4
Series system............................................ 0.0741 13.5 16 - 18

Copper, electrowinning............................................. - 1.5 0.67- 1 1.9 - 2.4
Ferrnchrnmmm, 70%............................................................. 2 - 3 0.33- 0.5 90 -120
Ffirrnmanganese, 80 %................................... 1 5 - 3 0 33- 0.67 90 -115
Ferromolybdenum, 50%........................................... 3 - 4 0.25- 0.33 50 -150
Ferrosilicon, 50%........................................... 2 - 3.5 0.28- 0.5 75 -150
Ferrotungsten, 70%........................................ 1 5 - 2 0 5 - 0.67 90 -120
Ferrovanadium............................................ 2 - 3.5 0.28- 0.5 150 -250
Gold........................................................................... 0.15 1.3- 1.6
Graphite.................................................................... 1.5 - 2.0 0.67 80 -200
Iron.......................................................................... 1.8 - 2.0 0.5 - 0.55 4 - 4 4
Lead........................................................................... . 0.04 - 0.05 24 0.35- 0.6
Magnesium, chloride process...................... 8 -13 0.08- 0 125 6-9
Magnesium, oxide process............................................ 14 LI -25 0.04- 0.07 9 - 16
Nickel.....’......... *................................................... 0.9 2.4 - 2.5
Phosphorus .............................................................. 4 - 5.5 0.18- 0.25
Silieo-Tnanganese............................................................. 2 - 3 0.33- 0.5 90 -120
Silicon carbide........................................................... 3.2 - 3.85 0.26- 0.31 75 230
Silver, Moebius................................................................ 0 31 3 2 2.7
Silver, Thum............................................................. 0.41 2.4 3 - 3.5
Sodium....................................................................... 7.1 - 7.3 0.13- 0.14
Steel, cold charge...................................................... 0.25 - 0.4 2.5 - 4 75 -150
Steel, hot charge................................................. 0.05 - 0.2 5 -20
Tin.’............ .7......................................................... •0.085 11.8 0.3 - 0.35
Zinc ......................................................................... 1.4 - 1.56 0.64- 0.7 3.5 - 3.7

Cts. per Kw.-hr.
New York Harbor (steam)...................................................................... 0.67—1.3
Norway............................ ............................................................................... 0.1 —1.5
Sweden............................................................................................................ 0.1 -1.5
Switzerland.................................................................................................... 0.3
French Alps................................................................................................... 0.17-Ό. 3
England.......................................................................................................... 0.4 -0.5
Scotland.......................................................................................................... 0.3 -0.5
Germany (brown coal).............................................................................. 0.38
Niagara Falls................................................................................................ 0.3 up
Massena, N. Y........................................... 0.36
Alabama (steam)......................................................................................... 0.38-0.6
Tennessee (steam)...................................................................................... 0.38-0.6
California (steam)....................................................................................... 0.38-0.6
Ontario, Can................................................................................................. 0.15-0.4
Shawinigan, Que., Can.............................................................................. 0.15-0.2
Arvida, Que., Can...................................................................................... 0.1
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Requirements of the electrolytic circuits are usually pretty definitely
known. As a rule a voltage range of 10 per cent plus and minus will be ample
to meet all operating requirements. This range is easily obtained on the
ordinary self-excited generator.

A comparison of a.c. generation followed by conversion to direct current, 
and d.c. generation, shows that the latter has the advantages of lower first 
cost, slightly lower fuel cost, lower labor cost, with a possibility of lower 
maintenance cost, but the disadvantage of lack of flexibility when inter­
connected with other power systems, or in the conversion of the plant to 
other than electrolytic use, or when major changes are made in electrolytic 
circuits.

In general, synchronous converters show higher efficiencies than do motor­
generator sets. This relation is shown in Fig. 44. Speeds of the different 
types of machines are given in Fig. 45 and prices in Fig. 46. In general, 
synchronous converters cost more than do motor-generator sets. For further 
details, reference should be made to Sec. 24, p. 2719.

Electric-furnace products and electric steel are made by the use of a.c. 
power. The furnaces involve the use ordinarily of multitap transformers 
with regulators, controls, and other incidentals. In general, the electric 
circuits show very high amperage values at moderate voltages. For steel 
furnaces transformers are usually special, while for other purposes, other than 
large sizes, they ordinarily involve no unusual features of design.

Power cost is an important factor in all electrolytic or electrothermal 
products. Figure 47 shows the power cost in cents per pound of metal at 
varying power costs in cents per kilowatt-hour for the electrolytic and hydro- 
metallurgical industries, while Fig. 48 gives similar data for the electric­
furnace products and the fused electrolytes. The curves are plotted from 
the power consumptions for these products given in Table 41.

Some typical power costs at various localities are given in Table 42. Unless 
otherwise stated the generation of power is in hydroelectric plants.
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ECONOMIC FACTORS IN CHEMICAL PLANT
LOCATION

The plant engineer is often confronted with the problem of the location of 
branch plants or the relocation of existing units at more economic points of 
manufacture. It becomes necessary, therefore, that he know something of 
the factors governing plant location. In the discussion which follows, these 
factors, and the means of evaluating them, will be outlined.

The literature on the subject is meager. Weber (“Theory of the Location 
of Industry,” trans, by Friedrich, University of Chicago Press), treating the 
subject purely from an academic standpoint, considers the three general 
factors: raw-material sources, in which he includes fuels and power; labor; 
and markets. Raw materials, including fuel, are evaluated according to 
price plus freight rates to points under consideration; labor according to 
comparative wage scales; and consuming markets according to magnitude 
plus freight rates.

By processes of triangulation and mathematical equilibriums, the logical 
point of production is theoretically computed. Weber’s treatise has received 
a good deal of attention among economists. He has made no practical 
application of the theory and it is doubtful whether such application would 
be of value. Nevertheless, Weber’s book probably is the classic among 
academic works on plant location, and therefore is worth reading.

Before discussing the factors of plant location, let us classify industries 
into (1) basic, (2) intermediate, and (3) tributary. Many writers have 
brought forth classifications of industries. No claim of originality is made 
for this one.

1. Basic Industries. Those industries are basic whose raw materials 
are for the most part unprocessed and whose products in the main are raw 
materials for other industries. Most basic industries, to succeed, must 
locate near cheap fuel or cheap power. Major raw materials must be obtain­
able advantageously as to quality and price, or at least on a competitive basis 
with the same industries in other localities.

2. Intermediate Industries in Various Stages. Those industries are 
intermediate whose major raw materials have already been processed and 
which are dependent to a degree upon procuring these processed materials 
from local producers, or at least in a competitive market from outside sources. 
An intermediate industry, to succeed, must have favorable connections with 
local producers or purchase in a highly competitive market and be able to sell 
to advantage in at least a portion of the national market.

3. Tributary Industries. Those industries are tributary whose raw 
materials may be either primary or secondary, but whose sources are not 
advantageous as compared with outside competition. A tributary industry, 
to succeed, should have an advantageous market locally due to freight 
differentials.

By way of illustration, the Missouri iron industry began about 1840, 
utilizing the ore bodies at Iron Mountain. It was a basic industry and 
flourished until the failure of the then known ore bodies, and until cheaper pig 
iron from competitive points entered the St. Louis market. In the meantime,
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intermediate industries in iron and steel fabrication were built up in the 
district. These intermediate industries continued to flourish even after the 
failure of their basic industry, owing to the highly competitive nature of 
the pig-iron market in the district. After the war, pig iron began again to be 
manufactured due to the Roberts process for coking Illinois coal. But pig- 
iron manufacture in the St. Louis district at this time should not be classed as 
a basic industry but as a tributary industry in that its sources of raw material 
are not advantageous as compared with outside competition. It succeeds 
because it has an advantageous market locally due to favorable freight rates, 
and a limited favorable outside area due to freight differentials. The situa­
tion is now again changing and the industry is becoming basic for the St. 
Louis district for two reasons; (1) the rediscovery of ore bodies in the Iron 
Mountain region, and (2) the establishment of advantageous barge service for 
Minnesota iron ore from St. Paul to St. Louis via the Mississippi River.

Again the district is lacking in salt deposits, but salt is sold on a highly 
competitive basis from Kansas, Michigan, Ohio, and Louisiana. To establish 
a basic industry in caustic and soda ash manufacture would be hardly feasible, 
but to establish it as a tributary industry is entirely feasible; in fact it has been 
done successfully.

Complementary Industries. In addition to the foregoing broad indus­
trial classification, there are the complementary industries. An industry 
complements another when it serves that industry as a source of raw material, 
in the form of semifinished products. Examples of these are the coke indus­
try which serves the pig-iron industry, and the sulfuric acid manufacture 
which serves the fertilizer industry.

Economic Factors of Plant Location. The economic factors of 
chemical-plant location can be grouped immediately into those concerned 
with efficient production, and those concerned with economic distribution.

The chief factors of production are five:

1. Raw Materials or Semifinished Products: Their quality, reserve, proximity to 
plant; sources of competitive material.

2. Labor: Supply and cost in kind, nationality, quantity, diversity, intelligence, wage 
scales, efficiency.

3. Power: Hydroelectric, public service, alternate sources.
4. Fuel: Kinds, thermal efficiency, reserve, alternate sources.
5. Water: Sources, mineral analysis, bacterial content, turbidity, quantity, seasonal 

temperatures, costs.

The chief factors of distribution are:
1. Transportation Facilities: Railroads, steamship lines, barge lines, terminals, 

wharves.
2. Freight Rates: Competitive points, differentials, favorable territory.
3. Markets: Local area, favorable area, competitive area, national area.
4. Competitive, Feeder, and Consumer Industries.

The factors that affect both production and distribution may be listed as:
1. Climate: Seasonal range, precipitation, humidity, wind, etc.
2. Taxes and Corporation Fees.
3. Municipal Restrictions: Nuisance laws relating to fumes, waste disposal.

Raw Material. Contrary to common belief, local sources of raw material 
may not be the chief attraction of a given locality. To this statement there 
are certain apparent exceptions, but usually some other factor of plant loca­
tion is also a modifying factor.
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In general, raw-material sources may be local, favorable or competitive 
and are favorable to a given plant location because of quality, quantity, 
reserve, and proximity. They become less valuable when similar conditions 
exist for sources of the same material in locations that are likely to become 
competitive points.

Raw materials are the most cheaply transported commodities and usually 
can be shipped much longer distances than finished products, because, in 
principle, American freight tariffs are based on bulk value, or, in other words, 
“what the traffic will bear.” But this does not tell the whole story. Thus 
sulfur (low freight rate), to manufacture sulfuric acid, is transported long 
distances while sulfuric acid (higher freight rate) must be sold in a limited 
area for the added reason that 32 tons sulfur will make about 100 tons sulfuric 
acid. On the other hand, 1⅜ tons salt are needed to produce 1 ton caustic 
soda, while the freight rates on salt and caustic are approximately the same.

Labor. The supply and cost of labor involve such items as kind, nation­
ality, quantity, diversity, intelligence, existing wage scales, and efficiency. 
In general, wages are lower in the country than in large cities. At present, 
wages are lower in the Southern states than in the North Atlantic and Missis­
sippi Valley states. On the other hand, in quantity, diversity, intelligence, 
and efficiency, the labor in the cities will be found better than in the country. 
Labor of certain nationalities is more dependable, intelligent, and efficient 
than that of others.

In the chemical industry, labor, its supply and cost, hardly ever is a major 
factor of plant location, and with modern equipment and labor-saving devices 
it is doubtful whether it should be a major reason for the location of any 
industry. In the chemical industry, proportionally few common laborers 
are employed. Often the pay roll for research and technical men exceeds 
that for common labor. The pay for research and technical services is high, 
but this type of service can be obtained from any common source and its 
consideration should have no controlling effect on plant location.

Fuel. The third factor in plant location is fuel, its kind, thermal efficiency, 
reserve, etc. The kinds of fuel are coal, coke, oil, and gas. Certain of these 
are more flexible than others. When they are in competition with each 
other, lower prices with higher thermal efficiency are the usual result.

The tendency in chemical manufacture is to the use of the more flexible 
fuels, gas and oil. Often the advantage of precise thermal control offered by 
these overbalances the extra cost over coal. As with electric power, alternate 
sources of fuel are criteria in the selection of plant sites.

Power. Power may usually be classed as hydroelectric or steam-generated 
power. The plant site with cheap hydroelectric power has an appealing 
talking point for industrial development, but the fact is, there is little very 
cheap hydroelectric power, i.e.t in locations otherwise attractive. Steam- 
power plants are fast equaling or bettering all but the most exceptional 
hydroelectric performance, and Diesel engine installations, when fuel oil sells 
at less than 3⅜ cts. per gal., are furnishing power at less than 6 mills per 
kw.-hr.

For large users of power, alternate sources are too often neglected. It is 
all very well to tie up to a single source of hydroelectric power in the hope 
that for the life of the industry no failures may occur or no rise in rates 
prevail. There is, nevertheless, an historic background which cannot be 
overlooked. First, that hydroelectric power rates have been slowly increas­
ing; second, that the costs of new installations are becoming more and more 
prohibitive. With this should be coupled the fact that the cost of pow­
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dered-coal generated power has been steadily decreasing in the past two 
decades. We find, however, that chemical industries, such as those that 
manufacture alkalies, carborundum, graphite, abrasives, Orelectrolytic metals, 
tend to centralize at sources of cheap hydroelectric power. Very few hydro­
electric developments in the industrial world compare with Niagara Falls, 
which is therefore not to be regarded as a typical case.

Water. Water is an important factor in determining plant location. 
To more than nine-tenths of chemical industries water for evaporation and 
water for cooling purposes are very essential. River waters are usually lower 
in mineral analysis but higher in bacterial content and turbidity than well 
waters. Well waters are usually high in carbonate and bicarbonate. In 
many localities well waters are high in sulfate and often, chalybeatic in charac­
ter. They are ideal waters for cooling purposes as they usually come from 
the ground at a uniform and low temperature both winter and summer. 
Alternate sources are often important; a purified river water for boiler and 
steam purposes, and a well water for cooling.

We have discussed thus far the five principal factors concerned with efficient 
production. For specific cases, these five factors may be narrowed down to 
two or three. For the electrochemical plant the cost and dependability of 
power may be the paramount factor in determining plant location. If any 
fuel is used, it will probably be of minor consideration. Labor should be of 
minor importance. Hydroelectric stations usually also mean a good source 
of water. The major factors, therefore, narrow down to two; the cost of 
power and the cost and sources of raw material for such an installation.

In the location of a cement plant, suitable shales and limestone, coupled 
with cheap fuel, are perhaps the major factors. With comparative sources 
of shale and limestone, the decision between the two points of manufacture 
may narrow down to the types of fuel available; thus, natural gas at a low 
price, or fuel oil, can be used to better advantage in the cement kiln than 
powdered coal, and the availability of one or the other may be the deciding 
factor in the location of such a plant.

Having located our plant in respect to the five factors of production, our 
next task is to determine its efficiency from the standpoint of distribution. 
Successful merchandising does not end until the product is in the hands of the 
ultimate consumer.

Importance of Transportation Facilities. Such transportation 
facilities as railroads, steamship lines, barge lines, terminals, and wharves are 
the ways through which production flows to the consuming public. Where a 
city has more than one railroad, or better still, railroads and barge or steam­
ship lines, the freight competition occasioned by these several transportation 
facilities makes for lower freight rates, higher efficiency, and better service.

The territory in which favorable freight rates apply, as compared to other . 
competitive points, is an important consideration in plant location. The 
larger the population reached in this territory, the more important such a 
district becomes as an industrial center.

Markets are defined as local, favorable, competitive, and national. The 
local area is the population served by reason of plant location. The favorable 
area is that which an industry can serve by reason of lower cost production 
and freight rates. The competitive area is where the industry must compete 
on equal, or nearly equal, terms with like industries in other localities. In 
the national area the industry must be able to overcome freight-rate differen­
tials completely as limiting sales factors.
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Three factors, climate, taxes and corporation fees, and municipal restric­
tions, affect both production and distribution. The season temperature 
range, precipitation, humidity, wind, etc., which go to make the climate of a 
certain district, are factors that often enter directly into manufacture. 
Taxes and corporation fees are factors that increase or decrease overhead. 
High tax rates and high corporation fees often put industries out of certain 
states. Municipal restrictions are important factors in proper plant location. 
Many times industries find to their sorrow, after the expenditure of millions 
of dollars, that production is handicapped by the fact that certain municipal 
restrictions have not been considered. These restrictions may prohibit the 
use of certain materials or make necessary an expensive outlay to take care of 
certain obnoxious waste products, as for example stack fumes and effluents 
into streams.

Industrial Backgrounds. There still remain three important factors of 
plant location: competitive, feeder, and consumer industries. For location 
in a proposed district it is important, on the one hand, to know what competi­
tion the industry will have in its own territory. It is equally important to 
know the feeder and consumer industries at hand, the first to supply the 
needed raw materials and the second to supply an -outlet for its finished 
product.

In an analysis of industries we find that the order of importance of these 
factors enumerated is often changed, so that in one case one factor may 
predominate; in another, another. It is to be noted, however, that fuel, 
power, and raw materials are being transported longer distances to plants 
satisfactorily located for distribution; that distribution, favorable freight 
rates, magnitude of markets, and labor conditions are important factors in 
the location of all industries; that basic industries, generally speaking, seek 
cheap fuel or power; that intermediate industries seek favorable location to 
sources of semifinished products; and that the factors of competitive, feeder, 
and consumer industries are often the most important factors in plant 
location.

Chemical Industries, ξn applying these several factors to the location 
of chemical industry, we find, as has been stated before, that the factors of 
competitive, feeder, and consumer industries bulk large among the others. 
The reason for this is that the products of chemical industries usually take 
much higher freight rates than the raw materials used in their manufacture.

For intermediate chemical industries, for the same reason, it is almost 
imperative to locate near local sources of semifinished products. It would 
seem, therefore, that for basic chemical industries, and also for those inter­
mediate industries for which chemicals are major raw materials, the most 
logical plant location would be at a point of exceptional distribution facilities, 
i.e., where the local market is large and the favorable and competitive markets 
show a goodly number of feeder and consumer industries, with not too many 
competitors doing business in the same territory.

In basic chemical industries, the tendency is to ship raw materials farther 
and finished products less far. In intermediate industries, the tendency is to 
group around basic manufacture, when such basic manufacture is strategi­
cally located for distribution.

PRACTICAL AIDS FOR THE ENGINEER IN PLANT-LOCATION 
PROBLEMS

While each problem is a specific one there are, nevertheless, certain general 
directions that can be applied to every instance.
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Charts and Diagrams. Valuable charts and diagrams can be prepared 

using an outline of the United States as a base map. They serve to visualize 
raw-material sources, location of competitive industries, competitive freight­

SAlT PRODUCTION 192570 PLANTS, 7 STATES PRODUCED 96.3% VALUE «34,253,056 Michigan, Ohio S Mew VorL 694% Kansas S Louisiana 19?% FREIGHT TERRITORIESALKALI MANUFACTURECZI Favorable Terrdory EZ2 Competitive Territory

HOW ONE SOURCE OF IRON ORE DOMlNATESTHi PIG IRON INDUSTRY BECAUSE OF LAKE TRANSPORTATION DISTRIBUTION OFSULFURIC ACID PLANTS 1925States -for Wh∣ch n0 Percentage ∣s Shown Produced :h all 14.4%
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rate points, consumer territories, etc. A number of suggested bases for 
charts are herewith outlined.

Raw-material Surveys. Surveys of raw-material resources are well 
charted and, when combined with the location of the principal plants utilizing 
tt∏s raw material, not only furnish a picture of the industries as a whole, its

COAL TAR PRODUCTS 1925Crudes___________________________ _ _____ 50 PlantsIntermediates________________________64Dyes and other Coal far Products 74 ∙ DISTRICT I - Boston Local2- ∏ew York3- Philadelphia4- Baltimore5- Savannah

SUGAR CANE REFINERIES
POPULATION DISTRICT POPULATION 8,182,000 S-Pan-FIX-PhiiIarBalt. 7,535,2008,406,000 7-Pan-Balt.-Savannah 1,103,0006,300,000 B-Gulf Refineries II,671,0009,140,000 O-Pacific 9,191,0000,513,000 IO-Competitive withBeet SuqarRefineries 48,381,000

3ources of raw material, and what sources of raw material are not being 
utilized, but often bring to light districts or sections of the country represent­
ing large consuming and buying power which are not adequately served by 
local plants.

Virgin Consumer Territory. These districts are called virgin consumer 
territories and may or may not be logical territories for competitive industries
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or branch plants, depending upon whether they answer favorably to the 
major factors of plant location.

When Consumer Territory Is Governing Factor. It has been said 
that in sulfuric acid manufacture it is necessary to establish only one fact, 
i.e.: Can a given consumer territory use 50 tons or more of sulfuric acid per 
day (this being the minimum practical unit) ? If sulfur from Texas is 
considered as the only source of raw material, this statement is undoubtedly 
true; but there are other sources of sulfur dioxide, such as zinc works, pyrite, 
and other sulfides. Examples are the Atlantic ports using foreign pyrite, 
plants in and around St. Louis using sulfur dioxide from zinc refineries, and 
locations near the copper or zinc refineries of Montana, Colorado, Utah, 
Tennessee, and New Jersey.

Labor Surveys. The country is replete with labor surveys all more or less 
worthless. Labor conditions are continuously changing. The entry of 
a single large industry into a certain district may change the labor situation 
entirely. Comparative labor surveys should be made on the unit-of-produc- 
tion basis and not on the daily wage scale. Inquiry into the labor conditions 
of a certain area should include such items as labor supply; housing; nation­
ality with special reference to the percentage of foreign born, the percentage 
of illiteracy, and negro population; sex; type, i.e., whether the foreign born 
are predominantly from northern Europe or from the Mediterranean coun­
tries; and labor turnover.

As an example, a survey of the unit cost of production under identical 
labor conditions in branch plants manufacturing the same article was made in 
some of the Mississippi Valley states. The following are some of the figures 
obtained :

Item Omaha Kansas City St. Louis IndianapoIis Memphis Chicago

I $1.87 $ 1.71 $ 1.76 $2.05 $1.622 585.20 607.40 $644.203 1.61 1.48 1.254 21.13 22.85 22.855 0.515 0.636 15.23 19.39
Freight Divider Lines. By plotting freight rates for a given raw material 

from points of origin to competing plants and, on the other hand, freight rates 
on finished products to competitive areas, we can determine lines where these 
rates are equal, or nearly equal, from the points of origin. These are called 
freight divider lines. In these lines lie the competitive points at which freight 
rates are equal. In shipments beyond these lines the industry has to absorb 
certain freight differentials, also on these freight divider lines will be found 
logical locations for branch plants, provided other factors of plant location, 
especially those of production, are found favorable. On these lines, or near 
them, it is well to search for exceptional advantages, for power or fuel, for 
local sources of raw material, for favorable labor conditions, for favorable 
water conditions, and for such special conditions as barge lines or shipping 
competition, low taxes and corporation fees. It is also well to consider the 
climate and the general attitude of the community toward industry, which 
includes such items as nuisance laws, police and fire protection, labor and 
compensation laws, union and open-shop conditions, etc.
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Ocean, Lake, and River Transportation. The importance of ocean, 
lake, and river transportation is often not realized. For example, 56,000,000 
tons of iron ore alone are transported by ship through the Great Lakes to 
Chicago, Cleveland, Detroit, and Pittsburgh. On a 100-mile stretch of the 
Monongahela and Allegheny rivers more than 33,000,000 tons of barge freight 
serve the iron and steel industry of the Pittsburgh district. Millions of 
tons of freight find their way by barge between St. Louis and New Orleans.

SUMMARY
It has been pointed out:
That industries migrate to strategic points where the economic factors 

that govern plant location indicate the convergence of minimum cost of 
production with minimum cost of distribution.

That this migration proceeds in spite of overdevelopment in other localities.
That it becomes necessary for the efficient plant manager to determine 

these strategic points by systematic survey in order to establish branch plants 
before competition shall have entered the field.

Twelve factors governing plant location have been described. The five 
concerned with production are sources of raw material; fuel; power; water; 
and labor. The four factors of distribution are transportation facilities; 
freight rates; markets; and consumer, feeder, and competitive industries. 
Those affecting both production and distribution are climate; taxes and 
corporation fees; and state and municipal restrictions.

For our purpose we have classified industries into basic, intermediate, and 
tributary. Other classifications have been mentioned and defined.

An outline survey has been presented for the benefit of the plant engineer 
who is called upon .to locate a branch plant or relocate an existing one. It 
embodies such suggestions as the charting of raw-material sources, of com­
petitive, feeder, and consumer industries, of freight divider lines, and of 
virgin consumer territory; surveys that include labor cost, alternate sources 
of fuel and power, water resources, climate, etc.; an investigation of the modifi­
cation of freight territories by the utilization of ocean, lake, and river trans­
portation; a rigid examination of the tax situation, corporation fees, state, 
county, and municipal restrictions; and, finally, such minor factors as police 
and fire protection, labor and compensation laws, unionized and open-shop 
districts, housing, amusement, and transportation for laborers, and all such 
minor details that if not taken care of are constant sources of petty irritation.
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ACCOUNTING AND COST FINDING
References: From the many books published on accounting and cost finding, the 

following have been selected as most fully meeting the requirements of the chemical 
engineer: “Accountants’ Handbook,” Ronald Press, New York, 1923; covering the 
entire field of accounting and cost finding from the viewpoint of the professional 
accountant. “Accountants’ Encyclopedia,” McGraw-Hill, New York, 1928; a four- 
volume reference work on systems, principles, auditing, and budgeting. Prochazka, 
“Accounting and Cost Finding for the Chemical Industries,” McGraw-Hill, New York, 
1928; giving details as to installing accounting and cost systems. Charlton, “American 
Mine Accounting,” McGraw-Hill, New York, 1913; especially useful in finding forms to 
cover particular phases of cost and accounting work. Gilman, “Analyzing Financial 
Statements,” Ronald Press, New York, 1925; an excellent book on analysis of financial 
statements. Esquerre, “Applied Theory of Accounts,” Ronald Press, New York, 1921; 
a very popular book on general accounting theory. Kilduff, “Auditing and Accounting 
Handbook,” McGraw-Hill, New York, 1927; a good reference manual. “Management 
Handbook,” Ronald Press, New York, 1924; a reference book for various management 
problems, production control, etc. Hine, “ Modern Organization,” Engineering 
Magazine Co., 1916; an excellent short discussion of theory and practice of management; 
Young, “Statistics Applied in Business,” Ronald Press, New York, 1925; general 
statistical methods.

GENERAL ACCOUNTING

Bookkeeping and Cost Work. To insure accuracy, cost calculations 
must be checked against general books. If the same accounts are used for 
both purposes, the costs can be journalized and can be made an integral 
part of the general-accounting system. The cost calculations are then 
checked automatically when the books are closed.

Debits and Credits. Every business transaction has two phases, i.e., 
when goods are bought, money is exchanged for raw material. This gives 
rise to the debits and credits of bookkeeping. Some of the more important 
items are given in Table 1, from which data others can be worked out by 
analogy. By custom, the debits are placed on the left-hand side and the credits 
on the right-hand side of a page.

Table 1. Debits and Credits of Bookkeeping

Transaction
Account to

Debit Credit

Raw material bought on credit......................................... Raw Material Accounts Payable
f Accounts Receivable SalesGoods sold on credit.......................................................... ɪ Cost of Goods Sold Finished Stock

Purchase invoice paid........................................................ Accounts Payable Cash
Customer pays for goods................................................... Cash Accounts Receivable
Raw material used in manufactures................................. Work in Process Raw Material
Goods finished in factory................................................... Finished Stock Work in Process

Journals. The two phases, debit and credit, are noted in a journal 
and from these original entries postings are made to a ledger account. In 
modern bookkeeping, only unusual events are recorded in this way. The 
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ordinary transactions are originally entered in a specially ruled journal, each
column representing an account, and only column totals are posted to the
ledger accounts. To facilitate this procedure, separate books are used for
different kinds of transactions. The more important sections are given in
Table 2.

Table 2. Bookkeeping Journals
Name of Section Original Record of

General Journal...........................
Purchase Invoice Book...........
Sales Book....................................
Pay-roll Book..............................
Cash Book....................................
Credit Book..................................

Unusual transactions
Expenditures for which credit is extended 
Goods sold on credit
Wage payments
Money received and disbursed
Credits given or received

Ledgers. In the original scheme of bookkeeping all accounts were 
handled in the ledger. Today the main or general-ledger records essentially 
totals, whose details are to be found in one of the journals or in a subsidiary 
ledger such as the customers’ ledger, the purchase ledger, and the various 
cost ledgers.

Controlling Accounts. The work in the subsidiary ledgers is always 
controlled in the general ledger by an account which independently sum­
marizes the details and shows them to be in balance with the rest of the work. 
Such accounts are called controlling accounts.

Reserve Accounts. The true nature of reserve accounts is rarely under­
stood. A portion of the earnings is set aside to provide for such things as:

1. Depreciation. 4. Accrued taxes.
2. Obsolescence. 5. Sinking funds.
3. Bad debts. 6. Contingencies (patent litigation, etc.).

Although money has been set aside on the books for the above-mentioned 
purposes, the money itself is kept with all the other money in one general 
fund which is used to run the business. Such money may become per­
manently tied up in a fixed investment. A reserve account, therefore, 
merely shows that a profit or other value has been reduced on the books—that 
the money has been set aside in a special bank account is not to be inferred. 
Reserve accounts appear as credit items on the books. In financial state­
ments, the above-mentioned Items 1 to 3 are frequently set up as a deduction 
from the corresponding asset accounts.

Mixed Accounts. When dissimilar debit and credit entries, such as 
interest paid and interest received, are carried in one account, the account is 
said to be mixed. An expense account is said to be mixed when it carries an 
inventory balance, e.g.1 unexpired insurance in an insurance account. Mixed 
accounts should be avoided because they are confusing.

Classification of Accounts. For practical bookkeeping purposes there 
are four kinds of accounts, which normally exist as follows:

Debits Credits
1. Expense 2. Income
3. Asset 4. Liability

Selecting Ledger Accounts. The thoroughness with which information 
is obtained in accounting, or in cost work, depends largely on the care with 
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which the general-ledger accounts have been selected. When an accounting 
classification is attempted many of the groups will be found disproportionate 
in size. Arbitrary decisions are often necessary to make a more effective 
grouping. These decisions must be indexed, as must also obscure items which 
are dealt with only occasionally. Such an index is helpful in charging bills 
to the proper accounts.

Trial Balances. After all entries for a period have been made, the 
mathematical accuracy of the work can be checked by taking a balance, i.e.,

Table 3. Bal
Comparative Balance Sheet as at Dec

ASSETS

CURRENT ASSETS.'

Cash...................................................................
Notes and trade acceptances receivable 
Accounts receivable (less reserve)...........
Inventories at cost.................................... ,. .

1929 1928
Increase
Decrease

$ 2,269,917.62 $ 1,374,182.53 $ 895,735.09
238,924.74 46,099.97 192,824.77
837,729.16 954,466.82 116,737.66

1,163,820.15 1,217,436.84 53,616.69

$ 4,510,391.67 $ 3,592,186.16 $ 91^,205.51

balances receivable from employees 
UNDER STOCK-SUBSCRIPTION
contracts................................................... $ 63,518.00 $ 51,500.00 $ 12,018.00

investments................................................... $ 1,174,859.78 $ 617,616.41 $ 557,243.37

PROPERTY account:
Land, buildings, and equipment.............. $21,887,388.21 $19,067,504.90 $2,819,883.31
Less: Reserve provided for depreciation

and obsolescence of plant and equip­
ment and depletion of brine wells.... $ 6,539,027.49 $ 6,105,733.59 $ 433,293.90

$15,348,360.72 $12,961,771.31 $2,386,589.41

development expenses for new
PRODUCTS AND PROCESSES..............................

DEFERRED CHARGES.......................................................

$ 80,870.11 $ 436,705.25 $ 355,835.14

$ 355,626.12 $ 262,864.02 $ 92,762.10

$21,533,626.40 $17,922,643.15 $3,610,983.25
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equating the open debits against the open credits. If the work has been
properly done, the total open debits in the accounts will equal the total open
credits in the remaining accounts.

Adjusting· Entries. At the end of the year the sum of the 12 monthly 
cost entries, for depreciation, taxes, insurance, etc., must be reconciled with 
the exact amount of the annual charges. Special entries for bad debts and 
other contingencies must also be made before the books can be closed for an 
annual statement.

anee Sheet*
EMBER 31, 1929, AND DECEMBER 31, 1928

LIABILITIES

CURRENT liabilities:
Accounts payable...................................... $
Taxes, insurance, etc., accrued............
Federal taxee..............................................
Dividends payable....................................

Increase
1929 1928 Decrease

446,630.32 $ 429,244.78 $ 17,385.54
43,238.01 33,469.25 9,768.76

287,838.00 285,479.89 2,358.11
368,489.50 263,935.50 104,554.00

$ 1,146,195.83 $ 1,012,129.42 $ 134,066.41

DEFERRED LIABILITIES:

Containers charged to customers 
(returnable)............................................ $ 221,858.84 $ 203,568.84 $ 18,290.00

reserves:
Miscellaneousoperatingreserves........ $ 134,019.50 $ 103,890.54 $ 30,128.96

capital stock:
Preferred—authorized S3,500,000.00

Issued (less amount held in sinking
fund and treasury).......................... $ 2,475,000.00 $ 2,475,000.00

Common—authorized 1,000,000 shares
Issued......................... 637,038 shares
Allotted to em­

ployees under sub­
scription con­
tracts..................... 13,318 shares

Scrip outstanding. . 80 shares

650,436 shares $10,041,424.50 $ 7,131,049.00 $2,910,375.50

$12,516,424.50 $ 9,606,049.00 $2,910,375.50

surplus:
Free................................................................

Appropriated for retirement of pre­
ferred stock.............................................

$ 6,848,127.73 $ 6,380,005.35 $ 468,122.38

667,000.00 617,000.00 50,000.00

$ 7,515,127.73 $ 6,997,005.35 $ 518,122.38 

$21,533,626.40 $17,922,643.15 $3,610,983.25

Courtesy of E. Μ. Allen, President, The Mathieeon Alkali Works (Inc.).
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Financial Statements. Two statements are required to explain the
affairs of a business. The balance sheet shows the values existing as of a
particular moment. The profit and loss statement shows what brought
about the present financial condition. Typical statements are shown in
Tables 3 and 4.

Table 4. Profit and Loss Statement*
Comparative Profit and Loss Account for the Years Ended December 31, 

1929, and December 31, 1928
Increase 

1929 1928 Decrease
earnings:

After deducting manufacturing, selling, 
and general administrative expenses: 

Works operations.................................
Other operations...................................

Total earnings from operations................
Provision for depreciation, obsolescence, 

and depletion..............................................

Net earnings from operations...............
Income credits (net).....................................

Total income..............................................
Federal income tax.......................................

$3,463,275.41 $3,211,726.37 $ 251,549.04
117,654.84 107,521.96 10,132.88

$3,580,930.25 $3,319,248.33 $ 261,681.92

1,026,720.51 912,752.39 113,968.12

$2,554,209.74 $2,406,495.94 $ 147,713.80
57,904.70 00,βH.05 87,518.95

$2,612,114.44 $2,376,881.69 $ 235,232.75
287,838.00 285,479.89 2,358.11

net income for year transferred to sur­
plus account................................................ $2,324,276.44 $2,091,401.80 $ 232,874.64

SURPLUS ACCOUNT
Free surplus at January 1, 1929.............................................................................. $6,380,005.35

Add:
Profit for year 1929............................................................................................. 2.324,276.44

$8,704,281.79

Deduct:
Appropriated for sinking fund for retirement of pre­

ferred stock.............................................................................. $ 50,000.00
Miscellaneous adjustments...................................................... 56,640.06

Dividends paid:
Onpreferredstock.................................... $ 173,250.00
Oncommonstock..................................... 1,135,018.00

Three shares of common stock for each share of 
common stock to holders of record April 15, 1929

Free surplus at December 31, 1929..........................................

1,308,268.00

441,246.00 1,856,154.06

$6,848,127.73

* Courtesy of E. Μ. Allen, President, The Mathieson Alkali Works (Inc.).
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Table 5. Disposition and Source of Income*

The following summary shows the disposition of the aggregate amount of the income 
for the year and proceeds from the sale of common stock, as reflected by the balance 
sheet:
Net income from profit and loss statement...................................................... $2,324,276.44
Surplus adjustments......................................................................................... 56,640. Odf
Appropriated from income for depreciation, obsolescence,

and depletion............................................................................... $1,026,720.51
Deduct depreciation and obsolescence on property dis­

mantled and sold........................................................................ 593,426.61 433,293.90

Proceeds from sale of common stock....................................... 2,457,111.50

$5,158,041.78

Disposition:
Increase in property investment....................................................................... $2,819,883.31
Increaseininvestments.........................................................  557,243.37
Increase in net current assets............................................................................ 784,139.10
Dividends paid........................................................................................................ 1,308,268.00
Other miscellaneous changes in assets and liabilities (net)..................... 311,40$.00t

$5,158,041.78

*Courtesy of E. Μ. Allen, President, The Mathieson Alkali Works (Jnc.).
t Italics represent deductions.

ANALYZING FINANCIAL STATEMENTS
Purpose and Viewpoint. Financial statements do not reveal all the 

information that is contained in them and consequently they must be analyzed. 
The usual purpose is to develop the trend of a business for a series of state­
ments and to uncover symptoms of the five .common business ailments, 
namely:

Insufficient Over-investment in
1. Capital. 1. Receivables.
2. Profits. 2. Inventories.

3. Plant, etc.

These analytical investigations are made from a number of different view­
points, such as management, credit extension, investment, etc. The last- 
two, being made by outsiders, are usually conducted with meager information 
and, therefore, must be more searching. The method of analysis depends 
largely on the data available and the purpose of the investigation.

Principles. The analysis of financial statements is a matter of looking for 
exceptions. Every possible avenue of approach should be used to find con­
ditions which suggest the need for a more extended investigation. Favorable 
findings must always be interpreted in a negative sense; i.e., nothing bad 
has been uncovered. Extreme pessimism is justified because it is the best 
safeguard against having a few favorable indications lead to a hasty conclusion.

Balance-sheet Terms. Usage of financial terms is rather loose. Figure 
1 shows some of the usual balance-sheet terms. The term liquid assets is 
often used to signify current assets. Working capital is the excess of current 
assets over current liabilities.
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Assets

/Current assets

< Fixed assets

'Other assets

Cash accounts receiv­
able{'

f
W orking assets<

SLand (
Buildings ¿Machinery

Plant < Equipment

!Deferred charges 
Franchises 
Patents 
Good Will 
Investments

Quick assets

Inventories
Prepaid chargee

ICurrent liabilities (obli- / Accounts payable 
gâtions due within< Notes payable 
one year) (Accrued liabilities

Long-term liabilities j Bonds
(obligations more ( Mortgages
than 1 year to run)
also called “fixed, 
funded, or permanent 
liabilities”

/Preferred
/Capital stock <
I (Common

Net worth, owner’s<
equity > I /Appropriated (capital)

∖ Surplus < Undivided profits
( (earned)

Fig. 1.—Balance-sheet terms.

Balance-sheet Analysis. For an effective analysis a series of balance 
sheets are required. Considerable information, however, can be obtained 
from a single statement. Before attempting a mathematical analysis, the 
sheet should be scrutinized for such things as:

1. Solvency—excess of assets over liabilities.
2. Cash on hand—if relatively small.
3. Receivables—if large.
4. Inventories—if large.
5. Effect of deducting intangibles from surplus.
6. Depreciation—amount taken.
7. Tampering with assets through the use of appraisals or by marking up investments.
8. Improper combinations of balance-sheet items.

Percentage Method. A broad general survey of a balance sheet is 
obtainable by calculating each item as a per cent of the total. This is equiva­
lent to finding out whether a man is tall or short, fat or thin. To average a 
number of statements and then find the relative proportions of the items is an 
important preliminary step for the trend method, discussed later.
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Ratio Method. The analysis of a balance sheet by weighing one item 

in terms of another is adapted to the study of a single statement, and it is an 
additional safeguard to be used with the last statement of a series. The 
purpose of this method is to see whether the statement is properly propor­
tioned from a financial viewpoint. There are nine ratios that are commonly 
used, but each one is not applicable to every type of business. Of the nine 
given below, the first four examine the resources used to establish a definite 
sale volume; the last five examine more particularly the credit situation. In 
the absence of knowledge as to the sales volume, estimates of the probable 
volume should be made.

1. Fixed assets per $100 of net sales.
2. Inventory per SlOO of net sales. (This should also be worked out as the number of 

days of inventory on hand.)
3. Working capital per $100 of net sales.
4. Net worth per $100 of net sales.
5. ReceivabIes per $100 of net sales. (This should also be worked out as the number 

of days credit extended.)
6. Fixed assets per ¥100 of net worth.
7. Liabilities per $100 of net worth.
8. Current ratio: Current assets divided by current liabilities. (This should be 2 or 

higher.)
9. Aeid test: Quick assets divided by current liabilities. (This should be 1 or higher.)

Trend Method. The rate of increase or decrease of balance-sheet items 
over a period of years shows the direction in which a business is moving. 
To avoid studying the trend of inconsequential items a percentage analysis 
should be made first. After a proper grouping of items has been provided for, 
one year is taken as a reference basis. The grouped items are all given values 
of 100 and those of other years are reduced to an equivalent basis (by dividing 
the values of any one year by those of the reference year and multiplying the 
result by 100). This is the index-number method. Another way is to plot 
the actual quantities on Semilogarithmic paper. The graphic method is 
simpler, but the placing of lines on a chart is somewhat difficult to control. 
After these data have been obtained it is a simple matter to see whether the 
business is moving ahead or falling behind by merely noting the trend of the 
figures.

Disposition and Source of Income. The true story of the activities 
of a management is best obtained by reviewing for a period of years the origin 
and disposition of all funds. These data are secured by calculating the 
increases and the decreases for all items on two consecutive balance sheets 
(see Table 3). The general balance-sheet equation, assets equal liabilities, 
can be rearranged so that the decreases of assets are added to the increases of 
liabilities to get the source of funds, and this must equal their disposition, the 
sum of the increases of assets and the decreases of liabilities (see Table 5).

Profit and Loss Analysis. The profit and loss account can be analyzed 
in a manner similar to that used for the balance sheet. A profit and loss 
analysis must also take up all debits and credits to the surplus account 
because extraordinary losses and capital profits are frequently charged direct 
to this account. The scope of the work depends on the data available and 
the purpose of the analysis. Some of the factors to be studied are:

1. Earnings as a per cent of net worth.
2. Earnings per share as a check on stock-market quotations.
3. Margin of safety net income after paying bond interest divided by net income 

before paying bond interest..
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4. Gross sales and returned goods.
5. Net sales.
6. Cost of goods sold.
7. Operating expenses.

Standard Ratios. Many people like to check statements by measuring 
the values in terms of standard ratios to which they have become accustomed. 
They believe that the inventories should bear a certain relationship to the 
investment in plant, the cash a definite relationship to the investment in 
plant, the cash a definite relationship to the inventories, etc. By these 
methods it is possible to get some general ideas as to the financial position, but 
such appraisals must not be given too much weight within close limits. It 
has been the experience of all investigators that conditions vary widely for 
every business, even when two firms are making the same products. Caution 
is necessary when such ratios are applied to cost estimates. If the machinery 
is of a large heavy type, erection, or maintenance labor will be a much smaller 
percentage of the total cost than when the units are small. The personal 
equation enters so largely into the management of a business that standard 
ratios cannot be used for other purposes than to make a few general 
approximations.

FIXED-PROPERTY ACCOUNTING
Fixed-property Charges. The carrying costs of fixed investments are 

usually a substantial item, often the largest single element. To understand 
the true nature of these costs, it is necessary to have a carefully devised 
system of fixed-property accounts.

Fixed-property Classifications. To furnish all the information required 
in business, the fixed-property costs must be available according to five 
separate classifications:

1. Major divisions for controlling accounts—four groups involved:
α. Land.
b. Buildings and structures.
c. Machinery and equipment.
d. Intangibles.
2. Construction elements: This is the original form in which fixed-property costs are 

obtained. These values should be arranged to meet the needs of the engineering depart­
ment for future estimates.

3. Location of values: For fire insurance the value of fixed assets in each building must 
be known.

4. Departmental ownership: The plant values for each department are required for 
cost work.

5. Process values: When more than one process is performed in a department then 
the assets values must be subdivided to meet the cost requirements for each process.

Land. Under the caption land are placed the original acreage cost and all 
subsequent improvements thereto. Such things as pavements, wells, rail­
road sidings, etc., are logically included here because at a time of liquidation 
they cannot be separated from the land. Idle land should be kept apart from 
occupied land in the books of account, as should items which must be 
depreciated.

Buildings and Structures. The buildings and structures erected on a 
property are highly individual and present no accounting problem. They are 
usually numbered serially and are referred to by number in all the records.
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Machinery. This covers the large fixed tools which are used by the

production and the service departments. Little difficulty is experienced in
developing an accounting method for these items.

Equipment. This covers the accessory devices, which are essential to 
the operation of machinery, and other auxiliary effects. Equipment account­
ing brings many problems. Distinctions between machinery and equipment 
must often be made on an arbitrary basis; usually equipment can advantage­
ously be considered as an integral part of a machine.

Classes of Equipment. The more common classes of equipment are as 
follows:

1.

2.

3.

Mechanical power-transmission equipment:
a. Shafting, hangers, collars, etc.
b. Pulleys.

Electrical equipment:
a. Wiring.
b. Panels, instruments.

Pumps:
e. Telephone lines, signaling devices.

c. Gears, speed-changing devices.
d. Belting.

c. Starting devices, circuit breakers, etc.
d. Motors.

a. Reciprocal.
4. Piping:

α. Steam.
b. Heating.
c. Air.

5. Tools, instruments, etc.:
a. Thermometers.

6. Furniture and fixtures.
7. Miscellaneous effects.

d. Vacuum.
e. Water.
/. Refrigeration.

b. Small tools.

b. Centrifugal.

g. Gas.
h. Underground.
i. Manufacturing.

c. Gages, etc.

Equipment Control. The size of the undertaking determines just how 
far it is feasible to go in setting up separate classes of equipment. The 
problem is one of not getting entangled with too many records and yet having 
enough data to distinguish between the merits of the various types of equip­
ment. The following two cases illustrate the typical problems of equipment 
control.

Illustration 1. Piping maintenance expenses are not required in more detail than a 
class cost for a particular type of service. Costs for steam and kindred commodities 
must be figured at an average delivered value, because no particular department must 
be penalized for a more distant location. It is true that such a location costs more, but 
if such a location did not exist those nearer would cost more because the volume of pro­
duction would be greatly reduced. The correct theoretical consideration is to figure the 
average cost of steam, water, etc., delivered at the consuming departments, and thus 
piping equipment need only be controlled by classes. Departmental piping mainte­
nance should be charged to the processes or departments involved.

Illustration 2. Motors should be individually controlled because they are moved from 
one location to another. The usual practice is to remove a motor for repairs and to put 
a spare unit in its place, later making a spare out of the repaired motor. If a high 
depreciation rate is used, the repair costs can be charged against the Depreciation 
Account by offsetting with a Renewal Account. The exact procedure depends on the 
company accounting policy.

Fixed-property Codes. Many codes have been suggested for identifying 
supplies, materials, equipment, machinery, etc. Eew, if any, ever break 
through their own intricacy sufficiently to be of great value to anybody 
beyond the few specialists who are in daily contact with them. Eor this 
reason, fixed property should be marked in a simple way. Using the machine 
names supplemented by a serial number to.differentiate those of like kind is a
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good scheme. Nothing particularly complicated should be devised as it
confuses the factory workers, and the code is not used enough to result in the
economies achieved by a mnemonic classification of parts for machinery
manufacture.

Intangibles. Patents, formulas, inventions, research work, good will, 
etc., are the usual intangibles. Essential data on these items should be 
reduced to writing and preserved in the company files. Writing out usually 
helps to clarify the concept.

Amortization. The extinguishment of a debt through the medium of a 
sinking fund is spoken of as amortization. The wiping out of a lease held 
through periodic expense charges is also spoken of as amortization. The 
word is often used as a synonym for depreciation.

Obsolescence. Improvements in machinery, resulting in lower operating 
costs, make existing machinery less valuable. The loss is known as obsoles­
cence. The value may be completely or partially wiped out through such 
improvements. Generous provision for obsolescence should be made in all 
chemical manufacturing costs. An exact value for it cannot be determined 
because such a figure depends on future conditions which cannot be precisely 
appraised.

Depreciation. The continued use of machinery wears it out. The loss 
of value caused in this way is known as depreciation. Idle machinery also 
depreciates.

Depreciation Methods. Many depreciation methods have been pro­
posed, but Onljz three of them are of value in the manufacturing industries.

1. Straight-Iine depreciation in which a fixed percentage of the first cost is set up each 
year in a reserve fund.

2. Diminishing balances in which a fixed percentage of the depreciated first cost is set 
up each year in a reserve fund.

3. Useful life method (used mainly for dies and tools) in which the number of possible 
operations is estimated and the credits to a depreciation reserve are made in propor­
tion to the productive operations.

In order not to mix the accounts, the charge for depreciation is made to 
the manufacturing operations and the corresponding amount is credited to a 
reserve account which is usually stated as an offset to the first cost. The 
original book value thus always appears intact on the books (see Reserve 
Accounts).

Depreciation Rates. A compilation of rates for various assets is to be 
found in Kilduff, “Auditing and Accounting Handbook,” McGraw-Hill. 
These can be used to work out a proper average rate—commonly used rates 
for chemical plants are 5 per cent on buildings and 10 per cent on machinery. 
If renewals are to be charged against depreciation even higher rates are 
desirable. Table 6 indicates the average experience for different types of 
equipment as listed by Kilduff (“Auditing and Accounting Handbook,” 
McGraw-Hill) (only those types more generally associated with chemical 
plants have been selected). In using these or other percentage figures it 
should be borne in mind that any value representing average conditions must 
be raised or lowered to compensate for the amount that actual operating 
practice departs from the normal plant experience. A pamphlet showing 
the depreciation rates for a wide range of assets as compiled by the Bureau of 
Internal Revenue can be obtained from the Government Printing Office at 
Washington, D. C.

Depreciation Ledger. Figure 2 illustrates a ledger sheet suitable for 
first-cost plant values and the depreciation charges for 10 years. A ledger
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like this can be used where each separate asset is depreciated at its own rate
rather than by a flat value for the entire plant. A separate sheet should be
used for each department.

Fig. 2.—Depreciation ledger.

New Construction. The charges originate through work done on con­
tract or by the company itself. The complete costs are obtained from 
purchase invoices, from work orders, from supply requisitions, and from 
interdepartmental machinery transfers. A large amount of detail is involved. 
Accounts should meet the needs of the engineering, the cost, the production, 
and the accounting departments. New construction accounts should be 
closed promptly when the work is finished, and the values should be trans­
ferred to the fixed-property accounts.

Betterments. When machinery is moved to a new location to facilitate 
routing of materials this is known as a “betterment.” The costs of such 
improvements to existing machinery cannot be charged to the Plant Account 
until the original costs have been analyzed so that all duplications can be 
eliminated.

Table 6. Depreciation Rates*

* Selected from Kilduff, “Auditing and Accounting Handbook,’’ McGraw-Htll1, 
New York.

Per Cent
Air compressing system..................................................................................................... 10.0

compressors...................................................................................................................... 5.5
Autoclaves................................................................................................................................. 8.5
Automobiles, passenger..................................................................................................... 27.5

trucks............................................................................................................ 25.0
Barges, wood............................................................................................................................ 7.5
Belting, canvas transmission......................................................................................... 35.0-25.0

leather transmission.......................................................................................... 20.0
rubber transmission.......................................................................................... 25.0
canvas conveyor................................................................................................. 40.0
rubber conveyor................................................................................................. 30.0

Blowers, cooling...................................................................................  6.0
drying....................................................................................................................... 6.5

Boilers, heating..................................................................................................................... 8.5
high pressure, fire tube........................................................................................ 7.0
high pressure, water tube................................................................................. 5.0
yard............................................................................................................................ 10.0

Bolt and nut machinery. . .................................................................................................. 7.0
Boring and drilling machines.......................................................................................... 10.0
Buildings, all wood, cheap construction...................................................................... 8.5

all wood, well built........................................................................................ 4.0
brick and steel................................................................................................. 2.5
brick and wood............................................................................................... 3.0
concrete................................................................................................................. 2.0
concrete blocks, wood roof and floors....................................................... 2.5
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Table 6. Depreciation Rates—(Continued)
Per Cent

Buildings, corrugated iron, wood frame, concrete floor...............................  5.0
wood floor................................................ 6.5

police and sentry houses............................................................................. 8.5
reinforced concrete........................................................................................ 2.0
slow burning mill construction, brick, wood......................................... 3.0
steel, and tile.................................................................................................... 2.5
steelframenon-eombustibleroof,iron wall......................................... 5.5
stone, brick, and concrete........................................................................... 2.0

Cars, standard steel railway............................................................................................. 5.5
Chimneys, brick................................................................................................................... 3.5

concrete............................................................................................................. 3.5
metal, lined...................................................................................................... 5.0
metal, unlined.................................................................................................. 8.5

Circuit breakers.................................................................................................................... 8.5
Clutches, transmission, friction...................................................................................... 8.5
Conveyors, ash...................................................................................................................... 8.5

belt.................................................................................................................... 12.5
chain.................................................................................................................. 8.0
gravity rollers............................................................................................... 6.0
pan................................................................................................................... 7 ∙ 5
portable........................................................................................................... 12.5
screw.................................................................................................................. 8.5

Countershafts,speed reducers, etc............................................................................... 8.5
Cranes, traveling.................................................................................................................. 8.5

electric cab controlled........................................................................................ 6.5
locomotive............................................................................................................... 7.5

Crushers................................................................................................................................... 10.0
jaw......................................................    12.5
rock........................................................................................................................ 15.0

Derricks, movable........................................................................  12.5
stationary, steel................................................................................................ 7.5

wood............................................................................................... 10.0
Desks, office, metal............................................................................................................. 5.5

wood............................................................................................................. 7.5
factory, metal........................................................................................................ 10.0

wood........................................................................................................ 12.5
Dies, drop forging, stamping, etc................................................................................... 33.3
Docks........................................................................................................................................ 3∙5
Drainage system................................................................................................................. ð ∙ 0
Drilling machinery..............................................................................................  8.5
Dryers, direct steam.......................................................................................................... θ∙0

paddle...................................................................................................................... 6.5
rotary......................................................................................................................∙ 7.0

Ducts, mechanical draft.................................................................................................... 6.5
Dwellings, concrete rented to employees...................................................................  4.0

frame rented to employees........................................................................ 5.0
Dynamos................................................................................................................................. 6.5
Electric distributing system, inside............................................................................... 5.5

outside............................................................................ 6.5
Elevators, bucket................................................................................................................. 15.0

electric, freight.................................................................................................. 8.5
passenger........................................................................................... 6.5

Engines,· gas........................................................................................................................... 7.5
oil............................................................................................................................ 7.5
steam, Corliss.......................;................................................................    4.0

highspeed............................................   6.0
low speed............................................................................................... ð ∙ 0

Exhaustfans........... .............................................................................................................. 7.5
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Table 6. Depreciation Rates—(Continued)

Per Cent
Feedwater heaters................................................................................................................ 5.0

pumps................................................................................................................. 5.5
Fences, brick or concrete.................................................................................................. 4.0

wire.......................  8.5
wood......................................................................................................................... 10.0

Fuel-oil distributing system............................................................................................. 7.5
Furnaces.................................................................................................................................. 12.5
Hoists, chain.......................................................................................................................... 10.0

electric...................................................................................................................... 7.5
steam......................................................................................................................... 7.5

Kettles, nitrating...............................................................   20.0
soda.......................................................................................................................... 20.0
sulfonating............................................................................................................. 20.0
steam jacketed..................................................................................................... 12.5

Lathes....................................................................................................................................... 7.5
Locomotives, electric............................................................................    4.0

gasoline..............................................................   10.0
steam............................................................................................................... 5.5
steam or electric, narrow gage................................................................ 6.5

Meters, flow.......................................................................................................................... 5.0
Milling machines................................................................................................................... 10.0
Motors, electric, alternating current.........................................................   7.0

direct current......................................................................................... 9.0
OvenSiannealihg.:................................................................................................................ 10.0

brick............................................................................................................................. 9.0
Packing machinery.............................................................................................................. 8.5
Panels, switchboard............................................................................................................ 5.0
Pavements, asphalt............................................................................................................. 7.0

brick.................................................................................................................... 5.0
concrete........................................................................................................... 5.5
granite................................................................................................................ 3.0
gravel............................................................................................................... 10.0
wood block........................................................................................................ 6.5

Pig-casting machines.......................................................................................................... 20.0
Pipe-threading machines...................................................................................................... 5.5
Pipe systems, air.................................................................................................................. 9.0

drainage...................................................................................................... 5.0
gas.................................................................  4.0
steam, sprinkler........................................................................................ 5.0

Pulleys, steel.......................................................................................................................... 5.0
wood........................................................................................................................ 6.0

Pumps, acid............................  10.0
centrifugal.............................................................................................................. 6.5
geared power......................................................................................................... 5.0
vacuum................................................................................................................... 8.0

Radiators, steam or water................................................................................................ 5.0
Railways, narrow gage....................................................................................................... 8.0

standard gage................................................................................................... 7.0
Rolls, crushing...................................................................................................................... 7.0
Runways, crane, inside...................................................................................................... 6.0

outside................................................................................................... 8.5
Saws, power, hack............................................................................................................... 8.5
Scales, automatic................................................................................................................. 10.0

industrial railway.................................................................................................. 7.5
platform.................................................................................................................... 9.5
wagon........................................................................................................................ 7.0

Screens, coal, sand, etc...................................................................................................... 10.0
heavy stone.......................................................................................................... 12.5
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Table β. Depreciation Rates—(Concluded)
Per Cent

Separators, centrifugal....................................................................................................  10.0
Shafting, main line............................................................................................................... 5.0
Sidewalks, concrete................................................................................................................ 4.5
Starters for motors, electric.............................................................................................. 25.0
Stokers, mechanical................................................................................................................ 7.5
Tanks, storage for air, etc................................................................................................... 4.0

manufacturing or storage................................................................................... 5.0-20.0
Towers, transmission lines................................................................................................... 5.5
Transformers............................................................................................................................ 7.0
Watermains........................................................................................................................... 5.0
Wells, water.............................................................................................................................. 2.5

Replacements. In the literature of accounting, the term replacement 
is used synonymously with renewals and, to some extent, with repairs. It is 
good practice to assign different meanings to these expressions, since their 
separate services are needed to define different activities. “Replacements” 
is a convenient term for stating the cost of substituting a new unit for an old 
one, but it should not be held down to the narrow limits of having the two 
units identical. The technique of replacement accounting differs from new 
construction only in that an asset value must be extinguished in total on the 
fixed-property records before replacement costs can be entered.

Renewals. Putting new parts in an old machine is a renewal. As this 
increases the life of the machine, the cost of the parts and the labor of installa­
tion should not be charged against production but should be charged as an 
offset to depreciation. Present value of a machine is first cost, less deprecia­
tion, plus renewals. This procedure does not increase unit production costs 
but instead increases the time required to recover the first cost of the machine. 
Depreciation rates must be set high enough to cover the cost of renewals made 
within the life of the machine.

Repairs and Maintenance. The term repairs, popularly linked with 
maintenance, does not convey a precise meaning, and it is difficult to make 
the term less obscure. It is often used to refer to major upkeep, maintenance 
usually referring to minor upkeep. It is hard to draw a fine line between 
upkeep and renewals. Any attempt to demarcate the two by setting an 
arbitrary value at which a maintenance item becomes a renewal is not very

Table 7. Loss Calculation for a Scrapped-plant Unit
First cost of unit..................................................................................... $10,987.58
Depreciation reserves, 4lg years at 15 per cent to be deducted 7,416.62

Depreciated value............................................................................... 3,570.96
Renewalstobeadded......................................................................... 563.08

Present book value..................................................................................
Value to be realized:

Salvage . ..................................................................................................
Fixed property for sale......................................................................

Total to be deducted......................................................................

$ 350.00
1,925.00

4,134.04

2,275.00

Value to be scrapped............................................................................... 1,859.04
Liqxiidationexpense................................................................................. . 750.00

Loss on scrap ped-plant unit ■ .  ...................................................... $ 2.609.04
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satisfactory. Such a procedure easily might become a case of chopping off 
the dog’s tail by inches, for, should we desire to do renewals in a piecemeal 
fashion, they would be charged off as maintenance. The answer lies in being 
lenient as to the interpretation of renewals and liberal as to depreciation rates. 
This practice insures more uniform costs which, after all, is one of the primary 
necessities of cost accounting.

Idle Fixed Property. The charges for carrying idle property should 
be segregated on the books so that the loss incurred is known.

Scrapped Plant. Table 7 shows how the loss incurred through the scrap­
ping of a plant unit is calculated. Salvage refers to material and machines 
sold before and at the time the unit was actually scrapped. Fixed property 
for sale refers to unsold machines. Liquidation expense refers to the cost, of 
dismantling.

Fire Loss. Calculations for loss incurred through plants destroyed by 
fire are similar to those for a scrapped plant.

COST ACCOUNTING
Cost Systems. Various classifications, such as special order, product, 

class, operation, process, etc., have been proposed. These distinctions in 
cost systems are somewhat confusing because they lay undue stress on a 
minor detail of technique. There are only two possible ways of figuring costs, 
namely:

1. Standard basis in which predetermined standards are calculated and 
are from time to time modified to conform to a more detailed experience. 
No other unit cost calculations are made for book entry, though the actual 
unit costs are usually cheeked. These standards are used for sales and other 
work. The cost-accounting system is carefully designed so that all departures 
from these predetermined standards can be effectively analyzed. These 
differences are accepted as profits or losses. The standard-cost method is 
simple, accurate, economical, is founded on correct principles, and makes 
results of operations available at the earliest possible moment. Further 
information is given under Relation of Output to Costs, and under Building 
Space.

2. Actual basis, in which the attempt is made to find out what things 
really cost by dividing expenses by actual output. This method is com­
plicated, inaccurate, unsound in principle, and does not make results of oper­
ations available promptly. Costs cannot be figured for a short term without 
injecting numerous errors. Actual costs have no particular value if they aɪ b

/ not economically correct—they cannot be passed on to customers and they 
are not in a form to suggest ways of reducing high costs. The actual-cost 
method has been popular with accountants, but the trend is tow'ard the stand­
ard method, and combined actual and standard cost methods are being 
favored.

Cost-accounting· Technique. In its simplest terms a cost system has 
to deal with many forms and figures and, therefore, considerable attention 
should be given to technique. The cost of operating a system depends to no 
small degree on the care with which the detailed technique has been worked 
out.

Cost Distributions. One of the difficult problems in cost work has been 
to properly charge expenses to finished goods. Some items can be easily 
charged to manufactured goods, but others appear to bear little relation to the 
finished articles. This has led to various methods of distributing indirect 
expenses : in proportion to the hours of direct labor, in proportion to the time 
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of machinery; etc. This practice is dangerous because many substantial cost 
items are not so related to the finished product. Process steam rarely has any 
connection with the hours of direct labor expended on production. The 
only satisfactory solation to this problem is to departmentalize a business and 
to charge all non-material costs to specific departments. The cost of operating 
each department can then be determined and contrasted with its productive 
activity.

Departmental Organization. Functional activity is the guiding princi­
ple in departmental organization. When a function is not present in a 
sufficiently large volume to stand alone it must be merged with some other 
function to which it is closely related. (The usual procedure is to pass the 
work on to someone who has spare time.) Combinations of functions should 
not be made unless the total cost can be reduced to a rational unit basis.

Departments. The departments of a business may be exhaustively 
divided into three classes. These groups and their characteristic subdivisions 
are shown in Fig. 3.

Fig. 3.—Departmental organization.

DEPARTMENTS

COMMERCE SERVICE PRODUCTION

Administrative SalesOfficeWarehouse
TransportationMechanical Technical Labor maintenance Power - Steam Power- Electrical etc. Real estate Supervision

Departments organized to get the most effective and economical cost control, using buildings, processes, machines etc., to set lines
G EN ERA L OVERHEAD DISTRIBUTED PROCESS COSTSADDED FACILITIES

WASTED EFFORT

RESULTS

Departmental Output. Figure 3 also shows the results obtained through 
the operations of the three groups of departments. The effect of their efforts 
will be expressed as:

1. General overhead, which is not reducible to specific products.
2. Wasted effort, or cost variation which can be either a gain or a loss.
3. New facilities, in the form of construction, research developments, etc.
4. Process changes, which are instrumental in converting raw materials into finished 

products.

Production Control. The management of a business can be simplified 
if a suitable technique for the control of production is adopted. Figure 4 
shows the graphic method. Various boards are also in use. The idea is to 
follow the units in process by cards, metal disks, pins, etc. The particular
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method found to be most effective depends largely on the kind of data which
must be correlated. Activities should be controlled in both the service and
production departments.

July Auqust September October November December 
Fig. 4.—Production control.

Productive Operations. There are three separate points to be noted 
in the functioning of productive operations.
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1. Goods are made for stock or for special order. In some trades they speak of the 
goods made in anticipation of orders as catalogue items and of goods made to order only 
33 jobbing work.

2. Machinery is operated continuously as in the manufacture of sulfuric acid, or 
intermittently as is the custom with chemicals manufactured in batches.

3. In the productive operations, goods are manufactured separately, jointly, or as a 
class. The joint manufacture is a splitting up of a raw material into several new pro­
ducts. The class manufacture comes in when a number of unrelated articles are proc­
essed at the same time, as is the case in electroplating.

Production Orders. In business management, it has been found advisable 
to control all activities by written orders. The service departments are 
controlled by work orders and the production departments are controlled 
by production orders. These orders are also convenient to use in duplicate as 
a memorandum for the accounting department, but not all orders need be 
“costed” separately. Standing orders are usually used for minor repair 
work.

PROCESS COSTS
Costs of Processing. The cost of manufacturing, processing, or con­

verting a raw material into a new article without considering the cost of the 
material itself arises through seven direct items of cost and seven indirect 
items of cost. The indirect charges are due to services performed by the 
service group of departments.

Elements of Process Costs
Direct Costs

1. Depreciation.
2. Taxes.
3. Fire insurance.
4. Other expenses.
5. Supplies.
6. Fuel.
7. Payroll.

Service or Indirect Costs
1. Building space.
2. Labor maintenance.
3. Transportation.
4. Mechanical service.
5. Power.
6. Technical service.
7. Supervision.

Departmental Costs. The cost of running each of the three types of 
departments—commercial, production, and service—should be calculated 
in terms of these seven direct and seven indirect costs. This is quite simple 
if standard costs are used, but if they are not used it is difficult. The reason 
for making the calculation in this way is that the costs can be assigned 
real unit values instead of using mere percentage allocations. (The theory of 
these distributions has been given in “Accounting and Cost Finding for the 
Chemical Industries” by George A. Prochazka, Jr., McGraw-Hill, New York.)

Relation of Output to Costs. The design of a manufacturing plantis 
always based on a definite productive rate. Later the ability to sell goods 
determines the actual operating rate and fixes the costs of production. If the 
amount of goods that can be marketed does not bear a reasonable relation 
to the productive capacity, then the venture has been an economic failure. 
The output used to frame the cost picture should not be for too short a 
period. Nothing seems to be gained by using as a divisor for the total operat­
ing costs the output for a period shorter than one year. Intermediate costs 
can be taken on a standard basis.

Processing Units. The reduction of operating expenditures to unit 
process values must be logically done to be of value in cost accounting. The 
principles involved are:
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1. A normal operating rate must be set at some percentage of capacity, such as 65, 75, 

85, etc. Departures from the rate scheduled for a given period are held to create profite 
or losses and are not interpreted as giving increased or decreased costs.

2. When more than one result is related to the operating expenditures, then compound 
units are required. For instance, in sending material through a dryer the significant 
result is the removal of moisture, yet the ratio of dry material to wet determines, in part, 
the productive capacity of the machine. The conditions must be analyzed to find out 
if a number of unit values are required to suit varying conditions and also to find out 
just how much weight to give each factor.

3. The immediate purpose in selecting units is to evaluate a process. Article costs 
can be quickly determined if process values are known.

Unit Process Costs. Standard process costs should be calculated in 
terms of the seven direct and seven indirect costs or in terms of such other 
subdivisions of these as have been found to be more in harmony with the 
problem. Unit process costs must be calculated for each production and each 
service department, and for all subsections of them.

Depreciation. The cost due to depreciation can be fixed by an annual 
calculation and allocated to each department on the basis of the first-cost 
values used by that department. A more exact way is to have a property 
account for each department and to use an individual rate for each asset. 
This method makes it possible to study renewal and repair costs jointly with 
depreciation and thus obtain the true cost of the use of each machine in 
productive operations. All building depreciation should be charged to a real 
estate department or to an account of a similar nature so that unit costs for 
building space can be obtained.

Taxes. Income taxes are not considered as an item of manufacturing cost 
(they are deducted from surplus). State and local taxes must be provided 
for in the cost sheets. The annual amount can be estimated in advance from 
previous charges. The real estate component should be charged to building 
space and the personal component to each department in proportion to plant 
values. A more exact solution would be to make the allocation in proportion 
to plant values plus average working capital required by the department.

Insurance. The best practice in accounting is to segregate the fire 
insurance from the other insurance costs. Fire insurance is most conveniently 
handled by an annual calculation similar to those for depreciation and taxes. 
Liability-insurance costs fluctuate with the pay rolls, and the other insurance 
costs are usually conveniently treated as separate expense items. The dis­
tribution of fire-insurance costs should be made in accordance with under­
writers’ schedules, penalizing departments with greater fire hazards for the 
extra risk.

Expenses. A careful classification and analysis of all expenses are an 
important phase of cost work. Usually many of the items can be charged in 
toto direct to a specific department, but it is important to understand 
thoroughly the detailed nature of all business expenses. Some of the more 
usual ones are:

General.
Advertising.
Mechanical.
Office.
Repairs.
Selling.
Technical.
Transportation outbound.

Miscellaneous insurance.
Employees’ liability.
Public liability.
Elevator liability.
Pay-roll liability
Boiler liability.
Group—accident, health, life, etc.
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Supplies. It is costly to place all supplies on. a perpetual inventory basis 
(see Material Accounting). Usually it is best to get a close check on impor­
tant items by putting them on a perpetual basis, the others being controlled 
by purchase analysis. Office supplies and many nondescript items can be 
treated as expense by writing them off at the time they are purchased. A 
Spare Parts account is convenient for recording the purchase of new parts for 
machinery. Usual subdivisions for supplies are:

1. Factory. 4. Office—stationery, etc.
2. Mechanical. 5. Packing.
3. Metered—electricity, gas, water—when 6. Technical—laboratory, engineering, etc.

purchased.

Fuel. When fuel is used on a sufficiently large scale to warrant weighing 
equipment, fuel meters, etc., then the balancing of the fuel account is not a 
difficult matter. The smaller plants without such auxiliary devices can get a 
reasonably close check from an analysis of railroad weights and an accurate 
record of disposition of coal receipts as to stock piles, power-house bin, etc. 
A check over a 3-month period will give much detailed information as to con­
sumption. Costs of freight unloading, handling; etc., must be added to the 
coal invoice to get the price per ton. After these values have been ascertained, 
a standard value for inventory, for costing, and for other purposes can be 
established.

Pay Roll and Salaries. The problem of establishing labor and salary 
costs has seven phases, namely:

1. Wage payments are made in a number of different ways. All wage-payment 
plans to be effective must be easily understood by the worker. The simplest method 
is to pay the worker a fixed amount by the week, or by the day, and have the foreman 
see that the time agreed upon is put to use. A more common method is to pay on an 
hourly basis, using a time clock to control the amount to be paid. Piece rate, i.e., pay­
ing an agreed amount for each operation performed, is a method commonly used in the 
metal-working industries. The straight piece rate has been scientifically refined into 
an incentive plan. There are some 12 recognized methods, each one being designed to 
meet particular conditions in the metal-working trades. The periodic payments of 
bonuses arbitrarily determined or graduated according to the productive rate is the most 
commonly used incentive plan in the chemical industries.

2. Time cards usually serve to fix the number of hours a man has spent in the factory. 
Some plants also use these cards to charge work to specific accounts or to allocate over­
head, but these two activities are not the proper functions of time cards. At the end of 
a month it is necessary to split the entries on a weekly card so that the monthly charges 
can be properly entered on the books. Cards are usually handled on a numerical 
basis, each worker being assigned a number which has been coded to designate the 
department in which he works.

3. Pay-roll sheets should be designed so as to permit making up weekly statements 
and monthly cost records. Only the total hours worked per week and the total weekly 
payment need be recorded on the sheet. Room must also be provided for deductions, 
transfers, bonuses, incentives, etc. The sheet must be arranged so tííat the cost charge­
able to each department can be taken off monthly as a subtotal.

4. Labor transfers among departments should be avoided as the practice is confus­
ing. If much of this is essential special transfer slips must be provided debiting one 
department and crediting another. Room must be provided for the signatures of the 
foremen of the departments.

5. Daily labor reports must be made out by each department giving the classified 
charges for each man’s time. Each man’s time must be checked against his time-card 
record, and the total time for all men in the department must be compared with the total 
of the classified work.
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6. Monthly distribution sheets are required to summarize the information collected 

under Item 5. These values must foot up to the same amount as those given on the 
pay-roll sheets (Item 3) before the data can be used on the cost records.

7. Salary distributions are usually a simple matter; the payment to each man is 
charged to a department or is prorated over a number of departments.

Labor Maintenance. The amount of money which must be expended to 
hire and to maintain a worker at his task is substantial. These costs must, 
therefore, be collected so that they can be distributed to departments in 
proportion to the hours of labor employed, or the dollar of the pay roll. 
Labor maintenance can be completely distributed to the departments or a 
standard-rate per cent of the pay-roll can be used—the unabsorbed amount 
being charged off as a loss and the overabsorbed amount being added as a 
profit. Some of the principal costs of labor maintenance are:

1. Personnel department to hire workers.
2. Salaries of clerical workers to keep labor records.
3. Cost of office space and equipment for clerks.
4. Cost of supplies used by clerks.
5. Cost of lunch-room space for employees.
6. Cost of change-house space, water, heat, etc.
7. Cost of pay-roll insurance, etc.
8. Cost of employees’ liability insurance.
9. Cost of group life, and other insurance.

Building Space. To determine the annual cost of providing 1 sq. ft. 
building space it is necessary to consider two problems:

1. The annual cost of providing the land (i.e., real-estate factor). This cost is due 
to certain general services, such as those giyen below, which are essential to the proper 
maintenance of a group of buildings. These charges can be distributed to individual 
buildings on an area, first-cost, or cubic-volume basis, which may be modified to meet 
special service considerations.

a. Watchman day or night.
b. Sanitation—cleaning of pavements, sewers, etc. β
c. Yard illumination.
d. Maintenance of fences, pavements, sewers, fire equipment, etc.
e. Water for cleaning and other general purposes.

2. Building space costs are due to the items given below, of which Ä is obtained by a 
distribution of the costs given in Problem 1.

a. Depreciation.
b. Taxes.
c. Fire insurance.
d. Expenses:

Elevator insurance.
Repairs.
Painting.
Mortgage interest.

e. Supplies:
Janitor.
Miscellaneous

/. Pay roll:
Janitor.

g. Labor maintenance.
h. Land component or real-estate factor.
i. Power:

Heat.
Light.
Water.
Power for elevators.

j. Transportation:
Refuse removal.

k. Mechanical service:
Sundry maintenance and repairs.

l. Supervision.

Building-space costs can be allocated each month so as to dispose of all 
charges, or they can be allocated on a standard-cost basis. The second 
method is preferable as proper provision can then be made for sporadic arid 
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unusual expenses which are so characteristic of real-estate maintenance. 
Some items do not even appear each year but are encountered only after a 
period of years. Units can be taken on a square-foot basis or better on a 
cubic-foot or volume basis. No building should be penalized for a location 
which is remote from the center of activities, and no manufacture should be 
subject to higher costs because it is located on one of the upper floors of a 
building. The logic of multistory buildings is to obtain a lower average cost 
than would be possible with a single-story building.

Power. Under the caption, power, are included the costs of obtaining or 
generating and distributing such items as

Process steam.
Electricity. 
Compressed air.

Water.

Vacuum.
Gas.
.Refrigeration.

Process Steam. The principal cost elements of process steam are as 
follows:

Depreciation.
Taxes.
Fire insurance.
Expenses (boiler insurance, etc.).
Supplies (oil, packing, etc.).
Fuel.
Pay roll (firemen, engineers, etc.). 
Labor maintenance.

Building space.
Power (for handling coal, water for boilers, 

etc.).
Transportation (ash removal, etc.).
Mechanical service (pipe-line and boiler-room 

repairs, etc.).
Technical service (boiler-room control).
Supervision.

Process-steam costs must always be calculated delivered at the consuming 
points; any other practice would penalize remote places, which is not proper 
accounting practice. Credit can be given to a department for heat units in 
condensed water from utilized process steam, but steam condensed during 
pipe-line transmission should not be so handled as improperly to credit or 
debit an operating department merely because it has a disadvantageous or 
more advantageous location. If meters are not in use, then the best procedure 
is to allocate the steam according to the theoretical or estimated consumption 
for each process. The usual unit of measurement is per 1000 lb. and occasion­
ally per net ton.

In the chemical industries, it is often advantageous to use for process work 
steam which has been exhausted at a suitable back-pressure from electrical 
power generating equipment. The costs of steam, so utilized, can be allocated 
satisfactorily in some cases on a heat unit basis. However, as a heat unit 
at a high temperature is more valuable than a heat unit at a low tempera­
ture, consideration usually must be given to the amount by which the water 
rate of a turbine is increased w’hen the turbine is bled for process steam. For 
a detailed discussion of this subject see “Power and Heat in the Industrial 
Plant,” R. J. S. Pigott, Trans. A.S.M.E. 1929, FSP-52-38.

Electricity. The cost elements for electricity are similar to those out­
lined for process steam. Power costs should be calculated delivered at the 
power-house bus bars and to this must be added the average cost for delivery 
at the factory motor.

The cost distributions are for such things as (1) motors, (2) lighting systems, 
(3) furnaces, etc. If meters are not available, daily records of the number of 
hours each device is used will help in making allocations. Machine ratings 
should be checked by a portable recording wattmeter to establish the average
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current consumption for existing load conditions. Similar methods can be
employed for the lighting system and for furnaces, appliances, etc.

Compressed Air. The usual unit for calculating compressed-air costs is 
per 1000 cu. ft. free air compressed per minute. If the system is large, it is 
advisable to meter the air because it is a costly factory commodity. The cost 
should be figured as an average delivered value. If the system is small, it is 
sufficient to allocate the total cost according to the amount of air estimated as 
having been consumed by each department. The problem of vacuum costs 
is the same as that for compressed air, but the unit is per 1000 cu. ft. free air 
evacuated per minute.

Gas. If gas is manufactured, cost calculations similar to those outlined for 
process steam are required. If the gas is purchased, the average cost delivered 
at the various departments should be established.

Refrigeration. The cost unit involved is per ton of refrigeration, i.e. 
the abstraction, in 24 hr., of an amount of heat equal to the heat of fusion of 
one net ton of ice. This is equivalent to 286,600 B.t.u. per day or 199.028 
B.t.u. per min. The round number 200 B.t.u. per min. is usually used. If 
steam-driven compressors are used, credit must be given for the exhaust steam 
which is usually desired for feed-water make-up, drying operations, etc.

Water. The usual units for water are per 1000 cu. ft. (municipal practice) 
or per 1000 gal. The average conversion factors for these units are 1000 cu. 
ft. = 7480.4 gaE and 1000 gal. = 133.68 cu. ft. The water may be purchased 
or pumped from a stream or a well. As the distribution system is usually 
extensive, costs must be figured on the delivered basis. If the input is 
metered, and the departments are all metered, the amount of water used in 
fire protection, yard cleaning, etc., can be found by the difference. For 
process work, water often must be treated, and this cost must be added. 
It is also possible that more than one grade of water will be furnished in the 
factory, i.e., hot, cold, treated, untreated, etc.

Transportation. Materials must be moved within the factory and fin­
ished goods must be sent to customers. Some of the more usual costs of 
transportation are assignable to:

Raw-material unloading.
Fuel handling.
Ash removal.
Departmental shifts of material 

Raw.
In process.
Finished.

Materials for construction, repairs, etc 
Yard cleaning, snow removal. 
Shipping of goods to customers. 
Warehouse work.

The cost of transportation work has two parts: (α) cost of operating trucks 
and other transportation equipment, and (6) cost of labor. Each of these 
can be established on an hourly basis in accordance with the principles that 
have been laid down for the other service departments. A daily record of 
work performed is. an essential background for a proper cost allocation.

Mechanical Service. The cost problem of the mechanical department is 
analogous to that of the transportation department. Two unit costs, namely, 
straight labor hours and shop hours are obtainable. With large shops, a 
detailed breakdown of costs as with production departments is essential. The 
allocation of costs also requires daily labor records similar to those that have 
been described under the labor section. Work is generally controlled by an 
order system; suggestions as to this are given under Production Order.

Technical Service. The cost of laboratory, engineering, etc., can be 
worked out on an hourly basis using the full department costs, or such parts
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of them as are required, on a standard-cost basis. With routine work, a
standard cost per test should be devised. Research work should be charged
to general overhead or be set up as an asset in the capital accounts.

Supervision. The cost of supervision can be completely allocated to the 
various departments on a percentage basis. Another method is to work out a 
standard amount for each department running at normal capacity. Each 
department is charged that amount every month—differences between the 
total actual and total standard cost being written down as profits or losses. 
The advantage of this method is that it always tends to control costs by offer­
ing models for comparison.

Interest on Investment. In spite of the fact that interest on investment 
is frequently included in cost sheets, it is not a legitimate element of cost. A 
manufacturer hopes to get a greater profit than the rental value of a sum of 
money equal to his investment. The place to give interest on investment 
consideration is in a comparative study of profits. However, interest on 
money borrowed for construction purposes is a legitimate item in the cost of 
the erected asset.

MATERIAL ACCOUNTING
Materials. To be classified as a material, the item under consideration 

must add an appreciable amount to the cost of the manufactured article, and 
its consumption must vary in direct proportion to the rate.of production. 
It is not essential for the material itself to be present in the finished goods. 
With this viewpoint, some of the expensive supply items can be treated as raw 
materials and some of the unimportant materials can be controlled by the 
less expensive methods used for supplies.

Material Control. The primary object of a warehouse control is to 
check the receipts and the disbursements of materials, and the secondary 
object is to obtain the stock on hand, or inventory. The two places to control 
materials are (1) in the warehouse and (2) in the factory where goods arc put 
into process. In addition to the many technical controls for quality, materials 
can be quantitatively controlled in connection with any of the following 10 
transactions:

1. By the seller when he ships goods.
2. By the warehouse when goods are received.
3. By the warehouse when goods are delivered for process use.
4. By the production department when the goods are received.
5. By the production department when goods are put into process.
6. By the production department when goods are removed from process.
7. By the production department when goods are delivered to warehouse.
8. By the warehouse when goods are received from the production department.
9. By the warehouse when goods are shipped.

10. By the customer when he receives goods.

Stock Sheets. From a controlling viewpoint there are two kinds of 
materials: (1) package goods, and (2) bulk goods. A much closer check is 
possible with package goods because each container, being serially numbered, 
can be recorded as having been shipped to a particular customer or as having 
been put into a definite manufacture. Such facts can be noted on the same 
horizontal line with the original entry denoting the receipt of the package. 
With bulk goods similar principles can be applied to separate shipments. 
Figures 5 and 6 show two types of stock sheets. Cards do not offer so satis­
factory a medium as a loose-leaf book with post binders. Formal sheets can 
be used for warehouse control and an ordinary note-book for factory control.
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Receipts. The differences between shippers’ weights and warehouse

weights must either be written off, or a credit must be obtained for this dis­
crepancy. A company policy must be established to cover such losses.

Fiq. 5.—Package-goods stock sheet.

STOCK RECORD
RECEIVED DELIVERED

RemarksDate Ident ιf∣catic nNos. From Gross Tare Net Date Order 
No. To Gross Tare Net Error

Requisitions. A frequent and erroneous practice is to charge the 
materials used directly to the cost sheets by means of a requisition. Two 
records are needed because a single requisition can rarely be adapted to this

Fig. 7.—Principles of material control.

CONTROLLING FACTORY MATERIALS
RAW MATERIAL CONSUMPTION

FIXED VARIABLE
Single Product Single Product

Group Products
Class Products Joint ProductsChotrge through standard bill of materials

Charge through process card recording con­sumption
Charge through process card recording con­sumption and apportion by weight volume area numerical units

Charge through process card recording con­sumption and apportion by empirica I methods

To a Job1Order1Lot1Batch ora ContinuousOperation
Article Costs

double purpose, denoting (1) the withdrawal of material from the warehouse, 
and (2) the entry of raw material into a process.

Inventories. A physical inventory should be taken before a purchase 
order is placed. If this procedure is followed and the receipts and disburse-
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meats are carefully checked, then the book balance will always give the true
inventory. Similar methods of inventory control should be used in the
factory.

Raw-material Consumption. Figures 7, 8, and 9 show the essential
steps in factory-material control. Figure 7 gives the general principles

TABULATION OFRAW MATERIAL CONSUMPTION
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Fig. 8.—Tabulating raw-material consumption.

which underlie the charging of raw materials to an article cost sheet. Figure
8 illustrates the well-known tabulation of raw-material consumption. Figure
9 shows the reconciliation which must be made between the tabulation of 
consumption and the raw-material receipts from the warehouse.

RAW MATERIAL CONSUMPTION DATA Raw Materia! No. /
ReqdBy Date Recd Error+ Inveny Total Inveny Error- Returns Used Used Work inProcess H E5E3 EBE31R :

1 DeptC 1-3-37
7

12
17
21
26

500
500
500
500
500
500

179 560 19
2500

1600
1000

Article No.t 110Ί17
- 116-122

Zi
75

400
250

Z
Z

DeptD 1-3-27
10
17

1000
1000
1000

12 38

2950

850 
1400
200
500

Article Nc3251057 1 
" "33308511
" "40-79-80
- ,∙ 51-792801

25

25

2/2
350
50

125

56
%
06
7

6000 179 6179 560 37 38 5550 5550 Tota! R-M-NoJ 1387 <
/

Li
Fig. 9.—Checking raw-material consumption.

Raw-material Pricing. Materials should always be priced at values 
which experience has shown to be reasonably safe figures. It is not desirable 
to upset cost calculations by trying to record each minor change in material 
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costs. Such differences can be written off as a profit or a loss, or can be 
charged to an inventory reserve. Raw-material costs must be complete; 
i.e., they must be figures laid down in the factory warehouse so as to include 
all freight and handling costs. Storage costs, however, are a general overhead 
item and must not be included (material is usually worth less, and not more, 
when it lies around).

Material Ledgers. A convenient detailed technique for recording 
material values is shown in Figs. 10 and 11. A yearly sheet is used for each 

Amount

lfiG. 10.—Material-ledger sheet

JANUARY FEBRUARY MA
Quanhty Price Amount Quantity Price Amount Qι∣ont⅛

NOVEMBER

RIL MAY JUh
Arno ■int Quantity Price Amount Quantity Pr

material. The debit and credit entries can be standardized as shown for raw 
materials in Fig. 11.

PRODUCT COSTS
Work in Process. The standard costs for processing and the actual 

consumption of materials should be charged to an account Work in Process 
where these values remain as an inventory until such time as finished goods 
are credited at standard cost. The account must be checked at frequent 
intervals, otherwise the variation between standard and actual performance 
will not be known promptly.
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RAW MATERIAL LEDGER 'j
.IA NI ąry I FEBj

IlCTffiWE IKEK¾jj,⅛IIHIRSffiH ⅞Debits I
Inventory, initial 1 2179 .25 54/ 75

I

Purchase invoices 2
2

10000 ∖2450 00

Factory handling 3 // 70 I
Received without invoice 4- I
In transit previous month 5 I
Accounting transfer 6 I

Surplus warehouse 7 ■
∙∙ factory 7
» miscellaneous 7
" unit price 7 38 30
·■ price adjust. 7

Tota Is
Credits

Work in process consum

8 12179 3044 75'

9 5550 .25 1387 50
•1 l> *1  >∣ 9 /

Used non-producfively 1Ü /
Costofmaterial sold U /
Purchase credits 11
No invoice previous month 12
In transit 13
Accounting transfer 14
Deficit, warehouse 15

∙, factory 15 31 25 7 75
∙∙ miscellaneous 15
" unit price 15
h price adjust. 15

Inventory,final 16 6598 25 1649 50Totals Ô, 12119 3044 75 J

Yield Variations. The most important consideration in the chemical 
manufactures is the yield of finished 
product obtained from a specified 
amount of raw material. Differ­
ences between standard practice and 
current performance should be writ­
ten off as a profit or a loss until 
a sufficient period has elapsed to 
prove definitely that the standards 
must be modified. If the opera­
tions are conducted on a batch 
basis, yields should be determined 
not for individual batches but as 
an average for a series of them. 
When a manufacture is begun, 
enough material is apt to remain 
behind in the equipment to disturb 
the yield for the first batches. In 
continuous operations, the period 
for which yields are evaluated 
should be of such duration as to 
make the process inventory a small 
factor in the calculation. Usually 
yields are expressed as a percent­
age of a given raw material or 
as a percentage of the finished 
goods that it is theoretically possi­
ble to manufacture by a given 
method.

Products from Factory. Four 
kinds of goods can be removed 
from work in process, namely:

Fig. 11.—Material-ledger entries.

1. Finished stock. 3. Class products.
2. Component materials. 4. By-products.

Finished Stock. The term ia usually used to denote goods which are 
ready for the market.

Component Materials. Some articles are manufactured entirely for use 
in other productive processes. Such items are not marketable goods even 
though they must be considered as finished from an accounting standpoint. 
They are conveniently called intermediates, component parts, or component 
materials.

Class Products. The distinguishing feature of class products lies in the 
fact that they are related only through a voluntary association in the manu­
factures. Both the material and the processing may be joint. The operator 
can choose the particular ceramics he will bake together in a kiln, the castings 
he will pour on a particular day, or the stampings he will plate in the same 
bath. Such articles are called class products because they are manufactured 
together at one time. The cost of all the operations is allocated on the basis 
of separate weights, surface areas, volumes, etc.

By-products. When in the manufacture of an article several products 
result from a splitting up of the original raw material, then the major product 
is called the finished stock and the other items are called by-products. The
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refining of petroleum is one of the best known of the by-products manufac­
tures. It is often possible to vary, within certain limits, the ratio between
the various end products.

If the cost work is conducted on a standard basis, it is a simple matter to 
credit the work-in-process account for the major product with the value of 
by-products. The way the problem is handled depends on the point of view. 
One extreme is to consider each by-product a salable waste and to credit the 
major product with all revenue obtained through the sale of by-products. 
The other extreme is to juggle the values so that each one carries a fair share 
of the joint costs and brings in a reasonable profit.

COST ESTIMATING
Outlining Problem. The usual practice is to draw a schematic diagram 

which shows the routing of materials; the quantities added to, and removed 
from, the process ; the general nature of the processes ; equipment ; etc. Such a 
chart is sufficient for a preliminary cost calculation. Later, when more 
precise information is needed, the diagram can be expanded into a complete 
flow sheet which goes into all minute details. The four parts leading to an 
estimate of product costs and profits are as follows:

1. Fixed investment. 3. Processing costs.
2. Working capital. 4. Material costs.

Estimating. As the invested value must be known to establish the fixed 
charges, the usual ptactice is to begin with the plant calculations. The 
section on fixed-property accounting will suggest many of the items which 
must be evaluated. Buildings should be estimated on both area and volume 
bases. Percentages and ratios should not be used until their applicability 
to the problem has been ascertained. For instance, with the small units of 
pharmaceutical manufacture the cost of piping might be 100 per cent or more 
of the cost of the machinery; and with the large costly units used in some of 
the continuous processes, piping might not be more than 10 per cent of the 
machinery cost.

The working capital required depends on the inventories (raw, finished, and 
in process) to be carried ; on the credit terms allowed to the trade ; on the cash 
required to pay current bills ; and on the amount of credit to be obtained from 
others. After the number of days’ supply that must be on hand for each 
item has been ascertained, the value of the inventories, accounts receivable, 
and cash can be quickly determined. If from these values the accounts pay­
able are deducted, the net working capital is obtained.

The processing costs should be worked out on an annual basis because 
many items are themselves encountered only once a year. The departmental 
basis is the only safe procedure to follow in estimating costs, as percentages 
are often misleading. Suggestions as to proper items of cost will be found 
under Process Costs. From the annual costs it is a simple matter to get at 
monthly, daily, per batch, per ton, or per pound costs. Plant operations 
will not usually be 100 per cent of capacity, and allowance for this must be 
made in the calculations. The material quantities and yields are facts that 
are circumscribed by the problem. All materials must be figured laid down 
in the factory, and allowance must be made for putting them into process.

Product Costs. The cost of the finished article must be figured complete 
laid down in the warehouse with all charges included except general overhead. 
Package costs are figured in when the problem requires it—sometimes goods
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must be figured both packaged and in bulk. These complete costs are fre­
quently called the mill cost.

.Storage costs should not be added to the cost of the product beyond the 
point that such a charge is a normal element in business. For instance, if 
inventories must be carried for 6 months, then fixed charges on the storage 
facilities are in reality a part of the normal cost of doing business.

The cost of the investment per annual ton of capacity should be figured, 
as it gives a good basis for comparison with other manufacturers.

The return on the investment can be established from the current selling 
prices, the mill cost, the net investment, and the normal operating capacity. 
If the return is not substantially greater than the rental value of money, 
the venture is unattractive.

Checking the Estimates. A determination of the probable cost of manu­
facturing an article is one of these open-ended problems which involves 
assumptions that must be tested by experience before the true worth of the 
accepted answer can be established. All assumptions should be listed and 
closely scrutinized. The reasonableness of deductions must be questioned 
at all times—whether the immediate purpose be nothing more than to define 
the upper and lower limits of the prospective cost or whether the analysis is 
being conducted with a refinement calculated to reveal the precise risks of 
the undertaking. Great care must be exercised in all estimating. Every 
possible avenue which affords a check on the work should be used, because 
the final check through actual operations might involve serious losses.

BUDGETING
Importance of Budgeting. The management of a business enterprise is 

greatly simplified if all of its activities are budgeted. Cost accounting, 
according to the standard method, is not possible until all the essential activ­
ities of a manufacturing establishment have been budgeted. By means of 
the budget, a definite goal of accomplishment is established, and, with the 
mind definitely focused on a particular objective, the objective is more certain 
of being attained. Budgeting is therefore an important part of cost work and 
consequently of management activities.

Budget Schedules. In a manufacturing enterprise, the cornerstone of 
the budget is the sales quota. Product costs, over a period of years, are in 
part fixed by the amount of goods which actually can be sold. To secure 
profitable operations, all expenditures must be coordinated with the estimated 
probable income and this income can be established only by most carefully 
estimating future sales; i.e.t a sales quota is fixed. For maximum utility, 
this sales quota must be known in terms of individual products and each one 
must be classified by industries, by territories, by customers, and by salesmen.. 
These schedules must be known in great detail because actual performance 
should come within 10 per cent of perfect accomplishment. Once the sales 
quota is fixed, it is a simple matter to continue the schedules on, to cover the 
detailed departmental activities—provided a suitable cost-accounting tech­
nique has been developed.
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SAFETY AND FIRE PROTECTION

INTRODUCTION
Accident prevention and fire protection have come to be so much a i>art , 

of good business, particularly in recent years, that at least certain funda­
mental phases of these subjects have a logical place in a handbook of this 
nature. It is recognized, however, that space will not permit more than a 
brief treatment of them, and students of safety and fire protection are referred 
to the two national organizations: the National Safety Council, 20 North 
Wacker Drive, Chicago, Ill., and the National Fire Protection Association, 
60 Batterymarch Street, Boston, Mass., as well as to other organizations and 
societies, some of which are included in the Bibliography.

Safety and fire protection begin with the design of plants—buildings, 
equipment, and processes. Because careful attention has been given these 
matters in the past, the majority of present-day accidents and fires result 
from what is commonly known as human causes. Plans should always be 
examined by someone competent to decide upon their safety and fire pro­
tection aspects. The object is to remove, as far as possible, the human 
factor from the hazards by making protection permanent or automatic.

LEGISLATION
Most states and most cities have regulations and ordinances governing 

safety and fire protection measures for buildings, equipment, and processes, 
and it is always necessary to examine these to make certain that their provi­
sions are being followed. If the information desired cannot be obtained 
from the local authorities, the two national organizations previously mentioned 
might be of some assistance in procuring these regulations and ordinances. 
Many states now have compensation laws which require that compensation 
insurance be carried and further require certain reports when accidents do 
occur. These provisions must of course be followed.

THE INDUSTRIAL PLANT
Location. Many factors, such as raw-material supplies, transportation 

facilities, and labor supply, must be considered in locating industrial plants. 
From the standpoint of safety and fire protection, it is important, particularly 
where corrosive, poisonous, or explosive materials are to be handled or 
produced, to make certain that the location of the operation does not con­
stitute undue danger to adjacent life and property. State laws and municipal 
ordinances must be consulted and satisfied.

Arrangement of Buildings. Buildings will first of all be arranged to 
permit economic production, since it is usually possible to provide safety and 
fire protection under any given arrangement through type of construction, 
by fire walls, barricades, etc. However, an effort should always be made to 
limit the height of factory buildings, to provide good separation—50 ft. or 
more between important units—and most important, to minimize conflagra­
tion areas by definite fire stops. Buildings housing hazardous occupancies 
should be segregated and isolated or barricaded to prevent life loss and/or 
extensive property damage. Buildings in which explosives are handled or 
stored should be separated and barricaded in accordance with the “American 
Table of Distances,” published by The Institute of Makers of Explosives, 
103 Park Avenue, New York, N. Y.

The distance to be maintained between regular plant-operating buildings 
depends largely upon the type of construction; the area and height; impor- 
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Table 1. American Table of Distances*Blasting and electric blasting caps Other explosives Inhabited building barricaded f Public railway barricaded,! ft.

Public highway barricaded,! ft.No. over No. not over Lb. over J Lb. not over1,000 5,000 15 10 55,000 10,000 30 20 1010,000 20,000 60 35 1820,000 25,000 50 73 45 2325,000 50,000 50 100 120 70 3550,000 100,000 100 200 180 110 55100,000 150,000 200 300 260 155 75150,000 200,000 300 400 320 190 95200,000 250,000 400 500 360 215 110250,000 300,000 500 600 400 240 120300,000 350,000 600 700 430 260 130350,000 400,000 700 800 460 275 140400,000 450,000 800 900 490 295 150450,000 500,000 900 1,000 510 305 155500,000 750,000 1,000 1,500 530 320 160750,000 1,000,000 1,500 2,000 600 360 1801,000,000 1,500,000 2,000 3,000 650 390 1951,500,000 2,000,000 3,000 4,000 710 425 2102,000,000 2,500,000 4,000 5,000 750 450 2252,500,000 3,000,000 5,000 6,000 780 470 2353,000,000 3,500,000 6,000 7,000 805 485 2453,500,000 4,000,000 7,000 8,000 830 500 2504,000,000 4,500,000 8,000 9,000 850 510 2554,500,000 5,000,000 9,000 10,000 870 520 2605,000,000 7,500,000 10,000 15,000 890 535 2657,500,000 10,000,000 15,000 20,000 975 585 29010,000,000 12.500,000 20,000 25,000 1,055 635 31512,500,000 15,000,000 25,000 30,000 1,130 680 34015,000.000 17,500,000 30,000 35,000 1,205 725 36017,500,000 20,000,000 35,000 40,000 1,275 765 38040,000 45,000 1,340 805 40045,000 50.000 1.400 840 42050,000 55,000 1,460 875 44055,000 60,000 1,515 910 45560,000 65,000 1,565 940 47065,000 70,000 1,610 970 48570,000 75,000 1,655 995 50075,000 80,000 1,695 1,020 51080,000 85,000 1,730 1,040 52085,000 90,000 1,760 1,060 53090,000 95,000 1,790 1,075 54095,000 100,000 1,815 1,090 545100,000 125,000 1,835 1,100 550125,000 150,000 1,900 1,140 570150,000 175,000 1,965 1,180 590175,000 200,000 2,030 1,220 610200,000 225,000 2,095 1,260 630225,000 250,000 2,155 1,295 650250,000 275,000 2,215 1,330 670275,000 300,000 2,275 1,365 690300,000 325,000 2,335 1,400 705325,000 350,000 2,390 1,435 720350,000 375,000 2,445 1,470 735375,000 400,000 2,500 1,500 750400,000 425,000 2,555 1,530 765425 000 450,000 2,605 1,560 780450,000 475,000 2,655 1,590 795475.000 500,000 2,705 1.620 810* By permission of The Institute of Makers of Explosives. .t Barricaded, as here used, signifies that the building containing explosives is screened from other build­ings, railways, or from highways by either natural or artificial barriers. Where such barriers do not exist, the distances should be doubled.
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tance of the unit to continued plant production; hazard of the processes; the 
land available on the chosen site for present manufacture and for future 
expansion; values involved and the available protection. In addition, the 
extent of the exposure from outside properties not under the control of the 
plant will affect the distance to be decided upon between that property and 
the nearest plant buildings.

The following minimum overhead clearances should be provided for 
footways, roads, and railroads:

Table 2. Overhead. Clearances

Projects Clearance Measured above

Floors, platforms, stairs, and other regular routes of foot travel. . . 
Roatiways—main thoroughfares.........................................................
Other roadways...................................................................................
Broad-gage tracks...............................................................................
Narrow-gage tracks, outside buildings...............................................
Narrow-gage tracks where passing through barricades.....................
Narrow-gage tracks inside buildings..................................................

6,6" Footway
¡5' O" Road
12'0" Road
22' 0" Top of rails
10z 6" Top of rails
6' 6" Top of rails
6' 6" Platform of cars, lorries 

and other conveyances

Where present installations of pipe lines, barricades, doorways, valve 
handles, belt-shifter levers, etc., cannot be rearranged to secure this clearance, 
their presence should be clearly indicated from both directions of approach.

Side clearance, railroads, and trams are measured from center to center of 
tracks, or from center of tracks to nearest point of structure.

Table 3. Side Clearances

Projects Broad 
gage

Narrow 
gage with 

rolling 
stock,

6 ft. wide

Narrow 
gage with 

rolling 
stock, 

4 ft. wide
Between parallel lines of track of same gage* ...................................... 13' 0" 8' 6" 6'6"
Between parallel lines of broad- and narrow-gage track* ...................
From tracks to buildings and structures other than loading and un-

11'0" 10,0"
loading platforms............................................................................... 7' 6" 5'6" 4'6"
* Where tracks are on a curve, allowance should be made for projection of car bodies over track, so tha t 

a clearance equivalent to the above is maintained under all conditions of use.

Side clearances for loading and unloading platforms where locomotives 
are operated are to be measured from center of track to nearest point of plat­
form or structure:

Broad-gage track............................................................................................... 6' 6"
Narrow-gage track with rolling stock, 6 ft. wide.................................. 4' 6"
Narrow-gage track with rolling stock, 4 ft. wide...............................  . 3' 6"

On narrow-gage tracks where cars are pushed by hand, it is permissible to 
bring platforms for loading or unloading, raised transfer tracks, etc., as close 
as possible to car platforms. As far as practicable, this is to be avoided where 
cars are operated by locomotives of any description. In all such cases, clear­
ance between car platform and structure, if below the standard, is to be as 
small as possible and is not to be over 2 in., unless varying width of cars makes 
this impossible. If platform is above floor of car, front of platform is to be 
sheathed down to 6 in. below car-floor level. If side clearance from structures, 
etc., is less than the standard on tracks on which locomotives are operated, 
signs, “Caution—Insufficient Clearance” (18 by 12 in., red with white letters) 
should be posted 72 in. above the rails (and at the standard side clearance)
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at each end of the obstruction or group of obstructions. The distance away
from the obstruction at which these signs are to be posted is to be governed
by speed conditions. For medium speeds a distance of 30 ft. is recommended.

Table 4. Minimum Width for Footways, Doors, Runways, Etc.
Regular routes of foot travel, inches.................................................................. 36
Passage between machines, inches...................................................................... 24
Safety exits and doorways, inches...................................................................... 28
Gangplanks and runways, inches........................................................................ 30
Runways for two-wheel hand trucks (allowing two trucks to pass), 

inches........................................................................................................................ 60

Fig. 1.—Friction loss in fire hose. Curves based on the 
following assumptions: (1) 14 lb. friction loss per 100 ft. of 
2½ in. cotton rubber lined hose with 250 g.p.m. flowing 
(smooth rubber lining). Where lining is rough or old, friction 
losses may be 50 to 100 per cent higher. (2) Friction loss 
varies directly with the square of the quantity flowing. (3) 
Friction loss varies inversely as the fifth power of the diameters, 
(4) Friction loss in linen hose is taken from data in “Fire Engine 
Tests and Fire Stream Tables” published by the National 
Board of Fire Underwriters.

Pressure should be adequate to give at least 15 lb.

Water supplies for plant fire protection should be available from at least 
two independent sources. The primary supply which maintains pressure 
on the mains should be automatic and of good pressure but may be of limited 
capacity. One or more connections from a reliable public water system or a 
gravity tank of 100,000 gal. capacity elevated on a 125-ft. trestle provides a 
good primary supply, 
per sq. in. fiowτing 
pressure on highest 
sprinkler heads, or 
in their absence at 
least 65 ɪb. per sq. in. 
on yard hydrants. 
This should be 
augmented by a 
secondary supply. 
One or more fire 
pumps located in an 
isolated or properly 
protected fire-resis­
tive pump house 
with an unlimited 
suction supplyforms 
a most satisfactory 
secondary source. 
Where rivers, ponds, 
lakes or similar 
natural water sup­
ply are not availa- 
ble, concrete 
reservoirs or suction 
tanks of at least 
100,000gal. capacity 
for each 1000 g.p.m. pumping capacity are necessary. With such reservoirs, 
adequate filling connections should be provided. A reliable power supply for 
operating the pumps, whether steam, or electric, is of utmost importance and 
should be given serious consideration, particularly with the view of preventing 
its interruption during a serious fire. Where a public fire department is 
available, steamer connections are provided on the plant mains so that 
city pumpers or fire boats can discharge water at high pressure into plant 
mains.

Fire Mains. Where the plant is of sufficient size, an independent system 
of underground fire mains supplying sprinkler systems and yard hydrants
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should be provided. These mains should not supply water for domestic
purposes except in the event of an emergency. The size of the mains should

Pressure, Lb.per Sq.Inch (Pitot Tube Pressures)
Fxg. 2.—Discharge of water through smooth nozzles and sprinkler heads. Assumed 

coefficients of discharge (0.99 to 0.997) based on experiments by John R. Freeman, 
Trans. Am. Soc. Civil Eng., 21, 24. Sprinkler-head data from tests by Underwriters’ 
Laboratories. The 2⅜-in. open-hydrant butt-curve data from Crosby, Fiske, Forster, 
p. 713, Table 18, Van Nostrand, 1924—two-way Mathews Hydrant. The 2-, l⅜-t 1¼-, 
1⅛-, 1 ⅜-, and 1-in. nozzle curve data from Crosby, Fiske, Forster, p. 698, Table 12. 
The ⅞-, ⅝-, and ¼-in. nozzle curve data from “Fire Stream Tables” (pamphlet by 
Factory Mutuals, Boston). The ⅜-in. sprinkler-head curve data from Crosby, Fiske, 
Forster, p. 717.

smaller than 8 in. where hydrants as well as sprinkler systems are supplied. 
The branches to individual hydrants should be not smaller than 6 in. (For 
friction losses in mains, see Flow of Fluids section.) Due to its much longer 
life in underground service, cast-iron pipe Class C or-D, American Water
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Fig. 3.—Range of fire streams. Nozzle 
pressures as indicated by pitot tube. Data 
based on experiments by John R. Freeman, 
Trans. Am. Soc. Civil Eng., 21, 303 ¢1889).

Works Association Standard (130 ɪb. or 173 lb.), should be used. Where 
the ground contains corrosive substances, it is necessary to protect the outside 
of the pipe by dipping each length in hot tar, wrapping it in tar paper wired 
tightly in place, and again dipping in hot tar. All joints should be similarly 
protected. Care must be exercised in laying pipe that no foreign materials, 
such as stones or pieces of wood, are allowed to enter the pipe as these form 
serious obstructions. The depth of the mains below the earth surface should 
be sufficient to prevent the water in them freezing in the coldest weather 
experienced in that locality. Further information can be obtained from the 
“Regulations for Outside Protection” published by the National Board of 
Fire Underwriters, 85 John Street, New York, N. Y.

In order to provide flexibility and to facilitate repairs, sectional control 
valves are installed in the mains. Check valves are necessary to prevent 
back flow of water where pressures of the different supply lines vary. State 
laws must be complied with, and special precautions must be taken where 
there is a cross connection between public water supplies and a fire-main 
system which is supplied by non-potable water.

Hydrants and Hose. Hydrants are specially designed to be substantial, 
to provide an unobstructed waterway from the mains to the outlets, and are 
easily operated and arranged so 
that when the hydrant is shut a 
drain at the base opens to allow 
the water in the hydrant barrel to 
drain, thus preventing freezing. 
Hydrants are usually located so 
that at least two streams are avail­
able for each building without the 
use of more than 150 ft. of hose. 
This generally necessitates locat­
ing hydrants not more than 300 ft. 
apart; but where areas are con­
gested, it may be necessary to 
place them much nearer together. 
Hydrants are placed not closer 
than 40 ft. to the buildings which 
are to be protected. The threads 
on the hydrant outlets and the 
threads on the hose should be 
uniform throughout the plant and 
should conform to the public 
standard in the locality. Where 
possible, threads conforming to 
the National (American) Standard Fire Hose Coupling Screw Threads should 
be used (see “A.S.M.E. Code,” Engineering and Industrial Standards 
B-26-1925).

Standard single-jacketed, cotton, rubber-lined mill-yard hose is preferred 
for outside fire protection on industrial plants, due to its flexibility and rela­
tively low friction loss; 2½-in. hose provided with l⅜-in. nozzles is considered 
minimum for outside protection. See the tables on Friction Loss in Fire 
Hose; Discharge of Water through Smooth Nozzles and Sprinkler Heads; and 
Range of Fire Streams.

To save valuable time at the start of ä fire, the hose is ordinarily connected 
directly to the hydrant and is kept in hose houses or in hose boxes at the
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hydrants. These also contain miscellaneous equipment. This hose is sup­
plemented by a reserve supply on hose reels conveniently located throughout
the plant yard.

/marched boardsjcovered 
w!∕h /in oriis equivaler”^

LeaZher ∕∞p two '--≠ 
feethigh Zoprevent/- 
hose rubbing when//.. 

door is open //. ft∕

Fig. 4.—Underwriters’ hose house and equipment. («National Fire Protection 
Association.)

The following table*  shows what is considered to be the minimum distance 
between hose nozzles and high-tension wires, under which there may be 
danger of passage of current to employees holding the hose line.

Table 5. Minimum Safe Distance between Hose Nozzles and High- 
tension Wires

Voltage
Safe distance 1 ⅛-in. nozzle, ft. Safe distance 1 ½-in. nozzle, ft.

Fresh water Salt water Fresh water Salt water

UOO 6 25 9 30
2,200 11 25 16 30
6,600 19 30 29 35

11,000 20 30 30 35
22,000 25 30 33 40
33,000 30 35 40 45

Fire-alarm Equipment. Private fire-alarm systems are necessary on 
practically all plants for promptly notifying the fire brigade and for exit of 
employees. These systems should operate on normally closed, electrically 
supervised circuits. Fire-alarm boxes are of three types:

1. Interfering.
2. Positive non-interfering.
3. Positive non-interfering and successive.
The interfering type of box has no ability to control its circuit once it 

has been started in operation; and hence if more than one box is pulled at or 
about the same time a mixed, a confused or a totally mutilated signal mil 
result.

* By permission of the National Fire Protection Association.
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The positive non-interfering type of box, which is the one most generally

used for plant service, is so arranged that should two or more be pulled at the
same time a definite, accurate signal will be received from one of the stations.

The positive non-interfering and successive type of box is non-inter­
fering as just described but, has the added feature that after the box selecting 
control of the circuit has completed its signal the other box or boxes will 
automatically take control. one after the other; hence the term successive.

Fire-alarm boxes should be installed in conspicuous locations and mounted 
so that accidental operation will not be caused by vibration or j arring. When 
provided inside buildings they should preferably be located near exits. Boxes 
located outside the buildings should be well detached from the buildings. 
Gongs may be located throughout manufacturing buildings, automatically 
coded so that they ring the number of the box pulled. The plant whistle 
may be automatically or manually operated. Recording punch registers 
provide visual as well as permanent records of all signals passing over the 
fire-alarm system. It is good practice to operate a fire-alarm system from 
storage batteries installed in duplicate sets, one set operating the system 
while the other set is in reserve or is being charged. The system should be 
tested daily by actually pulling at least one box. Every box on the system 
should be operated once a month.

BUILDINGS
Type of Construction. Permanent factory buildings should not be of 

frame construction except where necessary to meet manufacturing conditions. 
Non-combustible construction or fire-resistive construction is to be preferred. 
For further details of construction, consult the “Building Code” recom­
mended by the National Board of Fire Underwriters.

Outside Walls (Buildings Other than of Frame Construction). Where 
distance between buildings is limited by uncontrollable factors, and the 
various buildings expose one another, (1) door openings should be protected 
with standard automatic fire doors. (2) Windows should be of wired glass 
in approved steel sash without ventilating sections or with these sections 
arranged to close automatically at time of fire. Under severe exposure, fire 
shutters or cornice sprinklers are advisable. (3) Fire walls Should be para­
peted to prevent spread of fire through roofs.

Horizontal Cut-offs. Where floor areas are large, or where combustible 
construction is involved, fire-wall cut-offs should be provided. These cut-offs 
should be standard fire walls of at least 13 in. of brick or of equal construction, 
with all door openings properly protected with single or double automatic fire 
doors. All other necessary openings through fire walls, such as belt, shaft, or 
conveyor openings, should be suitably guarded to prevent spread of fire. The 
fire walls, where roofs are combustible, should extend through the roofs and 
should be parapeted to a height of 3 ft. Where side walls of the building 
are combustible, the fire walls should be extended out several feet beyond the 
exterior walls.

All new interior partitions should preferably be fire-resistive or at least of 
non-combustible construction.

The following chart shows the relative fire resistances of various types of 
wall and partition construction.

Vertical Cut-offs. In multiple-story buildings, each floor should pref­
erably be entirely cut off from the other floors. Where it is necessary for 
sτairways, elevators, or dumbwaiters to extend through floors, enclosures 
should be provided at least equivalent to the existing floor construction of
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Table 6. Fire Resistance of Walls and 
Partitions*Type of Wall or Partition

Brick*

Reinforced 
Concrete

Load Beoirinq
Hollow Tile*  

(Not partition tile)
Load BearingHolIowTiIe 
Plastered both sides

Concrete Block
Cemenf Plaster 

Metal Lath and Frame

Gypsum Block 

Cement Plaster;Metal 
Lath both sides,wood fmm 
Cement PIasterlMetaI 
Lath one side wood tram<

the building. All openings in these enclosures should be equipped with
automatic fire doors.

All floors should be maintained 
in a good state of repair, and when 
interior changes are made, which 
in any way affect vertical cut-offs, 
proper regard for the spread of 
fire should be considered.

Elevators. Elevators are a 
frequent source of accidents, 
and experience has shown that 
certain safety requirements must 
be met in their construe·*  

. tion. Consideration must be 
given to top clearances, bottom 
clearances, overtravel, overhead 
structures, car and shaft-way 
gates, car speeds, emergency 
stopping devices, and general 
guarding. Experience has demon­
strated the value of the elevator 
as a life-saving device in case of 
fire, and it is therefore important 
from this standpoint that the 
shaft way be of fire-resistive con­
struction in passenger elevators.

Safety requirements for eleva­
tors, hoists, dumbwaiters, and 
escalators are fully covered in the 
“Safety Code for Elevators,” 
American Society of Mechanical 
Engineers, New York, to which 
reference should be 
detailed information.

Exits. While the 
covers the subject in 
way, reference should be made to 
the “Building Exit Code,” the 
National Fire Protection Association, for information in greater detail.

It is important that exits be of ample capacity to accommodate safely and 
properly the employees in 
case of fire and panic and 
to enable them to reach a 
place of safety outside 
of the building in which 
they are working. Every 
factory or working space 
should have at least two 
means of egress from each 
story. These should be so 
located and constructed 
that the occupants will use 
preferentially.

Hours Resistance

* Three-quarter-inch cement or gypsum 
plastering on one side of a brick or tile wall will 
increase the fire resistance by ½ hr. 
Fire-resistance Limits (see chart above) :
A. When combustible members frame into wall.
B. When framing is noncombustible.
C. For bearing walls due to characteristic 

splitting along center of wall.
D. For non-bearing wall.
E. For cinder concrete, load-bearing, or non­

load-bearing wall.
F. For unreinforced partition.
G. For partition reinforced with steel rods in 

joints.
{Compiled from test data of Bureau of Standards 

and Underwriters' Laboratories, 207 E. Ohio St., 
Chicago.)

made for

following 
a general

Arrangements of guards for door openings.

them if a fire occurs, as a matter of course—
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In planning exits for new and old buildings, such factors as the following
should be thoroughly considered: (α) number and location; (&) types; (c) con­
struction characteristics; (d) maintenance; (e) drills.

As far as practi­
cable, doors should 
not be placed so as 
to open directly 
upon moving ma­
chinery, electrical 
equipment, open 
containers of hot 
or corrosive liquids, 
pits, railroad or 
tram tracks.

Where doorways 
open 
upon 
tram, 
lorry, 
tracks,
ing of routes or 
paths with these, 
where view of 
approaching cars, 
etc., is obstructed,
provisions are to be made momentarily to stop pedestrians (see Fig. 5).

Doorways from which 
there is a vertical drop of 4 
ft.-0 in. or more are to be pro­
vided with a hinged gate to 
open inward or sliding gate, of 
strength equivalent to the 
standard railing, not less than 
42 in. in height with midrail.

Where quick egress from 
hazardous operations is neces­
sary, emergency chutes and 
doors should be installed. See 
Fig. 6 and Fig. 7 (1) and (4).

Lighting (see also pp. 2264 
to 2270). Certain factors 
which have been found to 
affect the eyes must be con­
sidered in the design and 
installation of lighting sources. 
Among these are reflection, 
absorption, distribution, diffu­
sion, intensity, steadiness, 
color, and glare. Among the 
controlling practical factors 
are: height, spacing, and size 
of lamps and type of reflectors or globes.

Adequate daylight illumination, properly applied, is the ideal light. Light 
from above is generally better than light from side windows only. Skylights

'Poorway

Movable gangplank 
-^Floor
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and monitor windows should be provided wherever practicable. Large window
areas, equipped when necessary with awnings, window shades or blinds, and
diffusive or refractive glass, together with light interiors, are desirable.

Artificial lighting, which may be divided into four systems, direct, indirect, 
semi-indirect, and local, requires investigation as to the nature of the work 
for which lighting is to be provided. First of all, the intensity of illumination, 
which is expressed in foot-candles, for the various types of work and for the 
various locations in buildings, should be determined.

Table 7. Recommended Intensities of Illumination
Recommended 
Foot-candles

Roadwaysandyardthoroughfares......................................................... 0.5-2
Storage spaces; aisles and passageways in work rooms excepting

exits and passageways............................................................................. 2 — 5
Where discrimination of detail is not essential.................................. 2 — 5
Where slight discrimination of detail is essential.............................. 2 — 5
Where moderate discrimination of detail is essential....................... 5 -10
Where close discrimination of détail is essential................................ 5 -10
Where discrimination of minute detail is essential........................... 10 —20

and above

Adequate information, and desirable practices have been formulated by 
the leading illuminating engineers. Such publications as the “Code of 
Lighting: Factories, Mills, and Other Work Places,” published by the Govern­
ment Printing Office, Washington, D. C., should be referred to when 
investigating lighting requirements.

Ventilation. In considering the subject of ventilation, the following 
factors must be taken into account: amount and distribution of air supply, 
temperature, humidity, motion, velocity, odors, dust, bacteria, and toxic 
or flammable vapors.*

Blower and exhaust systems may constitute fire hazards in themselves 
or may introduce hazards contributing to the causes and the spread of fires, 
even though they are properly located, installed, and safeguarded. Where 
practicable the ducts of such systems should not pierce floors, fire walls, etc., 
which would aid in the spread of fire. If such installations are necessary, 
proper protective devices should be provided at these cut-offs.

The two main divisions of the ventilating problem are: first, proper ventila­
tion for a specified number of people in a confined space; second, the removal 
of harmful or dangerous substances in the air.

A deficiency of oxygen or high humidity in a room where people are working 
will result in excessive fatigue on the part of the occupants. This can be 
overcome by supplying the proper amount of fresh air. The following 
recommendations will serve as examples:

Table 8. Air Requirements
Renewals of Air,

Project Hour
Workshops............................................................................................................. 10-15
General offices...................................................................................................... 4-5
Engine rooms......................................................................................................... 10-20
Boiler rooms........................................................................................................... 10-20
Stairways and halls..............................'............................................................ 1— 2
Mills (light work)........................................................................ ...................... 4- 6

AVhether the air be supplied by windows, a forced-draft system, a suction 
eystem, or a combination of these, depends on the conditions involved.

* Used here as recommended by The National Safety Council.
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If harmful or flammable dusts or vapors are present in the air, it is essential

to keep them below the harmful or hazardous concentration for the particular
dust or vapor in question.

The means of ventilating an enclosure where harmful or flammable dusts 
or vapors are present will usually consist of a hood with a suction fan placed 
in the vortex constructed over the source of the dusts or vapors, to keep 
them from escaping into the room. Where this is not possible, ventilating 
ducts are distributed throughout the room, usually with the suction duct 
being near the floor when the vapors are heavier than air and near the ceiling 
when lighter than air. See “Regulations for the Installation of Blower and 
Exhaust Systems,” National Board of Fire Underwriters, also Safe Practices 
Pamphlets 32 and 37, National Safety Council.

Sanitation. Change houses with lockers, wash rooms, lunch rooms, and 
toilet facilities adequate for all employees should be provided. Hygiene 
among workers is an important factor in combating health hazards and 
makes for efficiency. Change rooms should be separated or located away 
from the working operations. Shower baths should be provided for occupa­
tions where workmen necessarily become dirty or are exposed to poisonous 
dust, fumes, or vapors. In some operations, it is necessary to provide special 
working clothes and also to supervise and to provide washing facilities for 
this clothing.

To insure comfortable and desirable conditions, it is essential to have all 
locker rooms, lunch rooms, showers, and toilets adequately heated, ventilated, 
and illuminated. Cleanliness is necessary in these places, and attention 
should be given to their maintenance.

A drinking-water system with bubbling fountains located at convenient 
places should be installed throughout the plant. When taking water from 
a city drinking-water supply, it can generally be assumed that the water 
is properly protected against disease germs; but if taken from other sources, 
it is essential to make frequent chemical and bacteriological analyses. The 
water should be kept at a constant and desirable temperature, approximately 
45oF., and this is best accomplished by providing a centralized refrigerating 
and cooling plant. Modern electrical refrigerating units can be used if such 
systems are warranted.

Automatic Sprinkler Systems. The automatic sprinkler is the best 
single safeguard against loss of life or property by fire. It is a device for 
automatically discharging water on a fire, and with proper water supplies 
will either extinguish the fire or hold it in check. The automatic feature is 
secured through the heat from the fire which melts a soft solder compound and 
allows the head to operate. In the case of the bulb type of sprinkler, oper­
ation is secured through bursting of the bulb owing to expansion of the 
liquid which it contains. The water is supplied by a piping system, the 
sprinklers being at intervals along the pipe. Sprinkler-system design requires 
expert knowledge to secure proper spacing and location of heads, the proper 
pipe sizes, control valves, and adequate water supplies. All portions of the 
building should be protected. Sprinkler installations should follow present- 
day standards. (See “Regulations for the Installation of Sprinkler Equip­
ments,” National Board of Fire Underwriters.) These regulations require 
adequate water supplies, standard and approved material, heads properly 
spaced and located under various types of ceiling construction, and piping 
properly supported.

Automatic sprinklers are designed to operate at various fixed temperatures, 
their selection depending upon the normal temperature of the space to Ns 
protected as follows:
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Table 9. Operating Temperatures of Automatic Sprinklers

Room temp., oF.
Rating of sprinkler heads, oF.

Solder type Quartz bulb

Under 100.................................................... 155-165 135 Ordinary
100-150........................................................ 212 175)
150-200........................................................ 286 225 f Hard or high test
Above 200.................................................... 360 325)

When corrosive vapors are present, special heads, such as chromium-plated, 
Iead-plated or wax-covered (corroproof) heads, or a combination of these or 
the bulb type should be employed. Where the heads are subject to mechan­
ical injury they are provided with guards.

When the space to be protected is heated, a wet system with water in the 
pipe lines under pressure to the sprinkler heads at all times is installed. 
When installed in unheated spaces, a dry system is used with water held in 
check by a dry valve located in a small heated enclosure, the sprinkler piping 
being filled with air. When a sprinkler head opens, the air pressure is reduced. 
The dry valve then operates and water flows into the system.

Unsealed sprinkler heads (ordinary heads with struts or links removed) 
may be used in conjunction with quick-opening or deluge valves to discharge 
large quantities of water over an entire area or at certain critical points. 
Cornice or window sprinklers may be used for producing a water curtain 
on the outside of buildings to prevent the spread of fire. Unsealed heads, 
and cornice or window sprinklers, may be used in addition to standard 
automatic sprinkler systems. For quantities of water discharged from 
automatic sprinkler heads, see Fig. 2.

Inside Hose. Linen hose is usually used for such equipment, although in 
buildings containing acid fumes, or where there is excessive moisture in the 
air, rubber fire hose may be necessary. Small hand hose can be attached to 
wet pipe sprinkler systems under conditions specified in “Regulations Govern­
ing the Installation of Sprinkler Equipments,” National Board of Fire 
Underwriters. In most cases inside hose is either 1⅝ or 1¼ in. with ⅝-in. 
brass nozzles and stored on semiautomatic hose racks or so located that all 
parts of each story of the building are within 20 ft. of a nozzle for a first-aid 
stream when attached to not more than 75 ft. of hose. For quantities of 
water discharged from inside hose, see Fig. 2.

First-aid Fire Extinguishers. These are designed for incipient fires 
and should be installed in addition tę other equipment, such as sprinklers 
and inside hose. Incipient fires are divided into three groups:

Class A fires are those in ordinary combustible material, where the quench­
ing and cooling effects of quantities of water or solutions containing a large 
percentage of water are of primary importance.

Class B fires are those in oils, greases, flammable liquids, etc., where the 
blanketing or smothering effect of the extinguishing agent is of greatest 
importance.

Class C fires are incipient fires in electrical equipment, where the non­
conducting property of the extinguishing agent is of prime importance.

A unit has been adopted for convenience in measuring fire protection 
afforded by first-aid fire appliances. This unit is composed of from one to 
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five appliances, depending upon the extinguishing value of the kind of 
appliance comprising the unit. For ordinary combustible occupancies and 
extra hazardous occupancies at least one unit should be provided for every 
2500 sq. ft. of floor area or not over 50 ft. of travel from any point to reach 
the nearest unit. For light hazard occupancies one unit should be provided 
for every 5000 sq. ft. or not over 100 ft. of travel from any point to reach the 
nearest unit.

Table 10. First-aid Fire Appliances’ Classification

Kind of extinguisher Classification and 
number of devices

Protection 
from freezing 

required
Recharging

1 ¼ gaɪ. soda-acid..........................................
I ½ gal. soda-acid..........................................
2½ gal. soda-acid..........................................
17 gal. soda-acid (wheeled)...........................
30 gal. soda-acid (wheeled)...........................
33 gal. soda-acid (wheeled)...........................
40 gal. soda-acid (wheeled)...........................
60 gal. soda-acid (wheeled)...........................
80 gal. soda-acid ( wheeled)...........................
1¼ gal. foam..................................................
I y> gal. foam..................................................
2¼ gal. foam..................................................
5 gal. foam.....................................................
17 gal. foam (wheeled)...................................
33 gal. foam (wheeled)..................................
2½ gal. calcium chloride...............................
2½ gal. pump tank........................................
5 gal. pump tank...........................................
22 gal. bucket tank containing 5 standard fire 

pails........................................... ·................
50 gal. cask with 3 standard fire pails...........
12 qt. standard fire pail.................................
12 qt. foam fire pail.......................................
12 qt. sand fire pail........................................
1 gal. loaded stream.......................................
1¾ gal. loaded stream..................................
1 qt. carbon tetrachloride..............................
1½ qt. carbon tetrachloride..........................
1 ½ qt. carbon tetrachloride..........................
2 qt. carbon tetrachloride..............................
1 gal. carbon tetrachloride............................
2 gal. carbon tetrachloride............................
3 gal. carbon tetrachloride............................
7½ lb. carbon dioxide cylinder.....................
10 lb. carbon dioxide cylinder.......................
15 lb. carbon dioxide cylinder.......................
20 lb. carbon dioxide cylinder.......................
50 lb. carbon dioxide cylinder (wheeled) ....
100 lb. carbon dioxide cylinder (wheeled). ..

A-2 
A-2 
A-I 
A-I 
A-I 
A-I 
A-I 
A-I 
A-I

A-2;B-2 
A-2;B-2 
A-I ; B-I 
A-I ; B-I

B-I 
B-I 
A-I 
A-2
A-I

A-I 
A-I
A-5

A-5;B-5 
A-5; B-5 

A-2
A-I ; B-2 
B-2; C-2 
B-2; C-2 
B-2; C-2 
B-2; C-2

B-2; C-I or B-2; C-2 
B-2; C-I or B-2; C-2 
B-2; C-I or B-2; C-2 

B-2; C-I
B-2; C-I 
B-I ; C-I 
B-I ; C-I 

B-I 
B

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Ycs 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes

Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No

Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Renew yearly 
Keep full 
Keep full

Keep full 
Keep full 
Keep full
Renew yearly 
Keep full
Renew yearly 
Renew yearly 
Keep full
Keep full 
Keep full 
Keep full
Keep full 
Keep full 
Keep full
Weigh semi-annually 
Weigh semi-annually 
Weigh semi-annually 
Weigh semi-annually 
Wejgh semi-annually 
Weigh semi-annually

Extinguishers are designed for certain types of fires, as shown in the table 
above. This table also shows: (α) the number of devices required to 
form one unit; (6) whether the device needs protection against freezing; 
and (c) the necessary frequency of recharging. For further details, see 
“Regulations Governing First Aid Fire Appliances,” National Board of Fire 
Underwriters.
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EQUIPMENT
Type. In considering the type of equipment from the standpoint of 

safety, particularly common equipment or that which is not peculiar to 
certain processes, the principal considerations are that it be properly guarded, 
free from projecting shafts, exposed moving parts, and projecting setscrews. 
Machines which are automatically fed should be given preference, and the 
point of operation should in all cases be adequately guarded. Rolls and other 
such equipment where there is the possibility of the employes being injured 
between moving parts should be provided with quick-stopping devices either 
automatically or manually controlled. Remote controls are frequently 
used for machines in which explosive substances are handled. In all cases, 
suitable means should be provided for adequate cleaning without undue 
hazard to the employees. Pressure vessels should be installed in accordance 
with the “Boiler Construction Code,” American Society of Mechanical 
Engineers. Further information on this subject will be found on pages 1804 
to 1806 and in the Safe Practices Pamphlets, National Safety Council.

Location. Equipment should be located to provide adequate working 
areas, aisles, and light. It is advisable to locate machines upon which work 
requiring good light is performed along the walls near windows where daylight 
may be secured.

Guarding. The following section divided into two parts, guarding of 
general machinery, and protection against falling and slipping, covers the 
subject in a general way. Further information may be obtained from the 
Safe Practices Pamphlets, National Safety Council; and “Safety Code for 
Mechanical Power Transmission Apparatus, ” Government Printing Office.

Guarding of General Machinery
Alteration or Replacement of Existing Protective Appliances. These 

recommendations are not to be construed as requiring alteration or replace­
ment of present protective appliances except under the following conditions:

a. Where the protection at present afforded is not adequate and is clearly less than 
that afforded by the standard.

b. Where present protective appliances fail below the requirements of the state.
c. Where present protective appliances are in need of general repair or replacement.

Operation without Protection. New and existing machinery is not 
to be put into operation until adequate permanent or temporary protective 
appliances are in place. If necessary to operate machinery for adjustment 
temporarily without guards, warning signs to be displayed. Defective guards 
are to have warning signs displayed and to be repaired or replaced as soon as 
possible.

Strength. To be of substantial and durable construction. No guard 
or railing to be installed or kept in use which can be broken, collapsed or 
displaced by the weight of a man’s body lurching violently against it.

Material. To be of metal, except under the following conditions when 
wood may be employed:

a. Existing wooden guards which are substantial and otherwise satisfactory.
b. Temporary conditions, where, on account of the uncertain future of the operations, 

impossibility of immediately applying metal guards, etc.
c. In buildings containing explosives, etc., which are readily ignited or exploded by 

spark, and in which the addition of metal is to be avoided.
d. In situations where, on account of the peculiar nature of the process, iron is objec­

tionable or is subject to rapid deterioration.
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Wood is not to be used for protection against belt breakage where likely

to be splintered and thrown, nor for any but temporary installation in build­
ings where its use materially increases the general fire risk, particularly in
forming a flammable connecting link by which flame may travel from the
floor to a flammable roof or ceiling.

Provisions for Oiling and Greasing. Guards to be applied so that it 
will be unnecessary to enter, open, or remove them for routine oiling. Except 
where unavoidable, closed guards shall not enclose bearings, and as far as 
practicable outboard bearings on shafts should be outside filled railings. It 
is permissible to install extension oil pipes (not smaller than ⅝-in. standard 
pipe) through guards, but preferably only under the following conditions:

a. In heated buildings.
b. In buildings not containing explosives.
c. On low- and medium-speed drives.
Where necessary for the lubrication of gears, an opening not over 6 in. 

square may be left in the guard away from the inrunning side of the point of 
mesh, if provided with an attached shutter or cover closing by gravity or 
springs.

Under exceptional conditions, where access to oil and grease cups, etc., 
while machinery is in motion, is essential and can be secured in no other way, 
closed guards may be hinged; or railings and closed guards may be provided 
with a hinged section. In either case these are to be held closed by a latch. 
If this provides access to a moving part, the opening should be ample in size 
and should be situated at the point of travel where least danger is introduced. 
In this case, covers or gates should not be self-closing. No gates or removable 
section for employes to enter railed enclosures to do routine oiling while 
machinery is in motion are permissible. Gates provided for repairs and 
adjustments must be locked.

Oiling Walkways and Platforms. The oiling of overhead shafting by 
means of portable ladders is to be avoided as far as practicable by the installa­
tion of platforms or walkways.

Platforms and walkways should be at least 30 in. in width and are not to 
be less than 24 in., protected on open or exposed sides with standard railings. 
As a general rule, the best location for oiling walkways and platforms is 24 
to 48 in. below the level of the shafting.

Oiling walkways and platforms are not to be located more than 24 in. 
(vertical distance) above the shafting for which they are provided or more 
than 30 in. (horizontal distance) to one side—for best distances see Table 17.

Material and Construction. Sheet or Perforated Metal Guards. 
Not recommended for very large guards or filling in railings on account of 
obstructing view of machinery. Should be galvanized or painted.

a. Gage. In no case, less than No. 22 (0.0313 in.) to be used.
When Largest Side of Guard Does not Exceed 4 Sq. Ft. in Area. (1) Not 

lighter than No. 22 gage to be used if constructed on supporting framework. 
(2) Not lighter than No. 16 gage (0.0625 in.) to be used if not constructed on 
supporting framework.

When Largest Side of Guard is 4 Sq. Ft. in Area or Greater. (1) To be con­
structed on supporting framework. (2) Not lighter than No. 18 gage (0.05 
in.) to be used. (All specifications for U. S. Standard Gage.)

b. Seams and Joints. To be welded, riveted or bolted.
c. Edges and Corners. No exposed sharp edges or corners.
d. Framework. To be constructed of strap iron not less than 1 by ⅜θ in., 

or angle iron not less than 1 by 1 by ⅛ in. made up by welding, rivets, or
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bolts. If bolts are used, corners of large guards to be braced with angles or
gussets. Strength of framework to be proportioned to size of guard.

Expanded Metal Guards. Expanded metal is recommended for con­
structing closed guards for pulleys and large gears and for filling in railings.

a. Gaije and Mesh, (ɪ) Guards within 4 in. of nearest moving part: No. 
18 gage, ⅜-in. mesh. (2) 
Guards not included in (1) : No.
13 gage, l⅜-in. mesh.

b. SeamsandJoints. SeeEig.
8 for permissible methods.

c. Edges and Corners. No 
exposed edges or corners where 
metal has been cut to be left 
unprotected (see Fig. 8, for per­
missible methods). Roughest 
side of metal to be placed in­
ward. All metal to be dipped 
or painted.

<i. Framework. All guards 
to have supporting framework of 
not lighter than l¼-in. iron 
pipe; not lighter than 1 by 1 by 
⅜-in. angle iron; not lighter 
than 1 by ¾ 6-in. strap iron. 
Angle and strap-iron frames to 
be made up by welding or with 
rivets or bolts. If bolts are used, 
corners of large guards to be 
braced with angles or gussets. 
The strength of framework 
to be proportioned to size of 
guard.

See Fig. 8, (3), (5) and (6) for 
methods of fastening expanded

e. Clearance from Moving Parts. While 2-in. is shown as minimum in 
Tables 14, 15, and 16, 4-in. should be used if possible.

Cast-iron Guards. This type of guard is frequently provided on manu­
factured machinery and is satisfactory if providing complete protection.

Woven. Wire-mesh Guards. Where used, the following specifications 
to be observed:

a. Guards within 4 in. of nearest moving part: ⅞-in. mesh, wire not smaller than 
0.063 in. diameter.

b. Guards not included in (α): 1-in. mesh, wire not smaller than 0.105 in. diameter. 
Should be galvanized or painted. General construction to conform with that 
specified for expanded metal.

Wooden Guards, a. Material.
Distance of Guard 
from Nearest Mov­
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Fig. 8.—Framework for expanded metal guards.

metal to framework.
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ing Point, In. Construction
6 or less................................................... Solid panels, not less than % in· thick.
Over 6...................................................... Solid panels not less than ⅜ in. thick

or slats not less than ⅞ by 2 in. with 
not over 1¼ in. between slats and not 
over 4 ft. 0 in. unsupported length.
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As far as practicable to be of sound, straight-grained stock, free from knots
and cracks, and all exposed surfaces dressed.

b. Construction. No nails to be used for securing removable permanent 
guards to structure or machine. Where explosive dusts are present, tongue- 
and-groove boards should not be used and all seams and cracks should be 
filled.

c. Edges and Corners. Edges and corners to be beveled.
d. Framework. The use of a framework is recommended for paneled 

guards and is necessary for slatted guards. Stock should be not less than 
1⅝ by 1⅜ in. or equivalent for small guards. Where metal is not objection­
able, the use of angle braces for reinforcement and for securing to structure 
or machine is recommended.

e. Painting. Permanent wooden guards exposed to acid fumes should 
receive at least two coats of acid-resisting paint.

Method of Securing to Structures, Machines, Etc. Guards protect­
ing parts which must be frequently repaired or adjusted to be applied so that 
they are readily removable and readily replaceable. Such guards to be 
strong enough to retain their shape when removed. If sheet-metal or 
built-up metal guards for this purpose have their edges fastened to the 
structure, machine, etc., these edges must be reinforced with angle or strap 
iron for their full length.

Nails or staples not to be used for attaching metal guards. Use bolts, 
screws, or sockets. No unreinforced sheet metal is to be used for supporting 
guard unless washers are placed under heads of bolts and screws.

Table 11. Design of Railing Guards, (α) Material and Sizes

Project
Minimum requirements

Pipe railings Angle-iron railings Wood railings

Height of top rail above floor........................................ 42 in. 42 in. 42 in.
Height of center of mid-rail above floor........................ 21 in. 21 in. 21 in.
Spacing of posts or stanchions....................................... 8ft. 8 ft. 8ft.
Size of posts.................................................................... 1 ⅛-in. pipe 2 × 2 × ½ in. 2 × 4 in.
Size of top-rail................................................................ 1 ½-in. pipe 2 × 2 × ⅛ in.

1 ⅛ × ⅜ in. 
(strap iron)

2 × 4 in.
Size of mid-rail................................................................ 1 ½-in. pipe 1 × 6 in. (full) 

or 2 × 6 in.

The use of railings without mid-rail is not permissible.
Toeboards. Iron toeboards to be ¼ by 6 in. on edge; wood toeboards to 

be 1 by 6 in. on edge; concrete toeboards (curbing) to be at least 4 in. wide by 
6 in high, bonded in.

Where toeboards are objectionable from their tendency to collect snow or 
ingredients, they may be raised a maximum of 1 in. above the platform.

b. Pipe Railings. Screwed fittings to be used. Where subject to rough 
usage, as on trestles, posts should be 2 in.

c. Angle-iron Railings. All joints riveted, bolted or welded. The use of 
angle iron where expanded metal is used as filler is recommended as prefer­
able to iron pipe.

d. Wood Railings. Material to be sound. Hand and mid-rails to be 
dressed on all four sides, and edges of hand rails beveled. Hand rails to be 
set with longer dimension horizontal. Posts to be set with longer dimension
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perpendicular to hand rail. Where subject to rough usage or where iron
pipe or cable is used for hand or mid-rails, posts to be at least 4 by 4 in.

Method of Securing to Structures. Pipe and angle-iron railings to be
secured as follows:

a. To wood by flanges or angles secured by lag or through-bolts.
by sockets at least 4 in. deep, securely fastened down by flanges.
by socketing in holes bored through timbers not less than 4 in. thick, 

provided that a flange or similar device is employed to keep the post 
from slipping down.

b. To concrete by setting in the concrete at least 6 in. deep when poured.
by drilling at least 6 in. deep and grouting with cement grit, 
by flanges secured through multiplex floore by bolts.
by sockets at least 6 in. deep set in or grouted into the concrete.

c. To brickwork by flanges secured by through-bolts.
by drilling to a sufficient depth and setting in pipe or flange with 

anchor bolts and concrete.
d. To metal work by flanges with through-bolts or rivets.

by sockets at least 4 in. deep, bolted or riveted.
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The Following Methods Are Not to Be Employed. Flattening pipe, 
drilling, and bolting; fastening flanges with nails or wood screws, with bolts set 
in lead, with screws set in wooden plugs, or with expansion bolts.

Wooden railings are to be secured as follows:
By nailing only where at least 12 in. bearing surface on cross-timbers ma3r be secured. 

See Fig. 10.
By nailing where at least 4 in. bearing surface on cross-timbers may be secured together 

with one diagonal bracing on each post. See Fig. 10.
By toe nailing only where post may be rigidly braced. Post bracing must not project 

`nto footways.
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tj-36" ∙⅛∣ z < Toeboards

Fillers. Expanded metal, sheet and perforated metal to be used for
filling in railings. Method of attachment is shown in Eig. 8 (3), (5), and (6).
U edging is recommended for binding the edges of expanded metal.

Toeboards (as protection for machinery). To be used where a slip or 
projection of the foot under the railing would bring about a close proximity 
to moving machinery and around the edges of belt pits and belt openings.

Guards for Belts and Pulleys
General Protection. All belts and pulleys within 7 ft. 0 in. of ground, 

floor, platforms, stairs, and walkways to be protected against contact.
Minimum requirements for guarding are given in:

Table 14. Guarding Specifications for Simple Vertical Belt Drives. 
Table 15. Guarding Specifications for Simple Inclined Belt Drives. 
Table 16. Guarding Specifications for Simple Horizontal Belt Drives.

Where more than one drive is protected by the same railing or closed 
guard, the protection must conform to the minimum requirements for any 
of the enclosed drives.

Passage through Belts. To be prevented by installation of railings or 
closed guards. Where absolutely essential, a railed passageway not less 
than 36 in. wide between upper and 
lower run of belt may be provided, to 
have solid floor and to be completely 
closed with expanded metal on sides 
and top and carried out to side railings. 
Side railings along belt must be filled 
with expanded metal from floor or 
toeboard to top of railing for a distance 
of 36 in. on each side of passageway, if 
within 36 in. of belt. See Fig. 11 (1).

Passage over Belts. To be avoided 
as far as practicable. Where unavoida­
ble, double railed steps at least 36 in. 
wide with solid riser or backing, leading 
up to a double railed platform at least 
36 in. long to be provided over belt. 
In the case of belts 18 in. in width 
or over, railings to be filled in (expanded 
metal, etc.) ; otherwise toeboards to be 
installed. See Fig. 11 (2).

Protection against BeltBreakage. 
Belt barriers for very high speed belts 
not generally recommended because of 
the probability of their being thrown. 
Where used, to be firmly anchored to 
floor only.

Routes*  and stations! as well as important control centers, such as switch­
boards and grouped steam valves, and, in general, any equipment the break-

* Refers to general paths, passages, walkways, exits, stairs, ladders or aisles used fre­
quently by building employes and others.

t Refers to regular working stations of employes where they are apt to remain for 
some time—including work benches, desks, lunch tables, lavatories, bulletin boards and 
similar congregating places.

Fig. 11.—Arrangement of passages
through belts and over belts.
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ing of which would cause a serious accident should not be located under or in
direct line with heavy high-speed belts. Where this is unavoidable, the
following protection to be applied:

Belt width Belt speed Overhead protection End protection

Up to and including 8 in. or over 18 in..................... Any Non.
8 to 12 in., inclusive.............................................. 3000 ft per Belt barriers

min. and over trough
Over 12 in., and up to and including 18 in............... Any Continuous trough Belt barriers

Belt barriers to consist of structural steel with vertical members extending 
from floor to not less than 24 in. above run of belt. Maximum height of 
barrier, 84 in. Barriers to be 
securely braced or stayed.

Belt Clearance. A clearance 
exceeding the width of the belt by 
one-fifth to be provided between 
edge of pulley and structures and 
between edge of pulley and bearings 
or stationary objects. Overhead 
belts that are frequently removed 
from the pulleys and allowed to 
hang on the shafting should be pro- Nofch to ho. 
vided with belt perches. See Fig. Shifterinposition 
12 (1) and (2).

Belt Lacing. Metallic belt 
lacing or fasteners not to be used 
on hand-shifted belts.

Pulley Speeds and Mainte­
nance. Maximumpermissiblerim 
speed of pulleys or flywheels varies 
with the material used and type of 
construction but in general should 
not be in excess of 3000 ft. per min. 
for cast-iron flange-jointed wheels, 4700 ft. per min. for cast-iron link-jointed 
wheels, and 6000 ft. per min. for solid cast-iron wheels.

Laminated wood pulleys not to be installed or run where continually sub­
jected to the action of moisture.

Belt Hoingeri

'Ieironframework
Belt Perch for Horizontal Belts 

Corof for reiectsinq Ictfch 
l∖ /V fl—√C≤≤i7τ,
∖

(3) β
Belt Shifter 
Locking Device

f⅛fMtor.
Side Elev. (4) End Elev/' 
Side Shield for Pulley 
Closeto Bearing

∣⅜ξ
jΓ"^⅛

For Continuous Shaft For Shaft End
Fig. 12.—Belt perches, clearances, and side 

shields.

Pulleys not regularly in use to be removed from shafting, etc., which is 
in continued operation.

The use of short, heavy drives with adjustable belt tightener pulleys to 
be avoided wherever practicable.

Belt guides of any character (except special pulleys designed for the pur­
pose) not to be installed for the purpose of keeping belts on pulleys or keeping 
belts from working off into contact with other objects.

Belt Shifters and Clutches
Provision. If in a group drive it is necessary to stop the individual 

units in the course of normal operation or for frequent adjustment, sufficient 
tight and loose pulleys with belt shifters, clutches, etc., to be installed to 
obviate the necessity of throwing belts on or off moving pulleys by hand.
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Arrangement. Control levers, etc., to be accessible from a safe position

outside railings or guards and located where not readily exposed to accidental
contact. All control levers, etc., to automatically lock themselves in the
off position and to be arranged for permanent locking in this position by means
of a padlock. See Figs. 12 (3) and 14.

Tight and loose pulleys to be arranged so that the loose pulley is readily 
accessible for lubrication.

Belt shifters and clutches controlling the transmission of power to rooms 
other than those in which they are located to have extension controls in 
such rooms, arranged for padlocking in the off position.

Belt shifters, clutches, etc., controlling the motion of such machines as 
mixing rolls, calenders, and pickers, which, while in motion, are fed by hand 
from a point close to the intake, to 
have control within easy reach of 
the operator’s working position. 
In the case of group drives, group 
control to be within easy reach of 
operators of all machines in the 
group.

Guarding. Friction clutches, 
unless of the safety type (no revolv­
ing projections whatsoever), to be 
completely enclosed. See Fig. 13 
(6).

Gear and Friction Drives. 
Guarding. All power-driven or 
hand-operated gears or friction 
drives up to 6 ft. 0 in. in diameter, 
wherever located, to be completely 
enclosed as specified under “Use 
and Design of Closed Guards.” 
Provisions for oiling and greasing to 
be made. Gears over 6 ft.-0 in. in 
diameter constitute special cases 
which must be considered on their 
own merits. Where it is impracti­
cable to totally enclose them, pinion
and point of mesh should be covered and operators or oilers protected from 
contact with gear teeth and spokes.

Where frequent adjustments are necessary with the machinery in motion 
the installation of a railing or general guard, protecting other moving parts 
as well as the gears, does not obviate the necessity of separately enclosing the 
gears.

Chain and Sprocket Drives. Guarding. All hand-operated or power- 
driven chain and sprocket drives to be protected as specified for belts and 
pulleys.

Sprocket chains located over 7 ft. above routes and stations, which in 
breaking would endanger those beneath, to be provided with troughs or 
netting.

Provisions for oiling and greasing to be made.
Rope and Cable Drives. Guarding. To be protected as specified for 

belts and pulleys.
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Shafting
Revolving Projections. No projecting setscrews, bolts, keys, etc., on 

shafting, pulleys, gears, etc., unless protected by closed guards (not railings). 
See Fig. 13 (1) and (5). Safety couplings (flanged) and safety collars 
without guards are permissible if bolts and setscrews do not project beyond 
flanges.

Ends of shafts and arbors which project beyond bearings, etc., to be cut 
off flush or completely enclosed. See Fig. 13 (7 and 8). Absolutely smooth 
shafts over 2 in. in diameter without key ways are allowed an unguarded 
projection beyond bearing of not over 1 in.

Guarding Vertical and Inclined Shafts. All vertical or inclined shafts 
(regardless of speed) which are exposed to corttact to be protected in either of 
the following ways:

a. By sheet or expanded metal enclosure covering all exposed portions up to 6 ft. above 
ground, floor, platform, walkway, etc.

b. Protection on all exposed sides by standard 42-in. double railing located not less 
than 36 in. away from shaft.

Guarding Horizontal Shafts. All horizontal shafts within 7 ft. 0 in. of 
ground, floor, platform, walkway, etc., to be protected against contact. 
Minimum requirements for guarding are given in Table 17 and Fig. 28.

Guarding Pulleys on Horizontal Shafting. Protection to be applied 
in accordance with Tables 14, 15, and 16 combined with Table 17.

In the case of line shafting protected by open railings, it is permissible for 
the face of large pulleys to be within 6 in. (horizontal distance) of railing, 
provided sides of 
pulleys and especially 
the on-running points 
of the belts are prop­
erly protected.

Where the sides of 
pulleys on shafts from 
24 in. below the floor 
or platform to 66 in. 
above are closer than 
12 in. (horizontal dis­
tance) to the bearing,

Friction

Fig. 14.—Guards for line shafting and pulleys.
side sliields must be 
installed. Where the sides of pulleys on shafts more than 66 in. above the 
floor or platform are closer than 18 in. to the bearing, side shields must be 
installed. See Fig. 12 (4).

Side shields must cover at least one-half (180o) the side of pulleys up to 48 
in. diam. and should extend out at least 2 in. beyond the face of the pulley and 
4 in. beyond the bearing. On pulleys oiled from above the shield is to cover 
the upper half on the horizontal diameter. On pulleys oiled from the side or 
from below, the shield is to cover the nearer half on the vertical diameter 
except that in case of exposure on both sides of shaft, entire side is to be 
covered. In relation to the edge of the pulley, shields should be either located 
with an intervening space exceeding the width of the belt by one-fifth, or 
located within 2 in. or less of the pulley.

For arrangement of side shields and for guarding of typical line shafting,.
see Fig. 14.
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Protection against Falling and Slipping

Elevated Platforms, Walkways, Etc.
Railings. Standard railings to be installed on all open sides and ends 

from which there is a vertical drop of 4 ft. 0 in. or more. Railings may be 
desirable at even lesser heights under special conditions.

Toeboards. To be installed

α. On railings set at the edge of platforms, walkways, floor openings, etc., from which 
there is a vertical drop of 6 ft. 0 in. or more.

b. When immediately above moving machinery, open tanks of hot or corrosive liquids.

Fillers. Fillers between platform and mid-rail or platform and top rail 
are desirable under special conditions—for instance, on fire escapes and as 
protection against moving machinery.

Floors, Platforms, Paths, and Roadways
Slipping Hazards. Where grease, caustic, graphite, sawdust (on wood 

floors), paraffin, etc., contribute toward slippery conditions, choice of surfacing 
to receive careful consideration and 
non-slip material, such as feralun, lead, 
rubber matting, and expanded metal, 
to be inserted where necessary and 
practicable, especially at all dangerous 
hand-fed machines (calenders, circular 
saws, jointers, etc.). See Fig. 15 (1).

Floor Plates. Floor plates, flush 
covers, trapdoors, etc., to be set flush 
with the floor with no projecting fit­
tings. Smooth metal not to be used 
for this purpose.

Gratings. As far as possible to be 
set with parallel members across the 
direction of travel, especially at emer­
gency exits. Ample bearing surface to 
be provided, and gratings to be pre­
vented from shifting.

Changes in Level. Abrupt minor 
changes in floor level to be avoided. 
Where existing or unavoidable to be 
treated as follows:

a. By railing to prevent passage across 
the obstruction.

δ. By installing inclines at an angle of 
not over 20o with the horizontal.

c. By steps. If difference in level is between 6 and 10 in., which may be considered 
as one step, a l⅛-in. projection or “nosing” should be provided along its edge.

Trenches and Excavations. Floor openings, trenches, excavations, 
etc., of a temporary nature to be clearly indicated, if necessary by railing or 
roping off during the day with the addition of temporary lights after dark if 
area is not thoroughly illuminated. All permanent openings of this character 
inside buildings or across regular routes outside to be covered or fenced off.
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Traps and Hatches. To be 
provided with flush doors or covers, 
having swinging guards with stops to 
hold them open in a position some­
what beyond the vertical [see Fig. 16 
(1)] or to be protected on at least 
three sides by railings with toeboards, 
etc. See Fig. 16 (2). Traps and 
hatches set flush in platforms, floors 
or other footways to be protected by 
fixed or hinged grids with strong bars 
not over 6 in. apart, in addition to the 
trapdoors or covers, unless standard 
railing protection is provided. 
Where materials are discharged 
through such grids, bars may be 
placed farther apart, but should be 
as near 6 in. as practicable.

Foot Clearance for Footways. 
Piping, valves, steamtraps, diagonal 
braces, guys, etc., not to project into 
footways from the side or through the 
floor to form tripping hazards. 
Where unavoidable, their presence to 
be indicated by railings or by fender 
boards or markers, painted white and 
at least 3 ft. 6 in. high. See Fig. 16 
(4). The boundaries of aisles in 
shops and manufacturing buildings, 
the floors of which may be congested, 
should be denoted by painting 4-in. 
Btripes of white paint on the floor; 
materials and trucks not in actifal 
use should be kept back from the 
areas so indicated.

Piping on Floors. Piping 
should not be installed across routes 
either on or just above the floor. 
Where unavoidable steps or inclines 
are to be provided as shown in Fig. 
17 (2), (3), (4).

Projections into Footways. 
Equipment to be arranged to avoid 
the projection into footways of such 
obstacles as clutch and belt-shifter 
levers, post indicator and hydrant 
wrenches, valve stems, etc. Where 
unavoidable, they are to be guarded 
by railings or indicated by fender 
boards, etc. Valve wheels to 
used instead of inverted L- or 
extension valve handles.

Lighting. Ample natural 
artificial lighting to be provided

be 
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and maintained for routes and footways, stairs, exits, and where any of the
foregoing obstacles to safe travel are present. Such lights to be so arranged
that deep shadows and glare are minimized.

Stairs
Angle. Angle with the horizontal should not exceed 45o; best angle, 35o.
Risers and Treads. Height of riser [see Fig. IS (3)] should not exceed 

9 in. and be preferably 8 in. All risers must be equal, including first step 
above and below floors. Width of tread should be not less than 9 in. and 
preferably 10 in. Nosing to be not less than ¾ in. or more than 1¼ in. All 
treads and nosings must be equal. Best practice gives sum of riser and 
tread (exclusive of nosing) as 17⅝ in.

Table 12. Angles for Various Risers and Treads

Riser, 
in.

Tread, 
in.

Angle of stairs 
with horizontal

6½ 9 35o 50'IO 33o 2'11 30o 38'12 28o 28'
7 9 37° 53'10 35° 0'11 32o 30i12 30° 15'
7¼ 9 39° 42'10 36o 53'11 340 18'12 32o 0'8 9 41o 36'10 38o 40'11 36o 1'12 33o 42'8¼ 9 43o 21'10 40o 22'11 ∙370 42'12 35o 18'
9 9 450 O'10 41o 59'11 39o 17'12 36o 52'

Width of Stairs. Width of stairs consisting of over three steps should be 
not less than 36 in. Special stairways for infrequent use (oiling walkways, 
etc.) may be narrower but should not be less than 30 in.

Landings. Length and width to be not less than width of stairs. Spiral 
stairs and winders (steps set at an angle to the main flight) not permissible on 
new construction. Landing platform or clear space at least 36 in. deep to be 
provided at the foot of all stairs.

Doors. No doorways with doors hung to swung toward stairs except where 
stair platform at least 36 in. wide is provided. Door sills should be on same 
level as platform. Doors to be arranged to swung back so as not to block 
platform or stairs extending to upper landings.

MaterialandConstruction. a. Wood. Treadsnotlessthan 1-in. board, 
clear sound stock, securely nailed. Treads to be supported directly by side 
members and not by cleats nailed to same or to wall. Front edges of treads to 
be slightly rounded. No cleats or other projections on treads are permissible.
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b. Metal. Treads of smooth metal or parallel rods not permissible. Metal 
stairs with narrow treads (less than 9 in.) are classed as ladders and should 
not be used except at angles less than 65o with the horizontal. Except in 
special cases (step ladders, engine-room ladders, etc.) they are objectionable 
and round-rung ladders are preferred.

c. Concrete. Treads should be roughened, preferably by mixing in abrasive 
materials, unless (as is desirable on much used stairways) patented non-slip 
Ireadsareinstalled.

Railings. Handrails with mid-rails to be provided as specified for plat­
forms and walkways. Standard height of railings : 42 in. above center 
of tread. Lower posts should be set at extreme bottom of stairs with hand- 
and mid-rail terminated at this point, thus avoiding dangerous projections. 
Stairways built against the wall to have outside railing and if 4 ft. or more in 
width to have inside handrail with 3 in. clearance from wall. Completely 
enclosed stairways to have at least one handrail and if over 4 ft. in width, 
handrails on both sides. If a space is left between side of stairs and wall, 
complete double railing to be provided. See Fig. 15 (3).

If materials are piled around stair wells, railings should be entirely filled 
or stairwell enclosed.

Ladders

Arrangement of ladders on 
elevated tanks.

General Use. For continuous operation or frequent attendance, stairs 
should be installed in preference to ladders wherever practicable. Ladders 
should not be used for emergency exit.

Specifications for Iron or Steel 
Ladders (Fixed Ladders). a. String­
ers. Not less than 2 by ⅛ in. or 
equivalent. Iron pipe should not be 
used for stringers. Width between 
stringers not less than 14 in. Sharp 
edges, burrs, etc., to be removed.

b. Rungs. Notless than ¾-in. diam. 
round bar to be used. Rungs to be 
spaced uniformly not less than 12 in. or 
more than 15 in. center-to-center. To 
be smooth and secured against turning.

c. Splice Plates. Cross section 
equivalent to stringers. To be double 
riveted or bolted to stringers.

d. Brackets. Cross section of sup­
porting brackets to be at least equiva­
lent to cross section of stringers. To 
be riveted or bolted to stringers and 
structure. Brackets to be spaced not 
more than 10 ft. center-to-center, 
except in the case of ladders 14 ft. or 
less in length.

e. Stack and Elevated Tank Ladders. U-bars without stringers are permissi­
ble for stack ladders but are not recommended for use elsewhere. Diagonal 
bracing (lattice) on structural steel of elevated tanks, etc., not to be accepted 
as equivalent to a ladder. Elevated tank ladders not to be carried up outside 
of balcony but through a hatchway provided for the purpose. Fig. 18.
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f. Ladders with Flat Tread. Not to be used except on special work such

as engine rooms. Vertical distance between treads should not exceed 10 in.,
and width of treads should not be less than 4⅝ in. Angle of ladder should not
exceed 65o. Handrails to be provided.

Placing of Permanently Fixed Ladders, a. Angle. Ladders should 
not be set at Jess than 70o with the horizontal.

b. Length. Where practicable, ladders over 30 ft. in length which are 
used frequently should be broken by installing one or more platforms. It 
is further recommended that such ladders, if vertical, be equipped with cages 
of vertical slats surrounding them. See Fig. 19 (2).

c. Clearance. Minimum permissible clearance for stationary ladders:

Table 13
Clearance, back of rungs (to structure)........................... 5 in. (7-8 in. preferable)
Clearance, front of rungs........................................................ 30 in. ( 36 in. preferable)
Clearance, side of stringers.................................................... 3 in. ( 6 in. preferable)
Clearance from any part of ladder to shafting, pulleys,

etc................................................................................................ 36 in. unless same are enclosed.

d. Cleating and Bracing. Ladders to be securely fastened at top and at 
every 10 ft. of length.

e. Platforms and Hatchways. As far as practicable ladders to be so placed 
that a rung is directly opposite the platform level. See Figs. 19 and 20.
Carryinq Moler 
through p!atf0rrd"'
preferable io . 
placing it outside

-ηjr~

(2)
Platform for Ladder 

Over 30ft in Length 
LadderThrough 
Platform and Ladder 

Cages

Fig. 20.—Arrangement of ladders at 
hatchways and platforms.

Platfbnn for Ladders 
t Under 30ft. in. Leng th

Fig. 19.—Arrangement of ladders at 
platforms.

Stringers to extend 42 in. above the platform at which they terminate. 
If in special cases this is impracticable, suitable hand grips to be provided.

If both stringers rest directly against the outside edge of the platform at 
which they terminate, the rungs are to be omitted above the platform and 
the railings are to terminate close to the side of each stringer. In this case 
the inside width of the ladder at the top must be at least 14 in. If ladder is
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Where ladders are used exclusively

Tobe Coveredwith rubber 
hose in danger buildings

MJironhoo,

Carrzage
i⅛t bolts

(O
Hooks for Tops of '*v V*^ -Portable Ladders casehardenedtpoints

(2)
Steel Spuds for Ladders

Contact Surface ofFerahS Safety f)era⅛ ≡⅞e+7
Ladder Feet Ladder Foot

i. 21.—Types of safety feet for ladders.

placed at right angles to railing, a 24-in. opening in the railing should be left
at one side for access. See Fig. 19 (1) and Fig. 20 (1).

Ladders carried continuously up through intermediate platforms should,
wherever practicable, pass through hatchways rather than outside the balcony
railing, unless ladder is provided with cage.

All open-ladder hatchways to be protected on three sides with standard 
railing and toeboard. The opening in the railing is to be on the less exposed 
of the two sides next the ladder. See Fig. 20 (2).

Portable Ladders (Straight Side, Round-rung Wooden Ladders). 
a. Length. Maximum length 30 ft.

6. Non-slip Feet. All portable ladders to be shod with spikes, sharpened 
points, or safety feet securely fastened, 
on shafting at a uniform height, metal 
shafting hooks may be substituted. 
See Fig. 21 (1), (2), (3), and (4).

Note. Portable ladders are unsafe when 
resting on metal flooring. They should be 
secured or held.

c. Portable ladders for permanent 
use in certain buildings should be 
clearly marked with the name pf the 
building.

Step-ladders. Not to exceed 15 ft. 
in length, to be of . substantial construc­
tion and are to be provided with rigid 
automatic braces between both pairs of 
front and back rails. For every foot 
of length they should be at least 
1 in. wider at the bottom than at the 
top.

Inclines, Gangplanks, and 
Wheeling Walks. Design and Con­
struction. a. Width to be not less 
than 30 in. and angle not greater than 1 
20o with the horizontal.

b. Permanent or temporarily fixed inclines or wheeling walks to be railed 
as provided for platforms. Where absolutely necessary for unloading bales, 
etc., removable rails, gates, or chains may be introduced. Where trucks or 
barrows are used, inclines, etc., to be at least 36 in. in width with guard-rails 
at least 4 in. high securely fastened to flooring; floor boards are to be properly 
secured against spreading. See Fig. 7 (3). For double trucking a width of 
at least 60 in. should be provided.

c. Movable gangplanks to be cleated or otherwise secured to prevent 
shifting. See Fig. 7 (2). Smooth metal not to be used for gangplanks.

Skids. Permanent skids used for receiving or storage of drums or barrels, 
which are elevated above the ground or floor, are to be planked solid between 
each pair of rails. Between each pair of skids a 12-in. running board should 
be provided and the clearance between the ends of drums at this point should 
not be less than 12 in. See Fig. 22 (1).

Tanks, Vats, and Pans. Location. At least 36 in. separation to be 
provided from open containers of hot, corrosive, or otherwise dangerous 
liquids to routes passing alongside and 72 in. separation to stations. Passage-
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space Deiow ɪɑnks Contoiining Hot 
OrCorrosive Liquids Rciiledoft

Fig. 22.—Arrangement of drum skids 
and railings under tanks.

ways between. two rows of open containers or between a row of open containers
and wall, railing, etc., to be at least 72 in. wide.

Protection of Routes and Stations below Tanks. Routes or stations 
should not be situated directly below 
open containers of hot, corrosive, or 
otherwise dangerous liquids, or where 
subject to their leakage or overflow. 
Where this cannot be avoided, they are 
to be protected by roofs, tight floors, 
pans, etc., properly drained to discharge 
to a safe point or by the provision of 
adequate overflow pipes or gutters, or, if 
necessary, by both.

Unused spaces directly below any 
tanks containing hot, corrosive, or other­
wise dangerous liquids to be railed off 
and standard danger signs posted. Such 
railings should be located 72 in. out from 
outermost edges of tanks or platform 
overhead. See Fig. 22 (2).

Railings and Curbs, a. No open 
tanks, vats, or pans to be installed with 
upper edge less than 6 in. above the p 
adjacent floor level.

b. Open tanks, vats, or pans over 5 ft. 0 
in. in diameter (or, if rectangular, over 4 
ft. O in. in width or length) to have upper 
edges at least 36 in. above adjacent floor level or to be protected on all accessi­
ble sides by standard railings, covers, or hoods, 
permit, the upper edges of 
such tanks not otherwise 
protected should be at least 
3 ft. 6 in. above the ad­
jacent floor level.

c. Where necessary for 
filling, sampling, etc., such 
railings may be broken with 
offsets or inclined sections, 
provided that distance be­
tween top of tank and mid­
rail and between mid-rail 
and top rail is not greater 
than 24 in. Or tanks may 
be traversed by walkways 
with standard. railings.

Atleoisi- ->

Permoinenf Skids for DrUms

Where operating conditions

vυiuiλ 0(,αnuαιu ιe⅛ιιιιι⅛⅛⅛. R0∣iH.∏gs OiroundToinksjArrciiiged for Sampling and Charging 
Gates or chains may be ^ɪɑ*  2'θ,—Arrangement for railings and curbs around 
introduced into railings open tanks∙
only where absolutely necessary and then are to be permanently secured so 
as to be movable but not removable (see Fig. 23).

Walkways and Platforms, a. To be provided on or above any tanks 
for reaching bearings, valves, and other appliances, so that it will be unneces­
sary in the course of normal operation and attendance to step or stand 
directly on any tank or to place ladders close to open tanks.
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b. Ii directly over any uncovered portion of a tank containing hot, corro­
sive, or otherwise dangerous liquids, to be provided with standard railings 
with toeboards, and, if necessary, with splash boards.

c. Walkways over 30 ft. 0 in. in length, passing over or close to tanks 
containing hot, corrosive, or otherwise dangerous liquids should be provided 
with facilities for escape at both ends. Wherever practicable, steps, rather 
than ladders, should be installed for this 
purpose and are to be located where not 
subjected to splash, leakage, or overflow.

d. Permanent ladders are not to be 
located close to the sides of tanks contain­
ing hot, corrosive, or otherwise dangerous 
liquids for purposes of observation or at­
tendance. For such uses or for the opera­
tion of isolated acid and caustic valves 
frequently operated, small platforms at 
least 36 in. wide should be installed pro­
vided with ladder or preferably with stairs 
leading away from side of tank or valves.
See Fig. 24.

e. Where repairs, cleaning, etc., are of 
frequent occurrence, suitable permanent 
platforms or walkways to be provided for 
this purpose.

Location of Controlling Devices. 
Valves, belt shifters, clutch levers, and 
other controlling devices to be located at 
least 36 in. away from edges of tanks con­
taining hot, corrosive, or otherwise danger­
ous liquids, unless provided with extension 
control operated from a similar distance
or positively protected from splash or overflow. 
valve aS a substitute for relocating or extending the control of the regular 
operating valve is not permissible.

Operating Ptatform for Observation

Fig. 24.-—Platforms for observing 
tanks.

The addition of an emergency

Tables
Tables 14 to 17 give the minimum requirements for all permissible guarding 

of simple vertical, inclined, and horizontal belt drives and horizontal shafting, 
respectively. For each relation of pulleys to each other or to the floor, 
etc., all permissible arrangements of guards are given in tabular form, each 
illustrated diagrammatically by sketch on the corresponding Figs. 25 to 28. 
The choice of best arrangement for any given case must depend on local 
conditions, but for new work, as a rule, preference should be given the closed 
guard over the railing. Information on the standard materials and detailed 
construction of these guards and railings is contained in the foregoing text.
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Fig. 26.—Guarding of simple inclined belt drives.
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PROCESSES
Closed Systems. In the design of process equipment which is to handle 

corrosive, poisonous, or otherwise dangerous substances, preference should 
always be given to closed systems. Where this is not possible, particularly 
in the case of poisonous dust or gas, special ventilating units which remove 
the harmful substance at the point of origin should be considered.

Flammable Liquids. The storage and handling of volatile, flammable 
liquids require that certain precautions be taken to minimize the hazard. 
The inherent fire and explosion hazard, depends not only on its flash point, 
but also upon the apparent ignition temperature, explosive range, vapor 
density with respect to air, diffusibility of the vapor in air, etc. While data 
on these properties are incomplete at the present time, and those published 
by different authorities vary, the following table indicates the relative hazard 
of certain liquids (see also pp. 2914 to 2916).

Table 18. Fire Hazard of Flammable Liquids and Gases*

*Based on “International Critical Tables” (McGraw-Hill), and publications of the InterstaU Com­
merce Commission, the Underwriters’ Laboratories, Inc., and other sources—by permission.

Any volatile liquid which gives off flammable vapors at or below ordinary 
room temperature is considered hazardous from the fire prevention standpoint 
and warrants special consideration. The following definitions may be helpful 
when analyzing situations which involve the use of such materials:

Explosive range

Fluid
Flash 
point, 

oF.

Apparent 
ignition, 

oF.
Lower 
limit, 

per cent 
in air

Upper 
limit, 

per cent 
in air

Vapor 
density 

(Air = 0

Acetate, Ethyl.................
Acetone............................
Alcohol, Amy).................
Alcohol, Methyl..............
Alcohol, Ethyl (absolute) 
Acetylene.........................
Benzine............................
Benzol (benzene).............
Butane... .........................
Carbon bisulfide...............
Ether, Ethyl....................
Ethane.............................
EthyIene..........................
Ethylene glycol................
Ethyl chloride..................
Formaldehyde..................
Gasoline (casinghead).... 
Gasoline (motor).............
Hexane.............................
Hydrogen.........................
Hydrogen sulfide.............
Methane...........................
Pentane............................
Propane...........................
Propylene.........................
Pyridine...........................
Toluol..............................

0 to 8044.6 to 55

762.8- 824 ' 475932 -1079805212 - 275356 - 398950 -11661007.6-1016.6775 - 975

903 -10551118 -1235660 - 856887737 - 850

588870

497513 - 536479 - 5161076 -10944821202 1382
900 1026 -1027

2.3 11.42.0 9.0-13.01.485.5 - 7.05 21 -36.52.8 - 4.0 9.5-17.02.5 - 2.6 55.0-82.01.4 - 2.5 4.8- 5.91.41- 2.7 6.y- 8.01.5 - 1.9 6.0- 8.5LO - 1.06 50.01.0 - 1.71 6.0-48.03.0 - 3.3 10.6-15.03.0 - 3.4 34.0-35.03.23.6 - 4.0 11.2-14.84.0 13.61.3 6.01.4 - 2.0 6.01.1 - 1.2 4.24.Γ- 8.0 75.0-80.04.5 45.55.0 - 5.5 13.0-16.01.26- 2.5 4.5- 8.02.0 - 2.4 7.0- 9.52.0 - 2.4 9.0- 9.7I.8 - 1.81 12.41.0 - 3.0 6.0- 7.0
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Combustion,1 generally speaking, implies some form of chemical change 
accompanied by the evolution of both heat and light. Although there are 
examples of true combustion in the entire absence of oxygen, the term 
usually means oxidation. There are two types of combustion; namely, 
slow combustion which is not accompanied by light such as the oxidation of 
iron; and rapid combustion which we know as “fire,” due to the presence 
of flame. The term “fire” includes both combustion and flame, and the 
results of both.

Apparent ignition temperature of an element or compound, whether 
solid, liquid, or gaseous, is the temperature required to initiate or cause 
oxidation sufficiently rapid to be self-sustained when the heating or heated 
element is removed.

Flash point of a liquid is the temperature at which it gives off vapor 
sufficient to form an ignitable mixture with the air contained in the vessel 
used. It does not mean that no evaporation takes place below that tempera­
ture, but that vapor does not come off sufficiently freely to exceed flash-point 
classification requirements. This term applies more especially to flammable 
liquids, although there are certain solids, such as camphor and naphthalene, 
that slowly evaporate or volatilize at ordinary room temperature and there­
fore have flash points.

Flash fire is very rapid combustion; it can take place only (α) in highly 
flammable solids or liquids which contain sufficient oxygen for complete or 
nearly complete combustion, or (δ) when the particles of a combustible 
vapor or dust are suspended in a diffused state in the air, close enough to 
each other to allow propagation of flame through the vapor or dust cloud and 
still sufficiently separated to leave room for the necessary amount of oxygen 
for combustion. In either case, there must be a source of heat sufficiently 
high in temperature to equal the apparent ignition temperature of the 
material.

Explosive range refers to the definite limitations of combustibility and 
rate of burning of flammable vapor or dust mixed with the air. When 
the particles are so widely separated that those set on fire by the igniting 
medium will not set fire to others that are nearest, the mixture is called too 
“lean” for combustion and will not burn. When the particles are so close 
together that they exclude the oxygen necessary for combustion, the mixture 
is called too “rich,” and it will not burn. The concentration, or percentage 
by volume, between the leanest and the richest mixtures that will burn 
is called the “explosive range.” Between the minimum and maximum 
limits of the explosive range will be found various phases of slow and rapid 
combustion.

Vapor or dust explosion results when the products of combustion from a 
flash fire are sufficiently confined to generate pressure.

Explosion or detonation presupposes a sudden violent change of pressure, 
characteristically involving the liberation and expansion of a large volume 
of gas due to high temperature. The change taking place is a progressive 
one proceeding from one part of the exploding material to the next adjoining 
part. The term “detonation” usually is applied to an explosion of very 
high order, i.e. where high velocities are involved.

Pressure rupture, such as failure of an air receiver, steam boiler, or 
closed receptacle containing fluids, is a rupture resulting from internal 
pressure exceeding the ultimate strength of the container. The terms 
explosion and detonation, particularly explosion, are commonly and errone-

1 Miner, J. Soc. Automotive Eng., 21, No. 6.
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ously used to include pressure ruptures. While the results may be similar,
the mechanism of a pressure rupture is entirely different.

A true explosion or detonation involves chemical change, while a pressure
rupture is merely the failure of the enclosing receptacle because of too great
internal pressure.

Spontaneous combustion (according to C. T. Kingzeth, “Chemical 
Encyclopedia,” Bailliere, Tindall & Cox, London) “ensues as a result of 
the development of heat arising from chemical changes ; thus, cotton waste 
soaked in linseed oil will sometimes fire in consequence of the rapid oxidation 
of the oil. . . . Similarly phosphorus exposed to air will take fire. ...”

Decomposition (Chemical Encyclopedia by C. T. Kingzeth, Bailliere, 
Tindall & Cox, London). “When a chemical compound is broken up into 
its constituent parts or simpler compounds by chemical or physical means, 
it is then said to be decomposed, the decomposition being effected by the 
exercise of a greater force than that of the original binding chemical affinity. ”

Location and Arrangement of Storage Tanks for Flammable 
Liquids. Flammable liquids are usually divided into classes depending 
upon their flash point. However, flash point is not a true indication of the 
hazard of a flammable liquid because other items such as ignition tempera­
ture, explosive range, diffusibility of the vapors, and density of the vapors 
also affect the hazard. The potential hazard involved in the storage and 
handling of flammable liquids in industrial plants requires that certain items, 
such as strength, capacity, and location of storage tanks as well as vents, 
dikes, and quick-closing valves in pipe lines, be given consideration. Foi- 
information on installation of both underground and inside storage tanks see 
“Containers for Storing and Handling Flammable Liquids,” National Board 
of Fire Underwriters.

The most common method of storing large quantities of flammable liquids 
in industrial plants is in above-ground, outside storage tanks. Where such 
storage tanks are used, the relation between capacity of individual tanks and 
the permissible distance from other property is shown in the following table 
quoted from “Containers for Storing and Handling Flammable Liquids,” 
National Board of Fire Underwriters.

Table 19. Capacity and Minimum Distances of Tanks

Capacity of Tank, Gai.
3,000 or less 

21,000 or less 
31,000 or less 
45,000 or less 
64,000 or less 
80,000 or less 

128,000 or less 
200,000 or less 
266,000 or less 
400,000 or less

Minimum Distance to Line 
of Adjoining Property or 

Nearest Building, Ft.

666,000 or less 
1,333,000 or less 
2,666,000 or less

20
25
30
40
50
60
75
85

100
150
250
300
350

For tanks of over 400,000 gal. capacity, a minimum distance of 175 ft. to 
adjoining property or nearest building may be permitted provided that an
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approved type of extinguishing system is installed for the tank and covering
other parts of the yard or system.

For tanks permitted from 50 ft. and up to 175 ft. of building or property
Line, the capacity may be increased 33 per cent if the tank is provided with an
approved extinguishing system.

The minimum distance from tank to tank should conform to the following 
table also quoted from these regulations:

Table 20. Capacity and Minimum Distances between Tanks
Capacity of
Tank, Gal.

300 or less
500 or less

1,000 or less
8,000 or less

12,000 or less
18,000 or less
24,000 or less
30,000 or less
48,000 or less
75,000 or less

100,000 or less
100,000 to 2,500,000

Minimum Distances 
to Any Other Tank, Ft.

3
3
3
3
3
3
5

10
10
13
15

One tank diameter

Three methods of handling these liquids are in common use—by pumping, 
by gravity, and by compressed air or inert gas. Compressed air is the least 
desirable and should not be used unless it is impossible to use other methods. 
Pumping is preferable to gravity discharge and should be used wherever 
possible.

Testing Devices for Flammable Vapors. Flammable-vapor indicators, 
which read in terms of the lower limit of the explosive range, are now available 
for determining the approximate amount of flammable vapor in air. Most 
of the instruments will operate satisfactorily, not only in any given solvent 
vapor but also in any mixture of vapors even though the composition may 
be unknown.

Static Electricity. Static electricity may develop from handling mate­
rials—solids, liquids, or gases—or from the operation of equipment such as 
belts. The handling of dry granular substances, such as sulfur in metal 
chutes, bins, or even through relatively dry air, will generally result in the 
generation of static electricity. Similarly, static electricity may be generated 
by the flow of certain liquids through pipe lines.

The discharge of static electricity in the presence of flammable dusts 
or vapors is considered hazardous, and, where this may occur, a proper system 
of grounding, humidification of the air in the room, or the use of certain 
static eliminators which are available today is usually warranted. For 
additional information on the hazards of static electricity, consult Safe 
Practices Pamphlet 52, National Safety Council.

Compressed Gases in Cylinders. The Interstate Commerce Com­
mission has established definite regulations that must be complied with in 
filling and transporting cylinders of compressed gases. These rules also 
include specifications for the construction of the containers. In using these 
cylinders, a few of the more important precautions to be taken are listed 
below; additional safeguards are outlined in the following regulations, 
published by the National Board of Fire Underwriters: Acetylene Equipment 
for Lighting, Heating and Cooking, 1929; ɑas Systems for Welding and
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Cutting, 1931; Compressed Gas Systems Other than Acetylene for Lighting
and Heating, 1927.

1. Kxtreme care should be exercised in handling so that cylinders are 
neither dropped nor permitted to strike against each other.

2. Cylinders should be protected against mechanical injury when in use.
3. Precautions should be taken that the safety devices with which the 

cylinders are equipped are not tampered with.
4. When cylinders are not in use, outlet valves should be kept tightly 

closed even though cylinders may be considered empty.
5. When the cylinders have been exhausted, the discharge valves should 

be closed and the protecting caps screwed securely into position.
6. Before attaching the required pressure regulator to the cylindei the 

valve should be slightly opened and then closed to be sure it is in proper 
working condition.

7. Only the special wrenches and tools provided by the manufacturer 
should be used on valves.

8. Make sure that the thread connections on regulators correspond to 
those on the cylinder outlet as the threads may vary somewhat for different 
gases.

9. Regulators and pressure gages provided for use for a particular gas must 
not be used on cylinders containing other gases.

10. All cylinders should be protected against excessive rise in temperature 
and against extremes of weather. They should not be exposed to continued 
dampness.

11. In order to avoid confusion, full cylinders should be stored apart from 
the empty ones.

12. Cylinders of compressed gas should not be stored near highly flammable 
materials.

13. In welding or cutting, no sparks should be allowed to strike the 
cylinders.

14. Acetylene is shipped in cylinders completely filled with a porous mate­
rial which is charged with a suitable solvent (usually acetone).

15. Every possible precaution should be taken to prevent oxygen from 
coming in contact with oil or grease.

16. The cylinders received by the plant should bear a conspicuous standard 
label indicating the kind of gas. The color of the label shows whether the 
gas is flammable, corrosive, or inert.

17. Oxygen should never be used as a substitute for compressed air.
Dust Explosions (see definition under Flammable Liquids). Dust explo­

sions can occur in any combustible dust or any material that will burn or 
oxidize, which includes some metallic dusts.

When there is a proper mixture for rapid combustion, it is said to be within 
the explosive range, which includes all percentages of dust and air from the 
lower to the upper limit. Below the lower limit, flame propagation will not 
take place and, above the upper limit, there may be burning, but an explosion 
or flash fire is not likely to occur in apparatus or enclosed spaces unless air 
is admitted. The lower and the upper limit may be widely separated depend­
ing upon the character of the dust.

The degree of flammability of a dust depends upon its moisture con­
tent and upon its fineness. The drier and the finer a dust is, the greater 
its flammability.

While the intensity of the explosion may vary, according to the percentage 
of dust and air, any dust combination within or above the explosive range
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is dangerous and should not be permitted. The safeguarding of this hazard,
as with flammable gases, involves the dilution below the lower limit of the
explosive range and immediate removal while in the diluted state.

In most disastrous dust explosions there are usually two explosions—a 
primary and a secondary. The primary involves a relative small quantity 
of dust and is local in character, but of sufficient intensity to dislodge dust 
which has collected in buildings—on ledges, side walls, floors, or which may 
be released due to rupture of equipment or otherwise thrown into the air. 
If ignited, a more general explosion, the secondary, may occur which may 
result in major structural damage. Precautions against dust explosions 
consist of keeping the premises scrupulously clean and eliminating sources 
of ignition.

SPECIAL SAFETY PROTECTION EQUIPMENT
The use of protective equipment is a secondary measure against injury and 

health hazards which cannot be eliminated by the design and arrangement 
of equipment, and by the installation of adequate ventilation. Since the 
human factor enters into the wearing of such equipment, its dependability 
is variable and at times uncertain.

For the protection of the head and eyes, such equipment as goggles, shields, 
helmets, hoods, masks, and hats should be worn. The breathing of poisonous 
gases and fumes, or of an atmosphere in which there is a deficiency of oxygen, 
must be guarded against by the use of respirators, canister masks, hose masks, 
or oxygen helmets. The hands, arms, legs, and feet may be protected by the 
use of rubber or canvas gloves, rubber boots and aprons, leggings, shoes, and 
other clothing.

Protective equipment should not be transferred from one employee to 
another unless it is sterilized. A 3 per cent solution of Lysol, or some other 
suitable disinfectant, may be used for this purpose.

Table 21. Recommended Head and Eye Protection
Protection

Types 2 and 6
Type 1, 2, or 6; preferably Type 2 
Type 1, 2, 5, or 7; depending on 

conditions
Babbiting mask 
Types 4 and 5, or face masks, or 

hoods; depending on conditions 
Sand blast cabinets or helmets 
Type 1, 2, 3, or 5 goggles; the shade 

of lenses to be determined by 
conditions

Helmets, shields, or type 3 goggles; 
shade 6 lenses

Helmets or shields with shade 10 to
12 windows 

Special nitrometer shield
N,on-shatterable lenses in strong frames with no side shields. 
Non-Shatterable lenses in strong frames with side shields. 
Oxyacetylene welding. 
Close-fitting rubber, light lenses, little or no ventilation. 
Cup type, close fitting, wide vision, light lenses, little or no ventilation. 
Cup type, close fitting, wide vision, with non-shatterable lenses, ventilated. 
Chp type, tight-fitting, light lenses, cloth sides.

Conditions
Chipping, riveting, calking, etc
Scaling, grinding, etc..................
Exposure to dust and wind....

Babbiting......................................
Handling corrosive chemicals

Sand blasting........................ .................................
Sunlight, snow, and similar sources of glare

Oxyacetylene welding and furnace work.,

Electric welding.

Nitrometer work.
Type 1. 
Type 2.
Type 3. 
Type 4.
Type 5. 
Type 6.
Type 7.
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Goggles and Helmets. Goggles may be divided into approximately 

seven distinct types. Table 21 will serve as a guide in selecting the general 
type for the work to be done.

Respiratory Protection. Devices for respiratory protection may be 
divided into the following general classes:

1. Respirator (mechanical filter).
2. Respirator (canister).
3. Respirator (air line).
4. Gas mask (canister for certain gases or combinations).
5. Gas mask (canister for all gases—“All Service”).
6. Gas mask (hose or air line).
7. Oxygen-breathing apparatus (self-contained).

The following may be used as a guide in determining the device required.
1. Respiratory protection for non-toxic dusts and vapors. Filter renewable.
2. Respiratory protection for brief period against low concentrations 

(not over 2 per cent), of the toxic or harmful dusts or vapors for which the 
canister is designed. Canister renewable. Should not be used where there 
is. a deficiency of oxygen (less than 16 per cent).

3. Respiratory protection in any dust or vapor and in the case of oxygen 
deficiency. Fresh air is conveyed by hose from an Uncontaminated source, 
the limit of travel depending on length of hose through which wearer may 
breathe.

4. Respiratory and face protection for limited period in low concentrations 
as in case 2. Canister renewable.

5. Respiratory and face protection for limited period in low concentration 
of any one or any combination of dusts or vapors. Canister renewable. 
Should not be used where there is a deficiency of oxygen.

6. Respiratory and face protection in any dust or vapor or in the case of 
oxygen deficiency. Fresh air from an uncontaminated source is drawn by 
wearer or forced by blower through hose, the limit of travel depending on 
length of hose wearer may be able to handle.

7. Respiratory protection for limited period in any dust or vapor or in the 
case of oxygen deficiency. Oxygen supplied by apparatus; cumbersome.

The colors approved for gas-mask canisters by the American Standards 
Association are as follows:

Table 22. Standard Colors for Gas-mask Canisters
Gases, Vapors, Smoke, Etc.

a. Acid..............................................................................
b. Organic vapor............................................................
c. Ammonia.....................................................................
d. Carbon monoxide......................................................
e. Acid and organic vapors........................................
f. Acid and organic vapors and ammonia............
g. Dusts, smokes, mists in combination with any

of the above gases...............................................
Λ. All of the above gases.............................................

Color
White
Black
Green
Blue
Yellow
Brown

⅜-in. contrasting black or white stripe 
Red. Filters are included in this 

canister, but stripes to indicate 
them are unnecessary

Color to be assignedi. Other special gases...................................................

SPECIAL FIRE PROTECTION EQUIPMENT
Special fire protection equipment is receiving an increasing amount of 

attention. New or unusual processes should be carefully analyzed, the
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hazards determined, and the best methods of fire extinguishing provided. In
some cases more protection is required than that afforded by the standard
system of automatic sprinklers or by first-aid extinguishing appliances. The
following are some of the more common systems in use.

Foam (Two-solution System). Foam is generated by mixing a solution 
of aluminum sulfate, which is known as A solution, with a solution of bicar­
bonate of soda and a foam stabilizer, which is known as the B solution. The 
solutions are stored in separate tanks until required for use when they are 
pumped to a special mixing device, which discharges foam. Foam is particu­
larly useful in class B fires, which are those in oils, greases, flammable liquids, 
etc., where the blanketing or smothering effect of the extinguishing agent is 
of greatest importance.

Foam (Dry-powder Generators). Foam is generated in a special device 
by mixing water with dry chemicals. The discharge is continuous as long 
as the water is supplied and the chemicals fed into the device. The foam is 
piped through permanent piping or hose to the location where needed. The 
smaller sizes of generators are readily portable.

Carbon Dioxide. Carbon dioxide may be stored in the shipping con­
tainers under pressure and piped to the apparatus or location where required. 
At this point it may be discharged either automatically or manually through 
suitable nozzles, thereby smothering the fire. There is a slight cooling effect, 
although the characteristic of carbon dioxide extinguishing is the smothering 
effect. The automatic discharge is secured through fixed temperature or 
through temperature rate-of-rise devices. The former operate when a pre­
determined temperature has been reached, the latter when the increase in 
temperature exceeds a predetermined rate-of-rise.

Steam is sometimes used fo;r special locations or in certain equipment. 
It is not generally recommended.

Auxiliary Sprinkler Systems. Automatic sprinklers, or in some cases 
sprinklers with the fusible links removed, may be supplied with water con­
trolled by a quick opening valve or by a deluge valve which in turn may be 
actuated thermostatically or manually by remote pull handles. This arrange­
ment is used where it is desirable to discharge water over extra hazardous 
equipment or areas.

Other inert gas, such as flue gas or nitrogen, is sometimes piped to the 
interior of grinding, pulverizing, mixing, or conveying equipment, where 
extra hazardous products are handled or where there may be acute hazards 
due to presence of flammable dust or gases.

ORGANIZATION AND WORK
Safety and Fire Protection Organization. This organization should 

be essentially the same as the production organization. There should be a 
central committee composed of the plant manager or the assistant plant man­
ager as permanent chairman and the safety and fire protection supervisor, 
if there be one, as permanent secretary. The members of this committee 
should be the remainder of the plant executive staff.

There should also be a departmental committee in each department, or 
such subdivision, composed of the head of the department as permanent chair­
man and the foremen as members. In order to carry this organization to 
the workmen, each foreman should have a committee made up of himself as 
permanent chairman and his men as members, the latter being rotated if 
there are too many to serve at one time.
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The central safety and fire protection committee will take care of general 

policies regarding safety and fire protection. The departmental committees 
will be responsible for safety and fire protection in their departments, and 
the foremen’s committees 
in their particular areas.

Following is an outline 
of a typical plant safety 
and fire protection 
organization.

Housekeeping.
Housekeeping has· a 
direct bearing on the 
number of accidents and 
fires which occur, as well 
as on the plant operating 
costs. It is essential for 
the safety and fire protec­
tion engineer or for the 
employee who is charged 
with this work to pay 
particular attention to 
this very important item. 
The rule, “a place for 
everything and every­
thing in its place, ” should 
be enforced. Keen inter­
est in housekeeping 
should be evidenced by 
the plant management, 
who should require his 
subordinates, and they in 
turn the workmen, to be 
directly responsible for 
the housekeeping in then- 
immediate vicinity. The 
maximum result from the 
minimum effort expended 
comes from daily or even 
more frequent sweeping 
and collection of refuse. 
Employees should be 
trained to minimize the 
cleaning required by 
depositing in receptacles 
provided for the purpose 
all dirty waste and general refuse, discarded packing materials, and any other 
waste materials as such and those used for maintenance and operation as they 
are produced.

Suitable metal containers with deep-lipped covers should be provided for 
oil-soaked waste, cleaning rags, and hazardous flammable materials. The 
containers should be emptied at designated periods, preferably Ht the end of 
the day’s work.
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Lumber if no longer needed and other waste material, whether combustible
or not, should be immediately removed during construction work.

Where quantities of sawdust, shavings, or other similar combustible waste 
material is produced, blower systems for the proper removal of this material 
should be installed. See “Regulations for the Installation of Blower and 
Exhaust Systems,” National Board of Fire Underwriters.

Drip pans should be provided for collecting oil below motors, shaft bearings, 
or other similar places; sawdust should never be used as an absorbing material 
for this purpose.

Employees’ lockers or cabinets should not be located in manufacturing 
areas, unless absolutely necessary.

Maintenance. The proper maintenance of plant property and equip­
ment, has a direct bearing on safety and fire protection. A few of the general 
factors to be taken into consideration in maintaining plant property and 
equipment are:

a. Periodical inspections and tests of fire-protection equipment, such as fire pumps, 
underground fire lines, control valves, hydrants and hose equipment, sprinkler systems, 
etc.

b. Periodical inspections and tests of safety equipment, such as respirators, gas masks, 
goggles, guards, railings, emergency showers, ladders, etc.

c. Regular inspections of buildings, platforms, tanks, pressure vessels, machinery, etc.
d. Prompt repairs of any equipment in case it should be needed.

Watchman. Service. The plant watchman holds a position of trust and 
is an important factor in the protection of property against fire and theft. 
His responsibility is great since he is often in sole charge over half of the daily 
24 hours. Therefore, care should be taken.

To Select the Right Man. One with unquestionable character, habits, and 
reliability; courage, keen intelligence; physically fit and able-bodied and with 
sufficient mechanical ability.

To instruct him fully in the duties necessary for efficient service. This 
should be the duty of a responsible person, preferably the plant management 
who is familiar with all plant conditions. The watchman should familiarize 
himself thoroughly with the plant, and in particular stairways, elevators, 
fire doors, pipe lines, sprinkler systems, hand hose, first-aid extinguishing 
equipment, and the fire-alarm system. He should know the location of 
sprinkler control valves. He should have the necessary knowledge to start 
and run the fire pumps. He should know how to use the telephone, and such 
telephone numbers as would enable him to call assistance should be posted 
near the telephone. He should have sufficient instruction regarding the 
electrical equipment to enable him to manipulate switches to control the 
lighting of the plant where and when necessary, or to shut off the current in 
case of accident.

To Support Him Thoroughly. The watchman should report undesirable 
conditions and unusual happenings to his superior, action upon which should 
be taken at once to give the watchman the confidence to report further unde­
sirable conditions. If decision is unfavorable on his recommendations, the 
reasons should be fully explained to him.

In order to insure that the watchman visits all of the important points in 
the plant and as evidence that he has properly performed his duty, a watch­
clock system should be provided with stations well located throughout the 
property. The portable-clock system is a very reliable and usually an inex­
pensive system to install. The records made on the clocks should be carefully 
checked each morning by a thoroughly competent person, and any irregu-
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Iarities in punching or in the order in which the stations are punched should
require an explanation. In most cases closer supervision can be maintained
by installing a log-book in which the watchman can make entries of undesir­
able conditions and unusual happenings.

Plant Fir© Brigade. The efficient handling of fire apparatus is absolutely 
essential if the maximum protection is to be derived from any given equip­
ment. It is, therefore, customary on most properties, even if small, to select 
a few reliable, strong, intelligent employees and train them in the operation 
of all extinguishing agents present at that particular plant. Through frequent 
drills they become thoroughly familiar with the location of the buildings and 
the nearest available extinguishing apparatus, and also the interior arrange­
ment of each building and its occupancy. It is also customary to educate 
these employees as to the need of using due caution when entering buildings 
housing processes more hazardous than the average.

Successful fire fighting requires the organization and development of a 
plant fire department, for only through such an organization can the employees 
be instructed, drilled, and directed in the fighting of fire. This phase of the 
subject might be summarized as follows:

a. For the prompt extinguishing of fire the employees must know the location and use 
of the first-aid equipment, and the minor extinguishing apparatus, such as chemical 
extinguishers, pails, small hand hose, etc.

ð. To obtain maximum benefit from the major equipment, i.e., outside hydrants, 
large fire hose, fire pumps, chemical engines, etc., certain employees must know the 
location and be trained in the proper method of handling and directing this apparatus, 
as well as knowing its capacity.

c. To prevent confusion and delay, a definite line of authority must be established.
d. To check successfully the spread of fire, those in authority must have knowledge 

as to building construction, arrangement, nature of contents, and inter-exposure between 
buildings.

For additional information on fire brigades, consult the “Suggestions for 
the Organization, Drilling and Equipment of Private Fire Brigades, ” National 
Board of Fire Underwriters.
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MECHANICAL TABLES AND DATA EOR THE SAFETY AND FIRE
PROTECTION ENGINEER

Table 23. Average Ultimate Strength of Common Metals
Pounds per square inch

Material Tension Compression Shear Modulus of 
elasticity

Aluminum.......................
Brass, cast......................
Bronze, gunmetal............
Bronze, manganese.........
Bronze, phosphor............
Copper, cast....................
Copper wire, annealed... 
Copper ’wire, unannealed, 
Iron, cast.........................
Iron wire, annealed.........
Iron wire, unannealed... 
Iron, wrought..................
Lead, cast........................
Steel castings..................
Steel, plow.......................
Steel, structural..............
Steel wire, annealed........
Steel wire, unannealed... 
Steel wire, crucible........
Steel wire, susp. bridge.. 
Steel wire, piano.............
Tin, cast.........................
2inc, cast.........................

“Machinery’s Handbook.”

Table 24. Tensile and Compressive Strength of Different Kinds of 
Steel

The ultimate strength of steel in tension and compression is practically the same and 
may, for different kinds of steel, be assumed as follows:

Kind of steel
Ultimate 

strength lb. 
per sq. in.

Kind of steel
Ultimate 

strength lb. 
per sq. in.

Structural steel for rivets............... 55,000 Machine steel................................. 75,000
90,000 

100,000 
125,000

Structural steel for beams.............. 60,000 Gun steel........................................
Boiler steel for rivets...................... 50,000 Axle steel..............................
Boiler steel for plates...................... 60,000 Spring steel....................................

“Machinery’s Handbook.’
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Table 25, Average Ultimate Strength of Common Materials Other

than MetalsPounds per square inch
Material Compression Tension

Bricks, best hard............................................................................................
Bricks, light red.............................................................................................
Brickwork, common.......................................................................................
Brickwork, best..............................................................................................
Cement, Portland, one month old*  (4½ gal. water per sack of cement).. . 
Cement, Portland, one year old*  (4½ gal. water per sack of cement)........
Concrete, Portland cement*  (7½ gal. water per sack of cement)...............
Concrete, Portland, one year old*  (7½ gal. water per sack of cement).... 
Hemlock.........................................................................................................
Pine, shortleaf yellow.....................................................................................
Pine, Georgia (Iongleaf).................................................................................
Pine, white.....................................................................................................
White oak.......................................................................................................

12,000
1,000
1,000
2,000
4,000
6,000
2,000
3.500
4,000
6,0008,000
5.500
7,000

400
40
50

300
400
600
200
350

6,000
9,000

12,000
7,000

10,000

“Machinery's Handbook” and (*)  Portland Cement Association.

Table 26. Influence of Temperature on the Strength of Metals

Material

Degrees Fahrenheit

210 400 570 750 930 1100 1300 1475

Strength of metal in per cent of the strength at 70oF.

Wrought iron.................................. 104 112 116 96 76 42 25 15
Cast iron......................................... 100 99 92 42
Cast steel........................................ 109 125 121 97 57
Structural steel............................... 103 132 122 86 49 28
Copper............................................ 95 85 73 59 42
Bronze............................................. 101 94 57 26 18

“Machinery’s Handbook.”
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Table 27. Strength of U. S. Standard Bolts from ⅜ to 3 In. in
Diameter

Areas Tensile strength, lb.Bolt Shearing strength, lb.
Full bolt Bottom of threadNo. of threads per in. Full bolt, sq. in.

Bottom of thread, sq. in.
At10,000 lb. per sq. in.

At 12,500 lb. per sq. in.
At17,500 lb. per sq. in.of bolt, in. At 7,500 lb. per sq. in.

At 10,000 lb. per sq. in.
At 7,500 lb. per sq. in.

At10,000 lb. per sq. in.
¼ 20 0.049 0.027 270 340 470 380 490 200 27018 0.077 0.045 450 570 790 580 770 340 450⅜ 16 0.110 0.068 680 850 1,190 830 1,100 510 680
W> 14 0.150 0.093 930 1,170 1,630 1,130 1,500 700 930⅛ 13 0.196 0.126 1,260 1,570 2,200 1,4701,860 1,9602,480 940 1,2601,620¾⅛ 12 0.248 0.162 1,620 2,030 2,840 1,220⅝ 11 0.307 0.202 2,020 2.520 3,530 2,300 3,070 1,510 2,020% 10 0.442 0.302 3,020 3,770 5.290 3,310 4,420 2,270 3,020⅞ 9 0.601 0.419 4,190 5,240 7,340 4,510 6,010 3,150 4,1901 8 0.785 0.551 5,510 6,890 9,640 5,890 7,850 4,130 5,5101⅛ 7 0.994 0.693 6,990 8,660 12,130 7,450 9,940 5,200 6,930∣¼ 7 1.227 0.890 8,890 11,120 15,570 9,200 12,270 6,670 8,9001⅝ 6 1.485 1.054 10,540 13,180 18,450 11,140 14,850 7,910 10,540l½ 6 1.767 1.294 12,940 16,170 22,640 13,250 17,670 9,700 12,940l⅝ 5½ 2.074 1.515 15,150 18,940 26,510 15,550 20.740 11,360 15,1501⅜ • 5 2.405 1.745 17,450 21,800 30,520 18,040 24,050 13,080 17,440Γ⅛ 5 2.761 2.049 20,490 25,610 35,860 20,710 27,610 15,370 20,4903.142 2.300 23,000 28,750 40,250 23,560 31,420 17,250 23,000

1¼ 4½ 3.976 3.021 30,210 37,770 52,870 29,820 39,760 22,660 30,2102¼ 4 4.909 3.716 37,160 46,450 65,040 36,820 49,090 27,870 37,1602⅜ 4 5.940 4.620 46,200 57,750 80,840 44,580 59,400 34,650 46,2003 3½ 7.069 5.428 54,280 67,850 94,990 53,020 70,690 40,710 54,280
Marks, “Mechanical Engineers' Handbook,” McGraw-Hill.
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Table 28. Safe Load for Ropes and Chains*

(In pounds)
Caution: When handling molten metal, wire ropes and chains should be 25 per cent 

stronger than indicated in table. Manila rope should not be used for this purpose.

Note:, If three-leg slings are used, the safe load given for double (two-leg) slings may be increased 50 per cent and four-leg slings 100 per cent
When used for a straight puU

Double (two-leg) sling
When used at 60o from the horizontal

When used at 45o from the horizontal
When used at 30o f~om the horizontal

Diam. in. Lb. Lb. Lb. Lb.
¼ 1,060 1,835 1,500 1,060Plow steel ⅝ 2,300 3,980 3,250 2,300
¼ 4,000 6,920 5,650 4,000Wire rope ⅝ 6,200 10,730 8,770 6,200
¾ 9,200 15,900 13,000 9,200(6 strands of 19 wires) ¾ 11,600 20,000 16,400 11,6001 15,200 26,300 21,500 15,2001⅛ 18,800 32,500 26,600 18,800For crucible steel rope, reduce 1⅛ 24,000 41,500 33,980 24,000loads one-fifth. 1⅜ 28,000 48,500 39,600 28,000• 1½ 32,000 55,400 45,250 32,000

Diam. of iron, in. Lb. Lb. Lb. Lb.
¼ 1,060 1,835 1,500 1,060⅜ 2,385 4,130 3,370 2,385½ 4,240 7,345 6,000 4,240Crane chain 6,630 11,485 9,375 6,630■M 9,540 16,525 13,500 9,540(Best grade of wrought iron, hand-made, tested short-link 12,960 22,450 18,325 12,960I 16,950 29,350 23,975 16,950chain) l⅛ 20,040 34,700 28,350 20,0401⅛ 24,750 42,875 35,000 24,7501⅜ 29,910 51,800 42,300 29,910,1½ 35,600 61,650 50,350 35,600

Diam. in. Lb. Lb. Lb. Lb.
120 200 170 120½ 250 420 350 250⅜ 360 600 500 360520 880 720 520⅞I 620 1,040 840 620Manila rope 750 1,250 1,050 7501⅛ 1,000 1,700 1,400 1,000(Best long-fiber grade) 1⅛ 1,200 2,050 1,700 1,2001½ 1,600 2,700. 2,200 1,6001⅜ 2,100 3,600 3,000 2,1002 2,800 4,800 4,000 2,8002½ 4,000 6,800 5,600 4,0003½ 6,000 10,200 8,400 6,000

Based on table prepared by National Founders’ Association.
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Definitions, Cautions, and Instructions Governing the Purchase and Use of
Chain

Issued by United States Chain and Forging Company, Pittsburgh, now the McKay Co.
Proof Test. The proof test is applied to chain for the purpose of detecting defects in 

material or manufacture.
The test is applied in a standard chain testing machine and shows the load in pounds 

which the chain, in the condition and at the time it left the factory, has withstood, under 
a test in which the load has been applied in direct tension to a straight length of chain 
with a uniform rate of speed represented by a separation of the tester heads not exceeding 
10 in. per minute.

Average Ultimate Load. The average ultimate load is the load in pounds at which 
the chain, in the condition and at the time it left the factory, has been found by experi­
ence to break, under a test in which the load is applied in direct tension to a straight 
length of chain with a uniform rate of load represented by a separation of the tester 
heads not exceeding 10 in. per minute.

Safe Working Load. The safe working load is the maximum load in pounds which, 
at any time or under any condition, should ever be applied to the chain, even when the 
chain is in the same condition it was when it left the factory, and when the load is applied 
in direct tension to a straight length of chain.

Cautions. The above terms “proof test,’’ “average ultimate load,” and “safe 
working load,” contain no implication of what load the chain will safely withstand if 
any of the above factors are changed.

Any change in the above factors, such as twisting of the chain, deterioration of the 
chain by strain, by usage, by weathering, or by lapse of time, or acceleration in the rate 
of application of the load, or variation in the angle of the load to some sharper angle 
resulting from the configuration or structure of the material constituting the load, will 
lessen the load that the chain will safely withstand.

Instructions Regarding Attachments. Where attachments, such as hooks or 
rings, are desired for use with chain in sustaining loads, care should be taken to select 
the attachments of the type, grade, and size recommended herein for use with the type, 
grade and size chain with which such attachments are to be used.

When this is done, the recommended safe working load of such chain, in the sense 
that the term is defined above, will apply to the chain and attachments thereon when 
used together.

When chain and attachments thereon are used together, it is impossible to state what 
load will be sustained, if the attachments thereon are not of the type, grade and size 
recommended for use with the particular type, grade, and size of chain used.

Purchasers will please note that all the cautions above set forth apply not only to the 
use of chain but also to the use of attachments thereon.

Suggestions

Take up slack and then start load slowly. 
Keep chains free from twists, knots and kinks. 
Lift from center of hooks, never from the point. 
Distribute the load evenly on all legs. 
Inspect your sling chains regularly.
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Table 29. Maximum Free Air That Can Be Supplied in Cubic Feet

per Minute to the Pressure Vessel for Different Sizes of Safety
Valves at Stated Pressures*

Diam. of Gage pressure, lb. per sq. in.alve, in. 50 100 150 200 250 300 350 400 500 600 800 1000 1200 1600 2000 2400
¼ 53 61 70 84 97 109 128 L47 160¼ 20 32 42 51 59 67 74 111 129 147 177 205 230 270 304 330⅜ 37 59 78 96 112 127 141 176 224 232 242 346 386 423 474 5181 58 94 124 152 178 202 224 248 286 324 390 450 500 5861¼ 84 135 180 221 259 293 325 374 509ι½ 114 106 248 302 354 400 444 472 6342 189 306 410 501 592 668 7412½ 282 457 613 750 880 998 11143 393 638 856 1050 1230 1398 1557

The foregoing table is based on the following formulas:
Q — 28 PDl for 45° bevel-seat valves 
Q = 40 PDl for flat-seat valveswhere Q = discharge in cu. ft. of free air per min.

P ≈ absolute pressure at which the safety valve opens (gage pressure + 14.7 lb. at sea level).
D ≈ diam., in., of the inside edge of the bearing surface between the disk and seat./ = vertical lift of the safety-valve disk from its seat, in., representing lift for minimum discharge capacity for satisfactory operation of the valve.* From A.S.M.E. Boiler Construction Code. By permission of American Society of Mechanical Engi­neers.

Table 30. Identification of Piping Systems
Class of Material Color
Fire protection.................................................................................................. Ked
Dangerous........................................................................................................... Yellow
Safe....................................................................................................................... Green
Protective........................................................................................................... Blue
Extra valuable.................................................................................................. Purple

For subdivisions of these classifications see “Scheme for the Identification of Piping 
Systems,” American Standards Association, New York, N. Y.

Table 31. Coefficients of Expansion*
(See also p. 434)

The following coefficients of expansion, per degree Fahrenheit, of the principal flamma­
ble liquids shall be used in determining outages:

10A.P.I. (American Petroleum Institute), according to the following formula: 141.5

Acetone.......................................................................................... 0.000850.00068 Gasoline (0A.P.I.*)50 -55..................................................................................... 0.00055Amyl acetate.............................................................................Benzol (benzene)................................................................... 0.00071 55.1-60...................................................................................... 0 00060Carbon bisulphide................................................................ 0.00070 60.1-65..................................................................................... 0 00065Ether................................................................................................ 0.00098 65.1-70..................................................................................... 0.00070Ethyl acetate............................................................................ 0.00079 70.1-75...................................................................................... 0.00075Ethjd (grain) alcohol........................................................ 0.00062 75.1-80..................................................................................... 0 00080Methvl (wood) alcohol.................................................... 0.00072 80.1-85............................................................................. 0 00085Toluol (toluene)..................................................................... 0.00063 85.1-90..................................................................................... 0.00090

0APJ. «------.p--τt-∙ - 131.5specific gravity* By permission, from regulations of the Inteistate Commerce Commission, Washington, D. C.
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Table 32. Outage Chart for Flammable Liquids
Loading

Temperature
Deg-E

--- 60-100
Oufaqe

Per Cent
Coefficient 
of Expansion 
0.00040---

0.C0045 —

2.0 √ 0.00050 —

0.00055 —

0.00060 -∈

0.00065 -∈
0.00070-≡

"'0.00075-= 
0.00080'-=∣
0.00085 -≡
0.00090—=
0.00095
0.00100

Example: Suppose the temperature of the liquid at time of loading is 70°F. and its 
coefficient of expansion is 0.00080. Lay a ruler on the chart running from 70oF. to 
0.00080 as shown by the dotted line and the required outage is 2.4 per cent where the 
ruler crosses the outage scale. “Outage” is the percentage of space in the interior 
of the container which must not be filled with liquid, in order to allow for the expansion 
of the liquid and the maximum temperature to which it will be subjected in transit. 
(From regulations of the Interstate Commerce Commission, Washington, D. C., by 

permission.)
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FIRST AID
Every work place should provide reasonable first aid in order that injured 

persons may be properly cared for in emergencies and until further treatment 
can be secured. Where full-time plant physicians are not employed, small 
industrial first-aid units may be provided, which should be placed under 
the care of competent persons who should be available at all times and 
who should have received 
given under the direction 
of either the American 
Ked Cross or the U. S. 
Bureau of Mines.

The following outline is 
recommended merely as 
first aid. In all cases a 
physician should be sum­
moned at once.

Treatment for 
Shock. Keep the 
patient warm, 
head lower 
Cover with 
coats. Put 
bag to feet, 
lants, such as hot coffee, 
hot tea, or teaspoonful of 
aromatic spirits of am­
monia in a half glass of 
water.

Treatment for Sun­
stroke and Heat Ex­
haustion. First take 
the temperature with a 
clinical thermometer. 
Sunstroke, or thermic 
fever, is characterized by 
rise in body temperature 
and the immediate treat­
ment is to reduce the 
fever by the application 
of something cold to the head, such as ice bag or cold compresses (cloths wrung 
out in cold water). Put the patient into a tub of cold water (after first remov­
ing the clothing), or sponge the body with cold water.

Heat exhaustion is the same as shock, and the body temperature is below 
normal. Keep the patient covered with blankets and put a hot water bag 
to the feet. Give stimulants to drink, such as strong tea or coffee or aromatic 
spirits of ammonia.

Treatment for Fainting. Place patient in lying-down position with 
head lower than the rest of the body so that the brain will receive more blood. 
Loosen clothing around neck—see that there is plenty of cold air. Sprinkle 
face and chest with cold water. Put smelling salts or ammonia to nose. Kub 
limbs toward body. Give stimulants when patient can swallow.

Treatment for Sprains. Absolute rest until doctor arrives so as not to- 
do more damage. Do not allow joint to be used—elevate it if possible and

first-aid training in a standard first-aid course
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// brass coupling

apply cold. Wring cloths in cold water and apply to joint or shower the
joint with very cold water.

Treatment of Ordinary Wounds. Do not allow the wound to be 
touched—exposure to the 
air is much safer than the 
application of dressings 
which are not surgically 
clean. Ordinary water is 
dangerous as it may con­
tain infectious organisms. 
Strong antiseptics, such as 
bichloride of mercury or 
carbolic acid, should not be 
used. Peroxide of hydro­
gen is not Sufficientlystrong 
to kill germs ; but cover the 
wound with several layers 
of sterile gauze and band­
age loosely; then place 
patient under the care of a 
physician as soon as 
possible.

Burns and Scalds. In 
thé treatment of burns, the 
main object is to exclude 
the air as quickly and com­
pletely as possible from the 
injured part, 
acid solution 
pared) is to 
although if 
available a thin paste made 
with water and baking soda may be used as a temporary application. Place 
several layers of sterile gauze 
over the burned area; saturate 
with 5 % tannic acid solution 
and bandage loosely. In case 
of serious burns on the body, 
remove all clothing and treat 
as recommended above. If 
signs of collapse are shown, 
keep the patient warm and 
give hot stimulants if not 
unconscious.

Acid and Alkali Burns.
With either, wash off, as 
quickly as possible, with a 
large quantity of clean water. 
For this purpose, emergency 
showers should be provided. 
See Figs. 30, 31 and 32.
The treatment following this for either acid or alkali burns is similar to that 
for ordinary burns.
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When emergency showers are not available, water from a tap or from an

ordinary drinking fountain may be used; the latter is particularly advanta­
geous in either acid or alkali burns of the eyes.

Gas Poisoning. In all cases of gas poisoning, particularly from nitrous 
fumes, hydrogen sulfide, carbon monoxide, etc., even though the persons show 
no apparent effects, they should be placed under the care of a physician. 
These cases frequently do not appear serious until several hours (even 24 to 
48 hr.) after the exposure. From the time of the exposure, until a physician 
is secured, persons affected by gas poisoning should avoid any unnecessary 
activity and should be kept as quiet and composed as possible—preferably 
put to bed. When a person is rendered unconscious by exposure to a gas 
and breathing has ceased, artificial respiration must be used immediately. 
Remove the patient to fresh air and begin artificial respiration at once and 
send for a physician.

Table 33. Antidotes of Poisons

Poison Symptom Antidote

Corrosive Poisons:
Strong acids (sulphuric, hydro­
chloric, nitric), also strong 
alkalis, such as caustic soda, 
lime, and potash

Irritant Poisons:
Bichloride tablets, Paris green, 
sugar of lead, arsenic, phos­
phorus, poisonous plants, cya­
nides

Nerve Poisons:
Opium, morphine, paregoric, etc.

Strychnine (the most common), 
belladonna, prussic or hydrocy­
anic acid, etc.

Iodine..............................................

Phenol............................................

Nitrate of silver,

Burn and stain on the lips and 
mouth. Burning pain in throat 
and J stomach; straining and 
vomiting; perhaps suffocation; 
always shock

These do not stain. Metallic 
taste in mouth; burning in 
throat and stomach; vomiting 
and purging

Produce deep sleep, pupils of eyes 
small; insensibility; face flushed

Convulsions, twitching, delirium, 
and suffocation

Staining, burning, etc.

Vomiting and great pain; skin 
covered with cold sweat. Very 
rapid poison. Lips, tongue, and 
mouth are burned white by pure, 
and black by impure (phenol)

For acids give baking soda, mag­
nesia, lime water or soap-suds

For alkalis give vinegar, lemon 
juice. Also, in both poisons give 
large doses of olive oil, milk, 
eggs, or flour and water, to dilute 
and soothe the parts, and then 
induce vomiting

Dilute and soothe with large quan­
tities of salad oil, milk, eggs, 
soap-suds, starch, or flour water. 
Then induce vomiting with salt 
water or mustard and water. 
Then stimulants like strong 
coffee or tea, or spirits of am­
monia, (No oil in phosphorus 
poisoning)

Induce vomiting if poison is just 
taken. Keep awake by strong 
coffee; slapping with wet towels; 
walking the victim supported on 
each side, and artificial res­
piration

Induce vomiting at once, or tickle 
the back of throat with the fin­
ger; artificial respiration if 
breathing stops; stimulants

Two tablespoons of starch in a 
tea cup of water, either corn­
starch or Iaundrystarch; produce 
vomiting

A couple of tablespoons of either 
Epsom or Glauber’s salts in 
water. Lime water Is not bo 
effective. Three or four raw 
eggs or castor oil. Give stimu­
lant

Salt and water
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Special Poisons. Certain materials such as aniline, benzol, etc., may be 
absorbed through the respira­
tory passages, or produce 
poisoning when taken inter­
nally, or even be absorbed 
through the skin in sufficient 
quantity to produce serious 
effects. Where materials of 
this nature are handled, a 
first-aid treatment should 
be developed. This should 
be done by the physician 
who regularly attends the 
plant.

Artificial Respiration.
To be used in cases of drown­
ing, gas poisoning, and elec­
tric shock where breathing 
has ceased.

Administration (Fig. 33). 
Start at once. The first few 
minutes are valuable.

1. Clean out patient’s mouth.
2. Place patient as shown in 1.
3. Straddle patient as shown 

in 1.
4. Place hands as in 1.
5. Apply pressure as in 2.
6. Release as in 3.
7. The complete stroke should 

be carried on 12 to 15 times per 
minute.

8. Do not give up—even after 
4 hr. men have been revived.

Fig. 33.—Positions for administering artificial 
respiration. {By permission of The National Electric 
Light Association.)
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If other persons are pres­
ent, send one of them for a 
doctor. Others should rub 
the patient’s arms and legs, 
apply hot water bottles, 
cover the patient with blankets, and allow him to inhale aromatic spirits of 
ammonia. If an inhalator (a device 
supplying oxygen to the patient) is 
hand, someone may apply the device, 
no case should artificial respiration 
interrupted in order to apply the inhalator 
or for any other purpose until breathing is 
restored.

Arterial Bleeding. Arterial bleeding 
is recognized by bright red blood expelled 
in spurts. It is serious because of the 
rapid loss of blood, which is due to the fact 
that there is too much pressure at the 
wound to allow the blood to clot. The 
flow of blood cannot be stopped by 

Fig.

Courtesy of the UrS-Bur Mines

34.—Pressure points for control
of arterial bleeding.
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ordinary pressure over the wound. To control arterial bleeding, press with 
your fingers or thumb on the artery between the bleeding point and the heart. 
The points where the arteries come close to the surface of the skin are shown 
in Fig. 34. A tourniquet should be applied wherever possible at these points 
to control bleeding in the particular artery. The tourniquet should be released 
for 3 or 4 sec. at 20-min. intervals.

OCCUPATIONAL HAZARDS AND THEIR SYMPTOMS1
Occupational hazards can be controlled by one of several methods, although 

the particular method used may depend upon the type of hazard and its 
severity. It is always best to control the hazard at its source. This can be 
accomplished by either closed systems or ventilation. Masks, respirators, 
goggles, helmets, etc., arę used where necessary and where the exposure is 
temporary and not severe.

Table 34
Health Hazards Symptoms or Effects

Abnormalities of temperature. . . . Anemia, general debility, catarrh, stiff joints. 
Extreme dry heat cramps, lumbago, Bright’s disease, skin erup­

tions, premature old age, cataracts, retinitis, 
conjunctivitis

Compressed air.................................... Weakness, vertigo, pains in the back and legs.
paralysis of legs and arms, painful constriction 
of the chest, cerebral hemorrhage and aphasia, 
coma, subcutaneous hemorrhages, impairment 
of hearing

Dampness............................................... Diseases of the respiratory passage, neuralgic
and rheumatic affections

Dust.......................................................... Cough, dyspnea, pleuritic pains, hemoptysis.
Inorganic dust clubbed fingers, marked flatness of chest,

deficient expansion (bilateral), dullness, dimin­
ished resonance, mucous rales, fibrosis, chronic 
inflammatory condition of eyes, ears, nose, and 
throat; colds, chronic catarrh of respiratory 
tract, pleurisy, pneumoconiosis

Organic dust................................................ Dryness of nose, throat, and mouth; cough,
anaphylaxis, asthma, bronchitis, emphysema

Extremeliglit........ ............................... Cataracts, retinitis, conjunctivitis, dermatitis,
ulceration and exfoliation of the skin, electrical 
ophthalmia, cancer

Infections......................4...................... 1. Malignant pustule. Begins as inflamed
Anthrax pimple or boil. Papule becomes hard, with a

External purple center and deep red zone of infiltration
surrounding, appearance of minute vesicular 
areola. Central papule becomes vesicular, dis­
charges thick bloody serum, later forming a 
brown gangrene. A painful lymphangitis with 
hard edema extending over neck and arm.
Local phlebitis in the edematous area, chilliness, 
anorexia, vomiting, prostration, high tempera­
ture, feeble pulse
2. Malignant edema. A spreading inflamma­
tion of loose connective tissue accompanied by 
sloughing and gangrene. Constitutional symp­
toms, those of pyemia

1 By permission of the McGraw-Hill Book Company; CondensedfromLange, “Hand­
book of Safety and Accident Prevention,’’ and the “International Critical Tables.”
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Table 34—(Continued)
Health Hazards Symptoms or Effects

Infections (Continued)
Internal..................................................... High fever, pains in head and back, vomiting,

constipation, pain and tenderness in the ab­
domen, rapid feeble pulse, palpable spleen, 
dyspnea, cyanosis. May be hemorrhage from 
bowels. When lungs are involved, there are 
additional symptoms: cough, pain in chest, 
suffocation

Hookworm.................................................... Anemia, pallor of the face even when the blood
count is not very low; a dull, heavy, listless 
expression, manner, speech, and gait; increasing 
muscular weakness; occurrence of parasites in 
stool. Victims often complain of gastro­
intestinal pains and cramps. In exaggerated 
cases there are edema, ascites, progressive 
emaciation, protuberant abdomen, and increas­
ing stupor

Septic infections......................................... Skin infections such as boils, carbuncles, blood
poisoning, localized lymphangitis or cellulitis

Poor illumination.................................. Nystagmus, eye strain, deficient vision due to
astigmatism or hyperopia, headache, giddiness 
(Eye strain contributes to neurasthenia)

Repeated motion, pressure, shock,
etc ................................................ Pain of muscle used, set up by a my ostitis,

bursitis, synovitis, or other local changes of a 
chronic inflammatory nature ; trembling, gradual 
emaciation, and partial paralysis of parts; 
acroparesthesia

Poisons................................... ............. Irritation of the mucous membranes of the nose,
Acetaldehyde larynx, bronchi, and eyes; acceleration of the

heart’s action; profuse night sweats
Acridine. ......................................... ............. Irritation and inflammation of skin and mucous

membranes; severe burning and itching of the 
skin; violent sneezing

Acrolein......................................................... Itching in the throat; irritation of the eyes,
exciting lachrymation; conjunctivitis, irritation 
of the air passages, bronchial catarrh

Ammonia....................................................... Acute inflammation of the respiratory organs:
cough, edema of the lungs, chronic bronchial 
catarrh, redness of the eyes, increased secretion 
of saliva, retention of the urine

Amyl acetate............................................... Nervous symptoms, headache, fullness of the
head, giddiness, numbness, nausea, disturbances 
of digestion, palpitation of the heart, inflamma­
tion of the respirätory organs

Amyl alcohol............................................... Congestion of the head, oppression of the chest,
irritation of the air passages, lowering of the 
blood pressure, faintness, nausea

Aniline and other amino compounds of
benzol and its homologues................. Pallor of the skin, vertigo, unsteady gait, loss of

appetite, increased frequency of respiration, 
anemia, slowing of the pulee, eczematous erup­
tions, bloody urine, spasmodic muscular pains, 
cyanosis

Antimony and its compounds............... Itching eruptions of the skin; inflammation of
the mouth, throat, and stomach; albumin in the 
urine, weakness of the heart, vertigo, faintness, 
coryza, dyspepsia, intestinal colic, nephritis
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Table 34—(,Continued)

Health Hazards
Foisons (Continued)
Arsenic and its compounds

Arsenic (Arseniureted hydrogen)

Benzine (Gasoline)

Benzol (Benzene).

Brass (Zinc)

Bromine* ...........

Carbon dioxide.

Carbon disulfide

Carbon monoxide.. . i

Carbon tetrachloride*

Chloride of lime..........

Symptoms or Effects

Headache, melancholia, sleeplessness, gastric 
disturbances, emaciation, catarrh of the mucous 
membranes, skin diseases of various forms, fall­
ing out of the hair and nails, melanosis, bleeding 
gums, peripheral multiple neuritis, paralysis 
General malaise, difficulty of breathing, fainting 
fits, gastric disturbances, jaundice, bluish dis­
coloration of the mucous membrane, pain in the 
region of the spleen and kidney, darkened urine, 
fetor of the mouth resembling garlic
Headache, vertigo, nausea, cough, irregular 
respiration, weakness of the heart, drowsiness, 
cyanosis, twitching of the muscles, psychosis, 
skin lesions, asphyxiation
Acute (chronic) headache, vertigo, anemia, 
muscular tremor, scarlet lips, spots of extrava- 
sated blood in the skin, irritant cough, fatty 
degeneration of liver, kidneys, and heart; blood 
symptoms (leucopenia), low count of red and 
white corpuscles and low hemoglobin 
Headache, general malaise, throat irritation, 
cough, nausea, vomiting, constipation, trem­
bling, muscular pains, accelerated respiration, 
profuse sweating, deposit of green tartar on the 
teeth, metallic taste in the mouth, anemia, 
premature old age, respiratory and degenerative 
diseases. Zinc chill which is influenced very 
little by heat, followed by deep sleep and 
profound physical depression
Pallid countenance, emaciation, bronchial 
irritation and asthma, gastric disturbances, 
irritation of skin. Irrespirable gas causing 
pulmonary edema.
Anemia, cyanosis, headache, drowsiness, vertigo,, 
ringing in the ear, and general nervousness 
Acute stupefaction, intoxication, pallor, relaxa­
tion of muscles, reflexes absent. Chronic 
headache, pain in the extremities, trembling, 
deafness, reduction of the reflexes, acceleration 
of the heart’s action, nausea, digestive trouble, 
emaciation, disturbance of sense of vision, 
excitement and violent temper followed by 
depression, hyperstimulation of sexual instinct, 
later its abnormal decline, chronic dementia 
Headache (usually frontal), dizziness, sense of 
fullness of the head, fatigue, nausea, general 
weakness, polycythemia, rapid asphyxiation 
Nausea, vomiting, abdominal pain, stupor 
deepening into coma, absence of reflexes, clonic 
convulsions, weak pulse, increased temperature 
and death
Irritating cough, inflammation of upper air 
passages, difficulty of breathing, bronchitis,, 
asthma, sometimes hemoptysis, conjunctivitis,, 
lachrymation, hyperhidrosis, burning eruption, 
on the skin
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Table 34—(Continued)
Health Hazards

Poisons (Continued)
Chlorine.........................................................

Chloroform*. ...............................................

Chloropicrin* .......................... .. ,.............

Chlorodinitrobenzol..................................
Chloronitrobenzol......................................
Chromium compounds.............................

Cyanogen compounds..............................

Dichlorodiethyl sulfide*  (Mustard gas)

Dimethyl sulfate........................................

Dinitrobenzol..............................................
Hydrochloric acid......................................

Hydrogen cyanide*  (Prussic acid). . .

Hydrogen sulfide*  <....................................

Symptoms or Effects

Pallid countenance, emaciation, bronchial 
irritation and asthma, gastric disturbances, 
irritation of the skin, chlorineacne, respiratory 
inflammation
In anesthesia the untoward symptoms are 
shallow or irregular respiration, sudden cessa­
tion of respiration, pulse either very slow 
or very rapid, dilation of pupils, cyanosis, 
asphyxia leading to dilation of the heart, vagus 
stimulation, and finally failure of heart due to 
asphyxiai condition. In delayed poisoning 
there are great prostration, delirium, coma, death 
Lachrymatory and respiratory irritant, with 
specific action on the vomiting center. Causes 
coughing, nausea, vomiting, and, in large 
quantities, unconsciousness. Secondary effects 
are bronchitis, shortness of breath
See Nitrobenzol
See Nitrobenzol
Pitlike, phagedenic ulcers, very difficult to 
heal and very painful; perforation of the nasal 
septum at the cartilaginous portion, irritation 
of the conjunctiva, small areas of inflammation 
in the lungs, inflammation of the kidneys, 
chronic gastritis, anemia
Acute headache. Immediate asphyxia with 
unconsciousness, cyanosis and death. Chronic 
headache, vertigo, unsteadiness of gait, naτιsea, 
loss of appetite, disturbance of gastric and 
intestinal functions, slowing of the pulse, 
albuminuria
Conjunctivitis and superficial necrosis of the 
cornea; hyperemia, edema, and, later, necrosis 
of the skin, leading to skin lesion of great 
chronicity ; congestion and necrosis of epithelial 
lining of the trachea and bronchi. Systemic 
effects due to the absorption of the substance 
into the blood stream and its distribution to 
the various tissues of the body
Strongly corrosive effect on the skin and 
mucous membranes, hoarseness, lachrymation, 
conjunctivitis, edema, photophobia
See Nitrobenzol
Irritation of mucous membranes, conjunctivitis, 
coryza; pharyngeal-, laryngeal-, and bronchial- 
catarrh; dental caries
Headache, vertigo, unsteadiness of gait, 
nausea, loss of appetite, disturbance of gastric 
and intestinal functions, slowing of pulse, 
albuminuria
Poisoning is of two types—acute and subacute— 
causing asphyxiation and irritation (conjuncti­
vitis) ; bronchitis, pharyngitis and depression of 
the central nervous system, respectively. In 
low concentration the symptoms are headache, 
sleeplessness, dullness, dizziness, and weariness; 
pain in the eyes followed by conjunctivitis is
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Table

Health Hazards
Poisons (Continued)

Hydrofluoric acid................ ......................

Iodinefc........................... ............................. ..

Lead and its compounds.........................

Mercury and its compounds..................

Methyl alcohol............................................

Methyl bromide.........................................

Naphtha........................................................

Nitraniline...................... .............................
Nitrobenzol and other nitro com­

pounds of benzol and its homologues

Nitroglycerin...............................................

34— (Continued)
Symptoms or Effects

fairly constant; bronchitis and pains in the 
chest are frequent; further poisoning produces 
depression, stupor, unconsciousness, and death. 
Spasms—clonic and tonic—are present. Death 
from asphyxia is caused by paralysis of respira­
tory center, while death from subacute poisoning 
is associated with edema of the lungs
Intense irritation of the eyelids and conjunctiva; 
coryza; bronchial catarrh with spasmodic 
cough; ulceration of the nostrils, gums, and 
oral mucous membrane; painful ulcers of the 
cuticle; erosion and formation of vesicles; 
suppuration under the finger nails 
Inflammation of the lungs and pulmonary 
edema
Pallor, metallic taste, nausea, anorexia, constipa­
tion, lead line on the gums, asthenia, lassitude, 
headaches, arthralgias and neuritis, weakness 
of grip, tremors of fingers and tongue; lead 
paralyses, especially of extensor muscles used 
most; atrophy of optic nerve; blood symptoms 
are low red and white count and low hemoglobin 
and presence of stipple cells
Ptyalism; swelling, inflammation, and bleeding 
of the gums; blue line on the gums, rodent 
ulcers, pallor, mercurial tremor, digestive dis­
turbances, localized white spots in the mucosa 
surrounded by pale blue or reddened area, 
general weakness of the hand and digital 
extensors, foul breath, corrosion of the teeth, 
furunculosis, sleeplessness and depression or 
drowsiness and apathy, loss of energy and 
initiative
Headache, nausea, abdominal cramps, ringing 
in the ears, muscular prostration, insomnia, 
delirium, difficulty of breathing, inflammation 
of the throat and mucous membrane of the air 
passages, conjunctivitis, serious affections of 
the retina and optic nerve resulting in blindness, 
fatty degeneration of the liver
Vertigo, headache, staring look, pallor of the 
skin, retarded pulse, constipation, excitability, 
trembling
Headache, vertigo, nausea, vomiting, dyspnea, 
palpitation, insomnia, hysteria
See Aniline

Skin gradually becomes cyanotic, methemo­
globin formation, general debility, anemia, 
presence of hematoporphyrin, albumin, and 
Sometimes free poison in the urine; skin erup­
tions, jaundice, visual disturbances, dyspnea, 
odor of bitter almonds in breath
Severe headache, vertigo, nausea, paralysis of 
the muscles of the head and eyes as well as of 
the lower extremities, cyanosis, reddening of the 
countenance, burning in the throat and stomach,



2940 SAFETY AND FIRE PROTECTION

Table 34—{Continued)
Health Hazards

Poisons {Continued)

Nitronaphthaiene............................... . . . .
Nitrous gases and nitric acid................

Petroleum.....................................................

Phenol............................................................

Phenyl hydrazine.......................................

Phosgene.......................................................

Phosphine* ...................................................

Phosphorus..................................................

Phosphorus trichloride* ..........................

Picric acid.....................................................

Sulphur chloride.........................................

Sulfur dioxide..............................................

Symptoms or Effects

disturbances of digestion, trembling, neural­
gia, colic, retarded respiration and heart action, 
obstinate ulcers under nails and on the finger 
tips, eruptions on the plantar aspect of the feet 
and interdigital spaces, witfh extreme dryness 
and formation of fissures
See Nitrobenzol
Irritation of air passages, cough, labored respira­
tion, inflammation of the eyes, injury to the 
teeth, erosion and perforation of nasal septurn 
Inflammation of the skin, acne, suppurating 
ulcers, papilloma, numbness and irritation of 
the Schneiderian membrane, headache and 
sensory disturbances, affections of the respira­
tory organs
Erosion of the skin, eczema, irritation of 
respiratory organs, digestive disturbances, 
symptoms of degeneration of the blood, emacia­
tion, nephritis, gangrene, jaundice
Vesicular eruptions on the skin with itching and 
burning, diarrhea, loss of appetite, granular 
degeneration of the blood corpuscles, formation 
of methemoglobin, a sense of general malaise 
Destruction of lung tissue, emphysema and 
edema, myocardial insufficiency due to the 
emphysema, pleural thickening and adhesions, 
chronic bronchitis, mild diffuse bronchiectasis, 
nocturnal dyspnea, polycythemia
Oppressed feeling in chest, headache, vertigo, 
ringing in the ears, general debility, loss of 
appetite, great thirst
Inflammation and sclerosis of the bones and 
of the periosteum, necrosis of the bones of the 
jaw, swelling and ulceration of the gums and 
buccal membrane, loosening and falling out of 
the teeth, suppuration and destruction of jaw­
bone with fistulous channels burrowing through 
the cheek, meningeal inflammation, brittleness 
of bones, digestive disturbances, emaciation 
Sensaitions of suffocation, difficulty of breathing, 
lachrymation, bronchitis, inflammation of 
lungs and edema, with frothy, blood-stained 
expectoration
Itching, inflammation of the skin, vesicular 
eruptions, yellow pigmentation of epidermis and 
conjunctiva, inflammation of buccal mucous 
membrane, digestive disturbances, vertigo, 
jaundice, nasal catarrh, nephritis
Symptoms are due to the combined effects of 
chlorine, hydrochloric acid, and sulfur dioxide. 
Sulfur chloride when in contact with moisture 
reacts with water to form these products. 
Suffocation, nausea and vomiting
Irritation of the mucous membrane of the 
respiratory organs and eyes, spasmodic cough, 
bronchial catarrh, digestive disturbances, blood- 
tinged mucus
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Health Hazards
Poisons (Concluded)
Sulfur trioxide* ....................
Sulfuric acid............................

Table 34—{Conduded)
Symptoms or Effects

Tar,

Tetrachlorethane (Acetylene tetra­
chloride) ...................................................

Irritation of the respiratory organs; bronchitis 
Inflammation of respiratory organs; injury to 
teeth through softening of the dentine; chronic 
catarrh
Tar itch, diffuse acne, eczema or psoriasis, loss 
of appetite, nausea, diarrhea, headache, numb­
ness, vertigo, albuminuria, edema, ischuria, 
conjunctivitis, bronchitis

Abnormal sense of fatigue, profuse perspiration, 
general discontent and grouchiness, inability to 
concentrate, nocturia, slight polyuria, dreaming, 
headache, vertigo, nervousness, insomnia, loss 
of appetite, constipation, gas in stomach, gen­
eral abdominal pain, nausea, eructations of 
gas, vomiting, loss of weight, jaundice, enlarged 
liver, bile in the urine, abdominal tenderness, 
increase of mononuclear cells, appearance of 
many immature large mononuclears, elevation 
in the white count, slight increase in number of 
platelets
Headache, weakness, difficulty in breathing, 
cyanosis, convulsions, psychic disturbances, air 
hunger, marked irritation of renal organs 
Nose and throat irritation, obstinate cough, 
bluish color of the lips and lobes of the ears, 
yellowing of the whites of the eyes, expectora­
tion of yellow mucus, discoloration—a mixture 
of Iividity and jaundice, rash on the skin, 
shortness of breath, anemia, palpitation of the 
heart, bile-stained urine, rapid weak pulse 
Irritation of the mucous membrane of the eyes, 
nose, and upper air passages; cough, bronchial 
inflammation; salivation; giddiness, headache, 
irritation of the kidneys, odor of violets in urine, 
severe irritation of the skin, eczema and harden­
ing of the epidermis

Condensed from Lange, ‘‘Handbook of Safety and Accident Prevention,” McGraw- 
Hill, except those marked (*),  which are condensed from the “International Critical 
Tables,” Vol. II, McGraw-HilL

Toluidine*

Trinitrotoluol.

Turpentine.

Bibliography
“ American Engineering and Industrial Standards” may be secured from The Ameri­

can Standards Association, 29 West Thirty-ninth Street, New York, N. Y.
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Lighting: Factories, Mill and Other Work Places, Code of
Floor and Wall Openings, Railways and Toe Boards, Safety Co<ie 
for (published for trial and criticism)
Identification of Piping Systems
Ladders, Safety Code for
Elevators and Escalators, Safety Code for (Under revision) 
Abrasive Wheels, Safety Code for the Use, Care, and Protection of 
Foundries, Safety Code for the Protection of Industrial Workers in 
Mechanical Refrigeration, Safety Code for
Power Presses and Foot and Hand Presses, Safety Code for 
Mechanical Power Transmission Apparatus, Safety Code for 
Transmission Shafting, Code for Design of
Forging and Hot Metal Stamping, Safety Code for 
Screw Threads for Fire Hose Couplings
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B28a-1927
C 1-1930
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C 5-1929

C 19-1928

D 3-1927
D 5

K 2-1927
K 8-1923
K 13-1930
L 1-1929
M 2-1926

M 11-1927

M12-1928

M 13-1925
M 17-1930
O 1-1930
P 1-1925
X 2-1922

Z 8-1924
Z12a-1930
Z12b-1930
Z12c-1927
Z12d-1928

Rubber Mills and Calenders, Safety Code for
Electric Wiring and Apparatus in Relation to Fire Hazard (National 
Electric Code)
National Electrical Safety Code
Discussion of National Electrical Safety Code C2-1927
Lightning, Code for Protection against
Preliminary Report of the Sectional Committee on Protection of 
Electrical Circuits and Equipment against Lightning
Industrial Control Apparatus, Definitions, Classifications, Rating 
and Methods of Test for
Colors for Traffic Signals, Safety Code for
Street Traffic Signs, Signals & Markings (published for trial and 
criticism)
Gas Safety Code
Flash Point of Volatile Flammable Liquids, Method of Test for 
Colors for Gas Mask Canisters, Code on
Textiles, Safety Codefor
Installing and Using Electrical Equipment in Coal Mines, Safety 
Rules for
Wire Ropes for Mines, Specifications for and Recommended Prac­
tice in the Use of
Ladders and Stairs for Min s, Recommended Practice for the Con­
struction and Maintenance of
Rock Dusting of Coal Mines, Recommended Practice for
Fire Fighting Equipment in Metal Mines
Woodworking Plants, Safety Code for
Paper and Pulp Mills, Safety Code for
Protection of the Heads and Eyes of Industrial Workers, Safety 
Code for the
Laundry. Machinery and Operations, Safety Code for
Installation of Pulverized Fuel Systems, Safety Code for 
Pulverizing Systems for Sugar and Cocoa, Safety Code for 
Prevention of Dust Explosions in Starch Factories, Safety Code for 
Prevention of Dust Explosions in Flour and Feed Mills, Safety 
Codefor
Prevention of Dust Explosions in Terminal Grain Elevators, 
Safety Code for

Safe Practices Pamphlets
Published by National Safety Council, 20 North Wacker Drive, Chicago, Ill.

General
1 Ladders—1939.
2 Stairs, Stairways, Inclines and Ramps—1934.
3 Safe Operation of Steam Boilers—1939.
4 Overhead Traveling Cranes—1939.
5 Mechanical Power Transmission Apparatus (Part I) Starting and Stopping 

Devices—1934.
6 Fiber Rope—1936.
7 Mechanical Power Transmission Apparatus (Part II) Belts and Belt Guards— 

1937.
8 Mechanical Power Transmission Apparatus (Part III) Shafting, Coupling, Keys, 

Collars, Set Screws, Pulleys, Gears, Sprockets and Chains—1937.
9 Mechanical Power Transmission Apparatus (Part IV) Prime Movers: Flywheels, 

Cranks, Connecting Rods, Crossheads, Tail Rods, Governors-—1937.
10 Mechanical Power Transmission Apparatus (Part V) Bearings, Oilers and Oiling 

Devices—1937.
11 Floors and Flooring—1939.
12 Wood Scaffolds—1937.
13 Grinding Wheels—1936.
14 Goggles—1940.
15 Elevators—1935.
16 Protective Clothing—1930.
17 Plant Yards and Grounds—1938.
18 Power Presses, 1929.
19 Exits, Fire Alarms and Fire Drills—1929.
20 Woodworking Machinery and Equipment—1939.
21 Standard Industrial Injury Reporting System—1939.
22 Industrial Shop Lighting—1937.
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23 Gas and Electric Welding—1936.
24 Fire Extinguishment—1939.
25 Acids and Caustics—1936.
26 Wire Rope—1937.
27 Industrial Sanitation (Drinking Water, Wash and Locker Rooms and Toilet 

Facilities)—1936.
28 Commercial Explosives—1939.
29 Electric Equipment in Industrial Plants—1939
30 Discontinued.
31 Fire Causes and Prevention—1939. ∖
32 Exhaust Systems—1939.
33 Hoisting Apparatus—1939.
34 Industrial Explosion Hazards Gases, Vapors, Flammable Liquids, and Dusts— 

1930.
35 Conveyors—1939.
36 Fire Brigades—1929.
37 Industrial Ventilation—1939.
38 Safety Posters and Bulletin Boards—1939.
39 Machine Shops—1939.
40 Suggestion Systems—1930.
41 Hand Tools—1939.
42 Organizing a Complete Industrial Safety Program—1939.
43 Combined with Pamphlet 15.
44 The Safe Use of Cutting Oils and Emulsions—1931.
45 Industrial Housekeeping—1930.
46 Fuel Handling, Storing and Firing—1929.
47 Compressed Air Machinery and Equipment—1939.
48 Railroads in Industrial Plants—1931.
49 Construction and Equipment of Steam Boilers—1939.
50 Practical Methods of Reducing Fatigue—1940.
51 Discontinued.
52 Static Electricity—1937.
53 Checking Plans and Specifications for Safety—1938.
54 Handling Material (Hand and Truck)—1938.
55 Industrial Power Trucks and Tractors—1940.
56 Investigation of Industrial Accidents—1939.
57 Replaced by Health Practices Pamphlet 5.
58 Mechanical Power Transmission Apparatus (Part VI) Construction of Machinery 

Guards—1937.
59 Warehouses and Shipping Rooms—1934.
60 Chemical Laboratories—1937.
61 Mechanical Refrigeration—1937.
62 Discontinued.
63 Storage Tanks for Oils, Acids and Dry Materials—1930.
64 Respiratory Protective Equipment—1938.
65 Teaching Safety to New Employees—1930.
66 Pressure Vessels (Part I) Air Receivers and Hot Water Tanks—1937.
67 Maintaining Interest in Safety—1938.
68 Pressure Vessels—Fired and Unfired (Part II) Steam Jacketed Vessels, Digesters. 

Stills, Blow Cases and Autoclaves—1939.
69 Replaced by Pamphlet D-5.
70 Safe Practices for Maintenance and Repair Men—1937.
71 Safe Handling of Chlorine—1936.
72 Safety Committees—1939.
73 Foundries—1938.
74 Safety Contests—1937.
75 Safety Inspections—1934.
76 Portable Electric Hand Tools—1930.
77 Safety Meetings—1937.
78 Mathematical Tables and Data for the Safety Engineer—1939.
79 Accidents and the Engineer—1938.
80 Safety Rules—Their Formulation and Enforcement—1930.
81 Warning Signs—Their Use and Maintenance—1930.
82 Replaced by Health Practices Pamphlet 8.
83 Training for First Aid and RuDs for First Aid Contests—1939.
84 The Safety Man in Industry—1939.
85 Safe Practices in Forging and Hot Metal Stamping—1934.
86 Combined with Safe Practices Pamphlet 21.
87 Safety in the Medium Sized Plant—1930.
88 Identification of Piping Systems—1937.
89 See Safe Practices Pamphlet CP-1.
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90 See Safe Practices Pamphlet PT-1.
91 Spray Coating—1931.
92 See Safe Practices Pamphlet F-4.
93 Topics for Safety Meetings—1940.
94 State Safety Requirements in Industry—1935.
95 Compressed Gases—1939.
96 Industrial Power Departments—1931.
97 Safe Operation of Pulverized Coal Systems—1940.
98 Use and Care of Hoisting Chains—1939.
99 Falls of workers—Their Causes and Prevention—1937.

100 Safety Stunts—Part I—1935.
101 Safety Stunts—Part II—1937.
102 Off the Job Accidents-—1939.
103 Purchasing for Safety—1939.

Safe Practices—Special Industries
Au-I 
Au-2 
CE-I 
CE-2 
CE-3 

Cem-I 
Cem-2 
Cern-3 
Cem-4 
Cem-5 
Ceιn-6 

Chem-I 
Chem-2 
Chem-3 
Chem-4 
Chem-5 

Con-I 
Con-2 
Con-3 
CP-I

D-I
D-2
D-3
D-4
D-5

ER-I
F-I
F-2
F-3
F-4
F-5 
Lrl

M-I 
M-2 

Mar-I 
Mar-2 
Mar-3 
Me-I 
Me-2 
Me-3 
Me-4 
PB-I 
PP-I 
PP-2 
PT-I 
Pet-I 
Pet-2 
Pet-3 
Pet-4 
Pet-5 
Pet-6 
Pet-7 
Pet-8 
PS-I

Safe Practices in Heat Treating—1931.
Safe Practices in Motor Block Testing—1937.
Accident and Health Hazards in Mercantile Establishments—1931.
Safety in Hotels—1939.
Safety in Hospitals—1939.
Cement Rock Quarrying and Crushing—1931.
Raw and Finished Cement Mill Grinding—1939.
Cement Burning (Including Fuel Handling)—1936.
Safe Practices in Cement Mill Shops—1930.
Storing, Packing and Shipping Cement—1940.
Cement Mill Yards and Railroads—1940.
Pipe Lines and Tanks as Causes of Accidents—1929.
Fume Poisoning from Nitric and Mixed Acids—1929.
Chemical Burns (Their Nature and Treatment)—1937.
Safety in Rayon Manufacture—1929.
Pyroxylin LacqUer Manufacture—1935.
Preventing Accidents in Building Construction—1936.
Safety and Health in Tunnel and Caisson Work—1931.
Safety in Excavation Work—1931.
Brick Making—1937.
Non-traffic Hazards of the Commercial Driver—1930.
Selecting Drivers for Commercial Vehicles—1935.
Training Drivers for Commercial Vehicles—1933.
Commercial Vehicle Accident Records—1939.
Preventing Vehicle Accidents—1937.
Safe Maintenance of Electric Railway Rolling Stock—1931.
Safety in Food Preserving and Canning—1929.
Safety in Candy, Chocolate and Cocoa Manufacture—1930.
Safety in Bakery Operations—1930.
Safety in Milk Bottling Plants—1939.
Safety in Macaroni Plants—1936.
Safety in Dry Cleaning and Dyeing Establishments—1939. 
Discontinued.
Mine Rescue Work—1937.
Fumigating Ships—1937.
Marine Boilers—1938.
Safe Practices in Handling Bunker Coal—1931.
Safe Practices in Cleaning and Finishing Rooms in Foundries—1936. 
Blast Furnaces—1938.
Safety in Structural and Sheet Metal Fabrication—1934.
Rod Mills—1930.
Safety and Health in Job and Newspaper Printing Establishment«—1936. 
Paper and Pulp Mills—1918.
Paper Box Manufacturing—1936.
Leather Tanneries—1937.
Discontinued.
Discontinued.
Discontinued.
Discontinued.
Discontinued.
Safe Practices in Cleaning Petroleum Stills—1930.
Safety for the Oil Field Pumper—1929.
Drums and Barrels (Handling, Cleaning and Filling)—1936. 
Discontinued.
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PU-I Protecting Public Utility Employees on Streets and Highways—1938.
PU-2 Discontinued.
PU-3 Linemen’s Rubber Protective Equipment—1939.
PU-4 Safe Handling of Poles—1939.

Q-I Discontinued.
Rei-I Safe Practices in the Delivery of Ice—-1937.
RR-I Use of Motor, Hand and Push Track Cars—1933.
Ru-I Compounding Materials Used in the Rubber Industry Pt. I—1937.
Ru-2 The Safe Operation of Vulcanizers and Devulcanizers—1936.
Ru-3 Compounding Materials Used in the Rubber Industry Pt. II—1938.

T-I Cotton Mills—1938.
W-I Safety in Wood Furniture Manufacture—1931.
W-2 Safe Practices in Operating Commercial Lumber-yards—1932.

Health Practices

1 Chromium—1929.
2 Physical Examinations in Industry—1936.
3 Lead—1929.
4 Industrial Dust—1939.
5 Health Service in Industry—1939.
6 Industrial Eye Hazards—1934.
7 Carbon Monoxide—1929.
8 Caring for Injured Workers—1938.
9 Gases and Vapors—1929.

10 Skin Affections—1934.
11 Nursing Service in Industry—1930.
12 Replaced by Health Practices Pamphlet 5.
13 Physical Defects—1931.
14 Benzol—1931.
15 Replaced by Health Practices Pamphlet 5.
16 Physical Therapy in Industry—1935.
17 Back Injuries—1936.
18 Lighting and Health—1936.
19 Illness in Industry—1936.
20 Silicosis—1937.

* Publications of the National Fire Protection Association on Fires, 
Fire Prevention, and Fire Protectton

(Corrected to Jan. 2, 1937)

Copies of the publications listed below will be mailed on application to National Fiu 
Protection Association, 60 Batterymarch St., Boston, Mass.

A. Standard, Regulations for Fire Protection and the Safegitarding of Hazards
Published by the National Board of Fire Underwriters

Note: The following N.F.P.A. Regulations have been adopted by, and are the official 
standards of the National Board of Fire Underwriters.

1. Acetylene Equipment for Lighting, Heating and Cooking. (1930.)
3. Carbon Dioxide Fire Extinguishing Systems and Inert Gas for Fire and 

Explosion Prevention. (1933.)
4. City Gas, Installation, Maintenance and Use of Piping and Fittings. (1932.)
5. Combustible Fibres, Storage and Handling. (1937.)
6. Compressed Gas Systems, other than Acetylene for Lightning and Heating. 

(1937.)
6α. Dip Tanks Containing Flammable Liquids, Including Hardening and Tempering, 

Tanks; Flowr Coat Work. (1936.)
7. Dry Cleaning and Dry Dyeing Plants, Safeguarding of. (1936.)
9. Electric Cars and Trolley Buses, Including Houses and Yards. (1935.)

10. Electric Wiring and Apparatus (National Electrical Code). (1937.)
12. Fire Brigades, Private. (1930.)
14. Fire Pumps, Centrifugal. (1933.) .
15. First Aid Fire Appliances (fire extinguishers), Installation, Mamtenance and 

Use of. (1931) with amendments (1932.)
16. Foam Extinguisher Systems. (1936.)
17. Garages, Construction and Protection of. (1932.)
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18. Gasoline Vapor Gas Machines, Lamps, and Systems. (1926.)
19. Gas Shut-off Valves, Emergency. (1924.)
20. Gas Systems for Welding and Cutting. (1936.)
21. Hose Houses for Mill Yards, Construction and Equipment. (1936.)
22. Internal Combustion Engines (gas, gasoline, kerosene, fuel oil) and Coal Gas 

Producers (pressure and suction systems). (1934.)
23. Liquefied Petroleum Gases, Storage and Handling. (1937.)
24. Marine Oil Terminals. (1930.)
25. Municipal Fire Alarm Systems. (1934 )
26. Nitrocellulose Motion Picture Films (storage and handling). (1931)—with 

amendments (1936).
27. Oil Burning Equipments, and the Storage and Use of Oil Fuels in Connection 

Therewith. (1934)—with amendments (1936).
28. Outside Protection, Underground Piping Systems Supplying Water for Fire 

Extinguishment. (1931.)
29. Ovens for Japan, Enamel, and Other Flammable Finishes. (1931.)
30. Paint Spraying and Spray Booths. (1935.)
31. Photographic and X-ray Nitrocellulose Film. Storage and Handling. 

(1930.)
32. Piers and Wharves, Construction and Protection. (1935.)
33. Proprietary, Auxiliary and Local Systems for Watchman, Fire Alarm and 

Supervisory Service. (1931.)
34. Protection of Openings in Walls and Partitions. (1935.)
35. Protective Signaling Systems, Central Station, for Watchman, Fire Alarm and 

Supervisory Service. (1931).
36. Pulverized Fuel Systems, Installation of. (1935.) See also A-201.
37. Pyroxylin Plastic, Storage, Handling, and Use of in Factories Making Articles 

Therefrom. (1935)—with amendments (1936).
38. Pyroxylin Plastic, Storage and Sale of in Other Than Plants Manufacturing 

Articles Therefrom. (1922.)
39. Sprinkler Equipments, automatic and open systems. Standard Class B 

Sprinkler Equipments. (1936.)
40. Standard Threads for Small Hose Couplings. (1922.)
41. Standpipe and Hose Systems. (1931.)
42. Sugar and Cocoa, Pulverizing Systems for. (1930.) See also A-201.
43. Tanks. (Water, Gravity and Pressure, Towers, etc.) (1931.)
44. Valves, Controlling Water Supplies for Fire Protection. (1931.)
45. Ventilating, Air Conditioning, Dust, Stock and Vapor Removal Systems, 

Power Operated. (1937.)

Regulations and Special Committee Reports 
Published by the National Fire Protection Association

100. Anaesthetic Gases and Oxygen, Recommended Good Practice Requirements 
for the Construction and Installation of Piping Systems for the Distribution of in 
Hospitals and Similar Institutions, and for the Construction and Operation of 
Oxygen Chambers. (1934.)

102. Aviation, Fire and Life Safety in. (1931.)
1020. Building Construction Operations, Recommended Good Practice Require­

ments. (1935.)
103. Building Exits Code. Stairs and enclosures, fire escapes, ramps, horizontal 

exits, doors, aisles, and corridors, elevators, escalators, slide escapes, alarm systems, 
fire exit drills, signs and lighting. Requirements for schools, department stores, 
factories, theatres and places of public assembly, hospitals, sanitariums and 
corrective institutions. (1936.)

104. Coal Pneumatic Cleaning Plants. (1930.) See also A-201.
107. Fire Exit Drills and Alarm Systems. (Reprint from Building Exits Code.)
108. Fire5Hazard Properties of Certain Flammable Liquids, Gases and Volatile 

Solids. (1935.)
108α. Fire Hose, Care of. (1936.)
109. Fire Fighting Equipment in Metal Mines. (1930.)
109α. Forest Fire Fighting Equipment, Community. (19..54.)
109b. Gasoline Blow Torches and Plumbers’ Furnaces, Recommended Good 1 rac- 

tice for the Construction, Maintenance and Use of. (1934.)
110. LightningtProtectionofLifeandPropertyagainst. (1937.)
110α. Liquefied Petroleum Gases. Automobile Tank Ίrucks and Tank Irailers 

for Transportation of. (1935.) . , , . 1 *
111. Marine Fire Hazards. (1930.) Appendixes also reprinted separately: A— 

Freeing Od Tanks of Explosive or Toxic Gases. C-Stowage of Hazardous Com­
modities. D—Internal Combustion Engines.
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112. Mechanical Refrigeration, Hazards and Safeguards of. (1931.)
112α. National Standard Fire Hose Couplings and Fire Department Hose 

Connections for Sprinkler Standpipe Systems. (1934.)
113. Private Residences. Specifications for. (1925.)
114. Protection of Records. Consolidated reports of the Committee on Protection 

of Records, 1923 to 1936, Including Regulations on Vaults.
115. Rural Fire Departments, Equipment and Organization. (1934.)
116. Shoe Factories, Suggestions for Their Improvement as Fire Risks. (1923.) 
116α. Spark Arresters. Standard for Construction and Installation of, for Chimneys

and Stacks. (1936.)
1166. Spontaneous Ignition of Coal and Other Mining Products. (1936.)
117. Spray Application of Flammable Finishing Materials.*  (1928.) 
117 a. Standard Fire Test Specifications. (1934.)
118. Standard Industrial Buildings, Specifications for. (1929.)
119. Structural Defects. Suggestions for their Elimination and Protection.
119α. Summer Homes in Forested Areas. Fire Protection and Fire Prevention 

for. (1934.)
120. A Table of Common Hazardous Chemicals. (1929.)
120α. Terminal Grain Elevators, Prevention of Dust Explosions in. (1931.)
121. The Watchman. Suggestions for Guidance in Selection, Instruction and 

Duties. (1925.)
122. Water Charges. Report of Committee on Public Water Supplies for Private 

Fire Protection. (1932.)
123. Water Systems for Fire Protection on Farms. (1935.)

N.F.P.A Standards Published by U. S. Government
These publications may be obtained from the Government Printing Office, Washing­

ton, D. C. Remittances should be included with orders, in cash, postal money order, or 
coupons sold by the Superintendent of Documents, Government Printing Office. As a 
convenience to members, single copies will be furnished by the Executive Office when 
ordered with other publications.
201. Dust Explosions, Safety Codes for the Prevention of. Dept. Labor, Bull. 562. 

Suppl. Bull. 617.
Starch Factories. (1934.)
Flour and Feed Mills. (1933.)
Terminal Grain Elevators. (1933.)
Pulverizing Systems for Sugar and Cocoa. (1931.)
Spice Grinding Plants. (1931.)
Wood-flour Manufacturing Establishments. (1931.)
Pulverized Fuel Systems. (1933.)
Coal Pneumatic Cleaning Plants. (1930.)
Inert Gas for Fire and Explosion Prevention, Use of. (1931.) 
WoodworkingPlants. (1934.)

202. Gasoline and Kerosene on the Farm, Safe use and storage of. Dept. Ayr., 
BuU. 1678.

203. Fire Protective Construction on the Farm. Dept. Agr., BuU.
■ B. Suggested Municipal Ordinances

1. Automobile Tank Trucks and Tank Trailers. Regulating the Construction
and Operation of. ., ~ , , z. ɪ, .

la. Bureau of Fire Prevention, To establish, provide officers and define their powers 
and duties. , , 1 , ɪ ɪ. £

2. Chimneys, Flues and Fireplaces, To provide for the safe construction of.
3. Explosives, Suggested Ordinances.
3α. Fireworks Ordinance, Suggested. (Contained in D-21α.)
4. Flammable Liquids and the Products. Thereof, To regulate the use, handling, 

storage and sale of. including Appendixes on Gasoline Service Stations, and 
Rooms, Cabinets and Outside Houses for Flammable Liquids.

4α. Fumigation Ordinance, Model.
5. Oil Burning Equipments, and Oil Storage in Connection Therewith; Stove 

or Range Oil Burners.
5α. Oil Burning Equipments (Short form).
8. Wooden Shingle Roofs, Prohibition of.
9. Fire Prevention Code for Cities. Advisory Outline.

C. Reference Books
1. Crosby-Fiske-Forster Handbook of Fire Protection. A standard reference 

volume for beginners and experienced men specializing in fire prevention and 
protection. It is also an invaluable reference work for those occasionally requiring

* Reprint from Quarterly.



2948 SAFETY AND FIRE PROTECTIONspecific facts of this character. Eighth edition (1936) 1154 pp., 4¼ by 6>¿ in.,242 illustrations, 161 tables, handsomely bound.
lα. Field Practice. Inspection Manual designed for the use of property owners,fire departments and inspection offices in safeguarding life and property againstfire, 206 pp., 4⅜ by 6¾ in., bound in flexible “Fabrikoid.”2. Dust Explosions, Theory and Nature of Phenomena, Causes and Methods of Prevention. An authoritative and comprehensive work by Price and Brown, 

246 pp∣, 6 by 9 in., large readable type. Forty-eight illustrations, 39 drawings, 25 tables.3. Industrial Fire Hazards, by Dana and Milne. The first section describes the manufacturing processes in the principal industries, dealing with special hazards, construction and protection, giving fii`e record data and suggestions for safe­guarding hazards. The second section, entitled Encyclopedia of Hazardous Materials, describes most of the chemical material, oils, etc., found in the field by inspectors, and notes the hazards. 950 pp., illustrated.4. The Boston Fire Waste Survey. A comprehensive report on the fire waste problem of Boston prepared by the field engineering staff of the N.F.P.A. 319 pp., illustrated.Note: A paper, “Fire Protection Engineering as Applied to Municipalities,” by Akers, describing the Survey, is available in pamphlet form.
5. Hydraulics of Fire Streams and the Nozzle as an Accurate Water Meter. Two papers recording original experiments by Freeman, reprinted from Transac­tions of American Society of Civil Engineers. 216 pp., illustrated.
fi∙ Fire Tests of Building Columns. An Experimental Investigation of the Resistance of Columns, Loaded and Exposed to Fire or to Fire and Water with Record of Characteristic Effects. Published by Underwriters’ Laboratories, 390 pp.
7. Prevention and Control of Farm Fires. A popular handbook on the causes of farm fires and best methods of safeguarding against loss of life and property. An attractively bound 167-page volume.
8. The Volunteer Fire Company, by Brinckloe. An attractive 168-page volume with 24 illustrations of volunteer fire department apparatus, equipment and fire fighting methods.

D. Popular Educational and Miscellaneous Pamphlets

1. Advanced Courses in Firemen’s Training.*  Bond.

* Reprint from Quarterly.t Reprint from Proceedings.

la. Automatic Sprinkler Systems by Fire Departments, Use of.f3. Belt Dressings for Eliminating Static Electricity.*  Edwards and Reed.
4. Carbon Dioxide Fire Protection.*  Moulton.
6. Certificate of Occupancy, f Miller.
6α. Chlorine in Industry.*  Stone.
65. Cigarettes. Fire Hazard Test with.*  Hoffheims.
8. City Planmng and Fire Protection.*  Klein.
8α. City Planning and Zoning in Relation to Fire Prevention and Fire Pro­

tection.!
9. Decreasing the Fire Hazard. Wentworth.12. Dwelling House Inspections.*  Tierney.

12α. Dwelling Inspection by Fire Departments.*13. Explosions, Dust and Smoke.*  Steward.
14. Fire Alarm Central Stations.*  Revised and reprinted. Carroll.15. Fire Department Drill Towers.*16. Fire Department Pumpers, Their Effective Use and Co-ordination with Private Protection Facilities, f Daniel.
16α. Fire Department Records.*
17. Fire Effects on Fire-Resistive Construction.*  Burton.
17a. Fire Gases.*  Ferguson.
18. Fire Prevention Exhibits. Illustrations of fire prevention exhibits and window displays.19. Fire Prevention Week Handbook. Suggestions for guidance in planning the observance of Fire Prevention Week. 48 pages, illustrated.20. Fireproofing of Wood·! Truax.
21. Fire Test of Brick Joisted Buildings.*
21a. Fireworks Casualties and Regulation.*22. Fresno, The Story of. A Tale of the Redemption of a Fire Department.*
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23. Gasoline Transport Truck Fires.*
24. High Tension Wires and Hose Streams.*  Walker.
25. Indianapolis, The Story of. A successful fire prevention campaign.*
26. Individual Liability Laws for Fires due to Carelessness or Neglect.
27. Inspected Electrical Appliances. Published by Underwriters’ Laboratories, 

Inc. (Revised semiannually.)
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BY FRED C. ZEISBERG
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There are two general classes of reports in which the chemical engineer is 
most likely to be interested: (1) form reports, used in the control of some 
plant operation or recording of a research experiment, and (2) general reports, 
varying from routine weekly reports on experimental work to veritable 
volumes covering a detailed analysis of a whole industry. Financial reports, 
of course, have their place in many chemical engineering studies, but dis­
cussion of these will be omitted from the following.

FORM REPORTS
Daily Reports. These are generally designed for the purpose of recording 

pertinent data in connection with some plant operation. A ruled form is 
made up, containing blank spaces in which the significant figures can be 
inserted, usually by the foreman in charge of the operation. The size must be 
chosen with respect to the number of entries required, but it is well to bear 
in mind that if these reports are to be filed there are certain standard-size 
cabinets or drawers, such as 4 by 6 in., 5 by 8 in., 8½ by 11 in. and 8⅜ by 
13 in., in which the reports can be filed neatly and without wasted space if 
the form is chosen of one of the standard sizes instead ot being made up to 
any odd size.

Once the form ha« been made up, it can be multigraphed or printed and is 
then ready for use. Such reports show the weights of materials fed to an 
operation and products delivered therefrom, together with figures showing 
temperatures, pressures, chemical tests, or any similar matter important in 
the control of the operation. Even when recording thermometers or pressure 
gages are part of the regular equipment of a process, the use of a daily report 
form requiring the periodic entry of significant figures by the operator in 
charge insures better control of the process.

For continuous processes the daily report form usually provides for a 24-hr. 
operation, and, since most chemical operations are on an 8-hr. shift basis, 
three separate foremen or operators fill in one form. It is hence customary 
to provide spaces designated shift 1, shift 2, and shift 3 for the signatures of 
the three men in question, so that responsibility for irregularities on any shift 
can be easily placed.

The daily reports are sent daily to the supervisor in charge of the operation 
and are kept on file in his office, for use in compiling the monthly report. 
They serve, also, to bring to his attention quickly any abnormal condition 
in thie operation in his charge.
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Only the most general directions can be given regarding the designing of a 

daily report form. Common sense must be used liberally. Spaces should 
be provided for all figures needed in the chemical accounting of the process, 
and only such additional figures should be required as are necessary to an 
intelligent control of the process. On forms used for continuous processes, 
the length of time a process is interrupted should be noted. A space, usually 
the reverse of the form, should be reserved for comments by the operator, 
and lie should be encouraged to make them. It is well, from time to time, 
to look over the form critically to see whether figures once regarded as impor­
tant cannot be omitted and to make sure that no other figures which have 
become important fail in being reported because no spaces are provided for 
them.

Monthly Reports. Most chemical manufacturing companies require 
monthly reports on the various chemical operations conducted by them. 
These are designed to give information not contained in the usual cost sheets 
and permit a comparison of operating efficiency month by month, or among 
plants. The daily report is the source of information used in compiling the 
monthly report.

The same points important in the compilation of daily reports apply equally 
well to monthly reports, except that monthly reports are usually permanent 
records and should hence be on a better grade of paper than daily reports, 
which may be destroyed after the monthly reports are compiled.

Research Form Reports. While research data are preferably, and for 
the most part, recorded in blank books, it is often more convenient to use 
loose-leaf forms. This is particularly the case in continuous experiments on 
the semiworks scale, in which the responsibility for recording the data is passed 
on from one shift to another until the run is completed. Since the correlation 
of the data is usually in the hands of someone other than those who record 
them, it is obvious that a blank book, which might be needed for the record­
ing of a succeeding run, would not be so handy as a pad of loose-leaf report 
forms.

The forms, of course, will have to be designed for the particular experiment. 
Probably the most convenient size is 8⅜ by 11 in., as this can be filed in 
standard letter files or placed in ring binders for future reference. For runs 
lasting several days, and particularly in those cases in which data on one 
form must be compared with those on another or with the record from some 
continuous recording instrument, it is very convenient to use 24-hr. time, ι.e., 
to call midnight 24:00 o’clock. Thus errors arising from comparing data for, 
say, 3:00 a.m. on one sheet with those for 3:00 p.m. on another sheet, are 
avoided.

GENERAL REPORTS
In this category fall such papers as research reports, descriptions of plants, 

industry surveys, analyses of newly proposed or going processes, and many 
other similar writings, varying in size and scope from one-page memoranda 
to monographs extending into hundreds of pages. At least two cardinal 
points must be borne in mind in the preparation of all of these: absolute 
clarity, and the training and experience of the reader for whom the report is 
meant. Even when discussing the various subheadings below, it is obvious 
that only generalities can be touched upon, each particular type of report 
being subject to great flexibility in method of presentation, depending upon 
the individuality of the author, the points he wishes to emphasize, and the 
limitations of the readers whom he wishes to reach.
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Research Reports. These are Iiearljr always prepared for a group of 
readers of the same general experience and training as the author. There is 
hence no restriction on the fullest use of technical language, except that terms 
very special to the subject under discussion should be defined early in the 
report, if this report is meant for technical men who have not specialized in 
the subject as fully as the author. In the following discussion, it should be 
remembered that commercial research laboratories, in which the researchers 
are part of an organization and not individualists, have been kept in 
mind.

Various systems of reporting the results of research work are in vogue. 
Several systems used in research laboratories connected with the chemical 
industry will be briefly described and commented upon.

In one it is the practice for each man to prepare a brief, separate, weekly 
statement of progress on each subject. This has the advantage of keeping 
his superiors up-to-date, but the disadvantage that a considerable stenographic 
and filing effort is required. Moreover, the information being in homeopathic 
doses, it is doubtful whether the superior for whom the report is meant, espe­
cially when he is handling a number of studies, can properly integrate the 
disjointed weekly reports into a well-rounded picture of the status of the 
work on each study. The same laboratory, in which this weekly report 
system is the practice, requires monthly reports on each subject, regardless 
of whether the research has reached a logical point for a report or not. This 
monthly report is much fuller than the weekly report and attempts to review 
and coordinate the information developed since the previous monthly report 
was issued.

In another research laboratory no weekly reports are required, but monthly 
sections are written on each subject, the whole being combined in a single 
monthly report. No final reports are required, a series of sections in the 
monthly report serving as the history of the research.

The advantages of requiring reports at stated intervals are various. There 
unfortunately exist a number of research workers who approach report writing 
as a distinct task, and who consequently postpone writing up their results 
until, in the enthusiasm of pursuing some new line of research, they neglect 
entirely to write up properly their past work. For this class the monthly 
report, though a bore, is a necessity. Further, in writing up a research in 
monthly installments, the opportunity is provided for suggestions from readers 
of the reports to be tried before the research is terminated. Finally, monthly 
reports establish dates, at least within definite time limits, which may become 
exceedingly valuable in future establishment of priority in patent litigation.

The disadvantage of the monthly report, at least when a final report review­
ing the whole research is not required or not prepared, is that the researcher’s 
viewpoint may change considerably as the work proceeds, and statements of 
fact or theory made early in the course of the work and subsequently found 
in error may remain in the record uncorrected. Also, with the best intentions 
in the world on the part of the author, such a series of reports is bound to 
present a disjointed and unfinished appearance, which would be absent in a 
full report prepared on the completion of the work.

Some laboratories follow the practice of reporting research work only on 
the completion of the study on a particular subject. If the study is not too 
long, this practice results in the best type of report, but it is not without its 
disadvantages. If the study is a long one, especially if the researcher does 
not make copious daily notes, points of considerable importance may not be 
reported. Even on short studies there are men whose memories will not 
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marshal all the desired facts when the report is being written. For these, 
periodic reports provide the best medium.

There probably is no hard-and-fast rule which is applicable to reporting 
the results of all kinds of research at all laboratories. The length of the 
research must determine, to a large extent, the manner in which it is reported. 
The peculiarities of the researcher must also be considered. The ideal way 
to produce the best and most readable report is to prepare this report at the 
conclusion of the research from copious dated notes taken during the progress 
of the work. Unfortunately, this happy end can hardly ever be attained in 
the commercial research laboratory. For the sake of keeping those at the 
head of the laboratory reasonably promptly informed as the work progresses, 
and to assure some literary activity on the part of those men who dislike 
writing, the monthly report is perhaps the best system. To make it complete, 
however, there should be a final report in which are incorporated all of the 
findings of the preceding monthly reports properly coordinated.

1. Form of Research Report. Instead of leaving the form of the report 
to the caprice of the author, experience has shown that it is well to prescribe 
it. There are, of course, several possible forms, but one which has been 
adopted as standard in a good many laboratories is described below.

First comes the introduction, in which is stated the reason for making 
the study and the end it is hoped to attain. Next comes a section devoted 
to the state of the art, which may also be called the historical section. 
Then comes the body of the report in which the research is described and, 
finally, comes the summary and/or conclusions. At some laboratories 
it is the practice to put the summary immediately following the introduction, 
so that a busy executive need not leaf over the whole body of the report, in 
which he has no particular interest, to find out what the results of the research 
were.

It is often the practice to attach an appendix in which are shown illustra­
tions, tables, or references to the literature. It is a nuisance, however, to 
have to turn over to an appendix to refer to something which must be con­
sulted to obtain a clear understanding of the text. For this reason small 
tables are best incorporated in the text, and for the same reason references 
to the literature or to patents, if they are not too numerous, are best shown in 
parentheses in the text itself. If there are many such references it is better 
to give reference numerals in the text and to show the reference itself in foot­
notes or in a bibliography in the appendix. In giving literature references, 
it is well to adopt the abbreviations standardized by the American Chemical 
Society and used in Chemical Abstracts.

Since illustrations, unless they are small, cannot be conveniently shown 
in the body of typewritten text, and then only if they are separately made and 
pasted into a space left for them, it is common practice to show these on 
separate sheets. Such separate sheets, particularly if they carry curves or 
diagrams which must be repeatedly consulted to get the sense of the text, 
are best made with throw-outs, i.e., on folded sheets which can be opened to 
expose the figure beyond the edge of the report. The eye. can then easily 
pass back and forth between the text and the figure.

Research reports have commonly been bound at the top, but it is much more 
convenient to bind them along the left margin so that they open like a book. 
Bound thus, they are easier to read and they file more readily, either in loose­
leaf ring binders, or in file cabinets. The above is true for the standard 
report, on 8¼∙ by 11-in. paper. In some companies, reports for the higher
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executives, and all reports for use in legal cases, must be writtenon 8⅛-by
13-in., or 8⅜-by 14-in., paper, which is more conveniently bound at the top.

2. What to Include in a Research Report. The sole product of a piece 
of research, except for the experience gained by the researcher, which may be 
lost owing to his death, or to his leaving the employ of the organization for 
which he is working, is the reports produced in its prosecution. It is con­
sequently of the utmost importance to make these reports complete. It is 
much better to err on the side of including too much rather than too little.

There is a temptation to leave out details, or little side experiments, which 
at the moment appear to have no bearing on the main subject under con­
sideration. Research reports are permanent records, however, and something 
apparently of no importance at the time may assume considerable significance 
in the light of later knowledge.

If it is not desired to clutter up the body of the report with apparently 
irrelevant matter of this kind, the appendix always provides a convenient 
place to record it.

On the basis of the facts recorded the deduction of a theory to account 
for what has happened may not be justified. However, there are individuals 
gifted with an intuition which can deduce theories on very slight evidence. 
There is no objection to the inclusion of such theories or explanations if it is 
made clear that they do not purport to be more than unsupported hypotheses.

It is also important to give credit for suggestions used in the prosecution 
of research work. Modern industrial research is nearly always the product 
of team work, and, as far as possible, each team-member’s contribution should 
be noted in the reports. This is important not only to maintain esprit de 
corps but may be of great value in determining the inventor, in case of patent 
application.

Descriptions of Plants. In this type of report the form is much simpler. 
There may or may not be an introduction, and a summary may or may not 
be necessary. The body of the report in this case is the important thing and, 
for convenience, may be divided into a number of headed paragraphs, espe­
cially when the description goes into considerable detail. Some such headings 
might be location, raw materials, labor supply, water supply, shipping 
facilities, etc. If at all possible, a flow sheet to show the flow of materials 
through the plant should be included, because it makes it unnecessary to 
describe the process so fully and also makes the process much clearer to the 
reader. If drawings or photographs are available they should be included; 
if not, there should be included at least a diagrammatic sketch of the plant.

In describing a process it is well to follow some material, from the point 
where it enters, in its course through the plant. If there are several materials 
of equal importance, they should be followed through one after another.

After the process has been described in general, the description can go on to 
the individual steps in detail, taking up the apparatus used in the step, the 
process occurring therein, and a discussion or criticism of the step. The 
author’s opinions should be clearly differentiated from facts, however.

In this type of report the class of reader should be particularly carefully 
borne in mind. Many such reports are destined to be used by non-technical 
business men to assist in deciding whether the plant in question should be 
purchased. In that case it is necessary to be careful to make the description 
as non-technical as possible and to bring out clearly in the summary the 
important facts developed by the inspection covered in the report.

Industry Surveys. It is frequently necessary to report on an industry, 
in order to provide information upon which the erection of new plants is to
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be based. In that case the report must cover the consumption of the com­
modity it is purposed to manufacture, segregating this consumption into 
uses and into as small territories as is possible. The probable future con­
sumption must then be estimated and reported upon. Raw-material supplies 
must be looked into, from the standpoint of location and abundance. Freight 
rates on raw materials and on the finished product must be examined, in 
order to determine in which locality, supplying the possible markets, minimum 
Ireight charges would be incurred. Such a report may be brief or detailed— 
the purpose for which it is to he used must determine this point.

To even a greater extent than is true for process reports, industry surveys 
«are nearly always made to be used by non-technical men. The chemical 
engineer must hence be doubly on guard when handling technical subject 
matter to make this intelligible to the lay reader.

General Remarks. The preparation of a good report presupposes the 
ability to write. There is an enormous variation in ability in this respect, 
however, among otherwise able men. As mentioned before, the primary 
consideration is clarity. If a report is clear, errors of construction or gram­
mar can be overlooked. But no technical man likes to think that his report·, 
though correct as to facts, and free from ambiguity, is not couched in the 
best of English.

For those who have difficulty in expressing themselves, or who are not satis­
fied with their best effort, perhaps no advice will help more than that to read 
good authors. Newspapers, unfortunately, are not generally written in the 
best English, if some editorials are excepted. In general, philosophers write 
good English. Huxley and Spencer are shining examples. Darwin is good, 
though not so precise in his use of words as Spencer. Thackeray uses English 
marvelously. Dickens is inclined to be careless. Robert Louis Stevenson is 
famous for the care he took in his writing. Mark Twain’s use of English is 
excellent.

One of the most important points in writing good English is the exact use 
of words. While much can be learned about the exact meanings of words by 
consulting a dictionary, the finer shades of meaning can be learned only 
through reading, to see how words are related to other words by the best 
writers. Much can be learned by consulting books prepared on the subject 
of report writing. These go much more fully into the subject than is possible 
here. For those who want to pursue the matter further, the references at the 
beginning of this section will be of service.

Regarding the more mechanical features of report writing, much can be 
learned from the style sheets issued by large publishers and by engineering 
societies, such, for example, as the American Society of Mechanical Engineers.

In closing, there is one piece of advice to bear in mind—write for the sake 
of the matter and not for the sake of the writing.
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spray type of, 1098 
unit type of, 1098

conditioning of, 1087 (see also Separation 
of mists and dusts)

by adsorption, 1332 
adsorption cycle, 1102 
adsorption operation, 1102 
adsorption unit, 1102 
dewpoint control in, 1086 
equipment for, 1092—1108 

cost of, 1106-1108 
performance of, 1106 

saturated water vapor mixed with 
air, properties of, 1081-1086 

and ventilation, summer and winter 
loads for, 1107 

elutriation, 1729 
filters, 1878-1884 

automatic, 1880 
characteristics of, 1882 
design of, 1881 
dry, 1879 
equipment, miscellaneous, 1884 
performance of, 1881 
λdscous, 1878

heat capacities of, 2407, 2412 
intake of Diesel engines, 2467 
Joule-Thomson effect of (table), 477 
lift by, 2260

table, 2262 
lift mixer, 1543, 1548, 1572 
preheaters, 2447 
pressure-volume vs. pressure chart for, 

705
pumps for evaporators, 1074 
ratios of specific heats of (table), 546 
removal from evaporators, 1054 
requirements for buildings, 2884 

Air (conf⅞nuβd) 
sampling of, 1757 
separation, with crushers and pul­

verizers, 1920 
separators, 1920 
solubility in water, 1123 
specific heat of (table), 526

ratios of, at high pressures (table), 546 
at low pressures (table), 545 

specific volume of, 2486 
velocity in drying, 1482

Air-ammonia mixtures, limits of inflam­
mability of, 2398

A.I.S.I. type numbers for stainless steels, 
2141

Ajax-Northrup furnace, 2807 
Ajax-Wyatt furnace, 2807, 2810
Akins classifier, 1595 

for washing, 1599
Albumen, pulverization of, 1911 (see 

also Quaker City mills)
Alcohol, denatured, freezing and flow 

points of (table), 2613 
as fuel, 2358

combustion data for, 2⅛58 
recovery, by adsorbents, 1320 

Alcohohbenzene mixtures, as fuel, 2358 
Alfalfa, grinding of, 1945
Algebra, 173-188 

binomial theorem, 176 
cubic equations, 181 
determinants, 184 
factoring, 174 
infinite series, 17S 
linear equations, 179 
notation, 173 
quadratic equations, 180 
quartic and higher equations, 182 
symbols of, collective, 173

Algebraic approximations, 175, 176 
binomial, 177
Newton’s method, 183

Algebraic calculations, for extraction, 
1233, 1242

Alignment charts, 257-265
Aliphatic hydrocarbons, vapor pressures 

of, 1344
Alkali(es), burns, treatment for, 2932 

fume, particle size of, 1850 
manufacture in U. S.,.2837 
materials of construction for, 2102

Alkaline brines, materials of construction 
for, 2101

Allen cone, 1624
Allen-Moore cell, 2795
Allis-Chalmers, ball granulator, 1904 

compeb mill, 1904
Dodge crusher, 1894 
Newhouse crusher, 1890 
rod mill, 1907

operating characteristics of, 1907 
type R, 1890

Alloys, aluminum, 2124, 2137 
calcium-lead, 2800 
copper, 2124, 2137 

electroplating of, 2776 
ferrous, properties of (tables), 2108, 

2130
fusible, 946 
iron-chromium, 2108, 2130, 2141 
iron-chromium-nickel, 2108, 2130, 2141
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ALLOYS ANALYTICAL GEOMETRY
Alloys (continued)

linear expansion of, 483
melting points of (table), 473
nickel, 2124, 2137 
nonferrous, properties of (tables), 2124,

2137
precious metals, 2148
properties of, 2097, 2106-2142 

resistance to corrosion, heat, and 
abrasion, physical properties of 
(table), 2106

temperature resistance of, 214.7 
thermal conductivity of, 949, 950 

Alphabet, Greek, 127
Alternating current, 2644

average value of, 2645
effective value of, 2644
energy in, 2646
magnets, 2687

Alternators, parallel operation, 2708 
three-phase, 2708

Alumina(s), as adsorbents, 1277, 1322— 
1328

fused, production of, 2814
refractory properties of, 2154 

Aluminum, anodic oxidation of, 2780 
alloys, physical properties of, 2125,

2138
brass, physical properties of, 2125, 2138 
bronzes, physical properties of, 2125, 

2138
electrolytic production of, 2797 
electrolytic refining of, 2799 
electroplating on, 2774 
pipe, 895
properties of, 2096
stearates, grinding of (table), 1978 
sulfate, continuous countercurrent de­

cantation of, 1647
densities of aqueous solutions of 

(table), 412
Alums, materials of construction for, 2101 
Arnagafs law, 620, 757
Amber, type of pulverizer used for grind­

ing, 1977
American filter, 1682
American Iron & Steel Inst, type numbers 

for stainless steels, 2141
American Meter gravitometer, 2071
American ring crusher, 1915

operating characteristics of (table), 
1915

Ammeterfs), thermocouple, 2084.
types of, 2084
voltmeter connections, 2655 

Ammonia, absorption coefficients in 
water, 1171-1173, 1176, 1181, 1188, 
1189

aqua, water-vapor pressures above 
(table), 2544

compressibility factors of (table), 490 
compressors of, volumetric efficiency 

of (table), 2534
condenser, vertical shell-and-tube, heat 

transfer for, 997
densities of aqueous solutions of (table), 

412
feeders for, 2290
in fuel gas, 2370
heats of solution, 2542

Ammonia (continued)
liquid, properties of (table), 2550 

specific heat of (table), 544
materials of construction for, 2101 
mol percentage of B⅛O over (table). 

407
Mollier diagram for, 711
partial pressures of (table), 404 
partial pressures of HsO over (table). 

405
pressures of liquid (table), 544 
saturated, temperature table for, 2552 
solubility in water, 1124, 1173 
specific heat of (table), 537 
temperature-entropy diagram for, 709 
vapor of, superheated, properties of 

(table), 2555
Ammonia-air mixtures, limits of inflam­

mability of, 2398
Ammonium acetate, densities of aqueous 

solutions of (table), 412
bichromate, densities of aqueous solu­

tions of (table), 412
chloride, densities of aqueous solutions 

of, (table), 412
particle size of, 1850 

chromate, densities of aqueous solu­
tions of (table), 413

nitrate, densities of aqueous solutions 
of (table), 413

materials of construction for, 2102 
sulfate, densities of aqueous solutions 

of (table), 413
drying of, in rotary dryers (table), 

1505
materials of construction for, 2102 
pulverization of, 1956

Amortization, in cost accounting, 2852 
Amperage, measurement of, 2084 
Ampere, definition of, 2640, 2723 
Ampere-second, definition of, 2723 
Amplification constant, of thermionic 

tube, 2664
Amplifier(s), characteristics of, 2664 

detectors and (table), 2666 
thermionic, 2663

Amsler polar planimeter, 234 
Analysis, balance sheet of financial 

statements, 2847
percentage methods, 2848 
profit and loss, 2846, 2849 
ratio method, 2849 
standard ratios, 2850 
trend method, 2849 

of coal, proximate, 2329
rational, 2332 
ultimate, 2329

dimensional, 241-249 
applied to theoretical physics, 248 
falling bodies, 245 
pressure, gas, 245
Rayleigh’s problem of heat transfer.

246
of fuel oils, 2345 
qualitative, 575

Analytical geometry, 205-215
conic, 206 
circle, 207 
ellipse, 207 
hyperbola, 210 
miscellaneous, 211
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ANALYTICAL GEOMETRY

Analytical geometry {continued) 
parabola, 209

Analyzers, gas, thermal conductivity, 2078 
Analyzing financial statements, 2847 
Andrews elutriator, 1728
Anemometer, 838 

hot-wire, 839 
Robinson cup, 839 
vane, 838

Angelini furnace, 2807
Angle, bisecting, method of, 166 

complementary, 154, 189 
congruent, 189 
contact (of fluids), 778 
dihedral, 158, 159 
of nip, of crushers, 1897 
polyhedral, 159 
right, inscribed in semicircle, 158 
spherical, 198 
supplementary, 154, 189 
trigonometric functions of, 191

Angstrom unit, definition of, 107
Angular measure, conversion table and 

equivalents, 101
Angular measurements (trigonometric), 

189
Anhydrite, grinding of, 1951
Aniline, specific heat of (table), 537 

ternary system with methyl, cyclo- 
hexane-n-heptane, distribution dia­
gram for, 1228

selectivity diagram for, 1227 
triangular phase diagram for, 1226 

vapor pressure of, 1342
Anions, adsorption curves for, 1273
Annular spaces, heat transfer in, 977 
Annulus, area of, 159

construction of, 159, 170
Anodic oxidation, 2780
Anomalistic year, 124
Anthracite coal, classification of, 2327 

grinding of, 1970 
physical properties of, 2327 
specific gravity of, 2329

Anthraxylon, 2332
Antifriction bearings, 2508, 2509 
Antimonial lead alloys, physical properties 

of, 2125, 2138
Antimony, electrode, 572 

properties of, 2097 
trichloride, materials of construction 

for, 2102
Anubis liquid gravitometer, 2070
A.P.I., degrees, 93 

gravity and specific gravity, relation of, 
1461

specific gravity of fuel oils, 2344 
Apothecaries’ measure (table), 113 
Apparatus, for crystallization, 1779-1798 
Apparent power (electric), 2642 
Apparent reaction order, 690 
Apparent viscosity of mixtures, 1532-1539 
Approach, velocity of, 844 
Approximations, algebraic, 175-176 

binomial, 177
Newton’s method, 183 
trigonometric, 194

Apron-conveyor feeder, 2287
Apron conveyors, 2198, 2223

data for, 2229

ATMOSPHERE
Aqua ammonia, total vapor pressures 

of (table), 2544
water-vapor pressures above, 2544 

Aqueous solutions, densities of inorganic, 
411

specific heats of, 536—538 
Arc(s), circular, bisecting of, 168 

lengths, 85, 86
from angle in degrees, 86 
from central angle, 86 
from chord and arc height, 85 

Arcing voltage and electrode spacing, 
in electrical precipitator, 1873 

Area(s), of circles, 70, 75, 78, 157 
of circles and squares of equal area, 87 
of circular segments, 76, 83 
of cycloid, 161 
of ellipse, 160 
of hyperbola, 160 
irregular, 161, 235, 236 
meter(s), 858 
of parabola, 161 
of parallelogram, 156 
of quadrilateral, 157 
of rectangle, 156 
of rhombus, 156 
of sector of annulus, 160 
of segments of circles, 83 
of spherical triangle, 202 
and surface, conversion table and 

equivalents, 106 
surface, of spheres, 87 
of trapezoid, 157 
of triangle, 155

Area-type meters, 2045 
Areca nuts, pulverization of, in Schutz- 

O’Neill mill (table), 1926
Argall formula on roll diameter, 1897 
Arithmetic, 135-146

addition, 135 
cube root, 140 
division, 138 
multiplication, 136 
progressions, 141 
square root, 138 
subtraction, 136

Arm mixer, 1543-1546, 1573 
Avogadro’s number, 128 
Arrhenius equation, 690 
Arsenic acid, densities of aqueous solutions 

of (table) , 413
Art colors, grinding of, 1908 
Asbestos, fabric, in filtration, 1659 

paper, hygroscopic moisture of (graphs), 
1089

pulverization of (table), 1914—1916, 
1952, 1953

on Jay Bee pulverizer (table), 1914 
Asbestos-cement pipe, 907
Ash, of coal, fusing point of, 2330 
Assets and liabilities, 2848

current, 2848 
A.S.T.M., color scale, 1283 

distillations of petroleum fractions, 
1458, 1459, 1461

comparison with true boiling point, 
1467

standards on coal and coke, 2331 
Atmosphere, variation of, density with 

elevation, 773
pressure with elevation, 773
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ATMOSPHERIC COOLING TOWERS BASIC SLAG
Atmospheric cooling towers, 1108, 1112 
Atomic numbers, of the elements, 2735 
Atomic volumes of elements, and gas 

absorption, 1169
Atomic, weights, of the elements, 2735 
Atomizing burners, for fuel oils, 2356 
Atomizing metals, 2005
Atomizing nozzles, 1985 

applications of, 1993 
drop-size distribution, by, 1992

Attrition mills, 1909
operating characteristics of (table), 1943 

Attritor mills, 1917 
Attritus, transparent, 2332
Auger packers, 2298 
Austin crusher, 1890
Austrian method of subtraction, 136
Automatic control, of process variables, 

2009-2089
Automatic pulverizer, Raymond, 1925
Automatic scale, filling equipment, 2294- 

2301, 2304-2305
Autotransformers, 2704
Auxiliaries, power plants, power for, 2480, 

2486
Average value (of current or voltage), 

2645
Avoirdupois units, conversion into metric 

system (table), 2737
Avoirdupois weights and measures (table), 

113
Axonometrie charts, 255
Azeotropic mixtures, 1370-1374 

effect of pressure on (table), 1373 
maximum boiling points of (table), 1373 
minimum boiling points of (table), 1370, 

1371
temperature-composition diagram, 1378 
ternary (table), 1374 
vapor-liquid composition diagrams, 

1379

Babcock and Wilcox, mill, 1930 
pulverizer, 1969, 1970

Bachman, method of interpolating tie-line 
data, 228 

plot of typical tie-line data, 1229
Backward feeding of evaporators, 1053 
Bad debts, bookkeeping, 2843 
Baffle-Chamber(S), collectors, for dusts 

and mists, 1862
for wet collection of dusts and miste, 

1863 
wet, 1867

Baffles, pressure drop across, 828 
Bag(s), equipment, for closing, 2304 

holders, 2305
Dustite, 2306
Swellgrip, 2306 

liner insertion in, 2307 
machinery, 2304-2315 
packers, 2298, 2301, 2304 
sleeve valve, 2307 
textile, hand sewing of, 2307

machine sewing of, 2307 
valve, 2301

Bagasse, heating value of, 2341 
green mill bagasse, 2342

Bagging equipment, 2296-2315 
auger packers, 2298 .

Bagging equipment (continued) 
automatic scales, 2296 
and weighing equipment, 2296

Baghouse, 1865
practice in metallurgical plant, 1876 

Bagpak machine, 2304, 2305 
Bagpaker, 2304
Bahnson humidifier, 2072 *
Bailey, adjustable orifice, 2037 

coal meter, 2051 
Galvatron, 2060 
gravity meter, 2070
Ledoux bell manometer, 2042 
pressure controller, 2034 
pressure gage, 2028 

power type, 2031 
weir meter, 2045

Baker’s mixer, 1548
Baking, favorable hygroscopic conditions 

for, 1092
Balance(s), heat, 742, 766 

material, 722 
sheet, 2847 
trial, 2844 
use of, 722

Balance sheet, terms, 2847 
analysis, 2848 
percentage method, 2848 
ratio method, 2849 
standard ratios, 2850 
trend method, 2849

Ball method of determining grindability 
of coal, 1964

Ball mill, 1572, 1574, 1902 
theory of, 1902 
Hardinge, 1904 

operation characteristics of, 1906
Ball and Jewell rotary cutter, 1916 
Banana flour, production of, by grinding, 

1945
Barite, grinding of, 1951
Barium, chloride, densities of aqueous 

solutions of (table), 413 
electrolytic production of, 2800 
hydroxide, dissociation pressures of 

(table), 408
oxide, dissociation pressures of (table)» 

408
sulfate, filtration of, 1691

Barometer, aneroid, 782 
mercury, 782 
reduction to standard temperature, 783 
standard, 782

Barometric condenser, 1073
Barometric legs, for filters, 1697 
Barrel(s), elevators, 2202 

packing materials in, 2315 
liner insertion in, 2315, 2316 
packing liquids into, 2318-2322 

Barreling meter, 2317, 2318 
Bartlett-Hayward, filter (see Genter 

filter) 
washer, 1209, 1210

Bartlett and Snow, crusher (table), 1898 
roll crusher, 1899 
rotary crusher, 1896

Barytes, grinding of (table), 1929, 1952
Bases, equivalent electrical conductivity 

of (table), 2741
Basic industries, 2832
Basic slag, pulverization of, 1956
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BASIS BLUE VITRIOL

Basis, selection of, in problem, 715 
Basket-type evaporators, 1045
Basle cell, 2795 
Bassanese furnace, 2806
Batch vs. continuous rectification, of 

evaporators, 1055
Batch, crystallizers, 1781

typical cooling curves of, 1790 
dryer, 1489 
operation in evaporators, 1055 
rectification, 1443

determination of number of plates in, 
1444

differences from continuous rectifica­
tion, 1443

steam distillation, 1387
Bath fluids, for temperature control, 479 
Baths, constant temperature, 479 
Battery(ies), breather, 2760

Edison, 2760 
electric, 2754 
gravity, 2756 
primary (table), 2756

Bauer attrition mill, 1912
Baumé (degrees), oTw., lb./gal., lb./cu. ft., 

sp. gr., 93
Bauxite, as adsorbent, 1277, 1291

(table), 1293
grinding and drying, 1933, 1936 

Bay leaves, pulverization of, in Schultz-
O’Neill mill (table), 1926 

Beam lengths for gas radiation, 1015 
Beans, grinding of, 1909, 1911, 1945 
Beaxing(S), antifriction, 2508, 2509 

grease-lubricated, 2508 
oilless, 2508 
for power shafting, 2508 
in power transmission, 2507 
pressures on, 2509 
roller, velocities for (table), 2510 
self-oiling, 2508 
spacing of, 2508 
temperatures of, 2509

Beater mills, Strong Scott type, 1964 
Beckmann rearrangement, 607 
Beet-sugar plant filtration, 1688 
Belt(s), care of, 2503

compression, in filtration, 1698 
conveyors, 2197, 2214

data for, 2225 
dressings, 2497 
drives, 2504

fire protection of (tables), 2906, 2908, 
2910 

elevators, 2202 
feeder, 2296

Hardinge constant-weight, 1905 
guards for, 2893 
hair, in power transmission, 2500 
joining of, 2501 
leather, in power transmission, 2494 
packer, 2301-2303

and belt feeder, 2303 
shifting tube, 2302 

rubber, in power transmission, 2497 
shifters, 2894
stitched canvas, in power transmission, 

2499
thicknesses of, for wire hooks (table), 

2503

Belt-driven vacuum pumps, data on, 2279 
compressors, data on, 2278

Belting (see Belt),
Benzene, absorption in oil, coefficient of, 

1182
Benzene-air mixtures, limits of inflamma­

bility, 2401
Benzene-toluene mixture, equilibrium 

vapor-liquid compositions of (table), 
1377

partial pressure diagrams for, 1376 
Benzoic acid, materials of construction 

for, 2099
sublimation of, 1478 

Benzoin, pulverizing of, 1911 
Benzol, adsorption of (table), 1316 

curves, 1315
as fuel, 2358 

combustion data for, 2358 
Benzol-alcohol mixtures, as fuel, 2358 
Berl saddles, 1202

pressure drop in, 831 
Bernoulli’s theorem, 800 
Berthoud-Valeton theory, of crystal 

growth, 1772
Berjdlium copper, physical properties of, 

2125, 2138
Billet reheating furnaces, heat transfer in, 

1026
Bimetallic pipe, 906 
Bimolecular reactions at constant volume, 

687
gases, at constant pressure, 688 

Bin, storage, construction, 2294 
Binary mixtures, azeotropic, minimum 

boiling point, 1370-1372
constant-pressure liquid-vapor equilib­

rium data for, 1360-1367 
phase diagrams for, 1375-1379 

Binders for briquetting of coal, 2330 
Binding agents for granulation, 1996 
Binomial approximations, 177 
Binomial theorem, 176 
Bi-optical pyrometer, 2068 
Birkeland-Eyde process, 2815 
Bismarck brown, pulverization of, on 

Raymond screen pulverizer (table), 
1916

Bismuth, electrolytic refining of, 2788 
Bituminous coal(s), classification of, 2327 

grinding of, 1914, 1962 
physical properties of, 2327 
specific gravity of, 2329

Blade mixer, 1543-1546, 1573 
Blake crusher, 1891 
Blast-furnace gas, analysis of, 2365

as fuel, 2359
Blast-furnace gas-air mixtures, limits of 

inflammability, 2401
Blast-furnace stoves, heat transfer in, 967 
Blau gas, analysis of, 2365

as fuel, 2359
Bleach liquors, materials of construction 

for, 2102
Bleeding, first aid for, 2934 
Blending, 1529, 1530, 1563, 1576 
Blowers, for filters, 1697

jet, 2487
rotary, 2486

positive, 2269, 2270
Blue vitriol (see Copper sulfate)
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BLUE WATER GAS BUILDING SPACE
Blue wat⅛r gas, fractionation analysis, 

2367
as fuel, 2359, 2366

Board measure, definition of, 113 
Boiler(s), feed pumps, 2484 

feed-water treatment of, 2452 
furnaces, 2445 
plants, costs of (tables), 2490 
steam, 2436

boiler rating of, 2444 
draft in, 2447 
efficiency of, 2444 
rating of, 2444 
waste heat, 2445 
water walls of, 2443 

stokers for, 2448
Boiling liquids, heat transfer to, 992
Boiling point, and average molecular 

weights of petroleum fractions, 1347 
of azeotropic binary mixtures (table), 

1370-1374
definition of, 623 
in distillation, initial, 1459 

true, 1460
apparatus for, 1463 
applications of, 1461 
comparison with A.S.T.M., 1461 

effect of external pressure on, 624, 625 
elevation of, effect on multiple-effect 

evaporator, 1050
by non-volatile solutes, 680 

estimation of, 626
for concentrated aqueous solutions, 

680
of inorganic compounds, 312-367 
of organic compounds, 271-311 
rise of, by salt solutions (table), 478 
of sulfuric acids, 398

Bolt load, for high pressures, calculation 
of, 2175

Bolting cloth, 1889 
for screening, 1706

Bolts, strength of (table), 2926 
Bone(s), black (see Bone char) 

dry, pulverization of, in Jay Bee pul­
verizer (table), 1914

steamed, pulverization of (table), 1955 
Bone char, 1277, 1294

analyses of, 1295 
cane sugar refining by, 1297 
consumption, 1298 
flow sheet of, 1294-1295, 1297 
grinding of, 1972 
manufacture of, 1294-1295 
revivification of, 1296 
water purified by, 1306

Bonnot pan milk, 1909 
roller mills grinding rubber, 1939

Bookkeeping, cash book, 2843 
and cost work, 2842 
credit book, 2843 
journals, 2842 
ledgers, 2843 
pay-roll book, 2843 
purchase invoice book, 2843 
sales book, 2843

Booth Agitair flotation machine, 1739 
Booth-Hall furnace, 2807
Borax, grinding in attrition mill, 1911 
Borda mouthpiece, 856

Boric acid, pulverization of, in Raymond 
screen pulverizer (table), 1916

Boron carbide, production of, 2813
Bosch flow meter, 2188 
Bourdon tube, 2029 
Bowl mill, capacity of (table), 1970 

construction of, 1968 
flow sheet, 1969

Bowser barreling meter, 2318
Boyle, point, 618
Boyle’s lav/, 617
Bradley*  Hercules mill, grinding cement 

materials (raw), 1927
as preliminary on clinker (table), 1927 

Bradley-Lovejoy process, 2815 
Bradley mills, 1927 
Brass(es), pipe, 905

plating of, 2773 
properties of, 2097, 2125, 2139

Brick, acid-proof, makers of, 2152 
chemical, physical properties of, 2152 

Bridge cranes, 2206
Bridgman packing, 2185
Brines, materials of construction for, 2101 

in refrigeration, 2612
Briquetting, 1998

of coal, 2330 
finders for, 2330

Bristol, Pyromaster, 2060 
wide-chart recorder, 2060

Bristol-Derr liquid-level controller, 2049 
Bromine, solubility in water, 1124 
Bronze(s), pipe, 902

properties of, 2097, 2126, 2139
Brooke pressure controller, 2034
Brown electric manometer, 2042 
B.t.u. equivalent in therms, 104 
Bubble-cap, absorption towers, 1166, 1207 

plates, efficiency of, 1436-1440 
calculations for multicomponent mix­

tures, 1413—1436
towers, design of, 1437, 1441

Bubble trays, design of, 1452—1456 
Buchanan jaw crusher, 1895 

rolls (table), 1899 
type E roll crusher, 1899

Buchu, pulverization of, in Schutz- 
O’Neill mill (table), 1926

Buck-McRae cell, 2795
Bucket carriers, 2199, 2229 

cost of, 2231 
data for (tables), 2230 
dimensions on, 2228 
elevators, 2201, 2218

Budget schedules, 2872
Budgeting in accounting, 2872 
Buflovac evaporator, 1046 

heat transfer in, 1037
Buhrstone mills, 1909 

operating characteristics of, in com­
parison with pebble mill (table), 
1980

Builders Iron Foundry meters, 2041 
Building(s), material, insulation value of, 

in refrigeration, 2605
thermal conductivity of (table), 951- 

952
safety measures in construction of, 

2874, 2881
table of distances for safety, 2875

Building space, cost accounting of, 2863
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BULK FEEDERS CARBON(S)
Bulk feeders, 2286 
Bulk-packing equipment, 2203-2322 
Bulk storage, 2282 
Buoyancy, center of, 776

curve of, 776 
definition of, 776 
force of, 776

Bureau of Mines, method of determining 
grindability, 1964

Universal gas mask, 1321 
Burners, for fuel oils, 2354 
Burns, first aid for, 2932 
Bursting tests on glass tubing, 2179 
Burt filter, 1671 
Butane(s), commercial, analysis of, 2366 

heat of vaporization, 2383 
properties of, 2383 
specific heat of, 2383 

thermodynamic properties of (table), 
2590

Butters filter, 1673
Büttner system dryer, 1511 
Butyric acid, materials of construction for, 

2099
By-products of gas fuels, 2362

Vabinet dryers, 1508
Cable ways, 2206
Cachaza, filtration of, 1689
Cadmium, carbonate, dissociation pres­

sures of (table), 408
electrolytic recovery of (table), 2790 
electro winning, 2791
nitrate, densities of aqueous solutions of 

(table), 414
plating, 2773

Cadmium-copper alloy, physical prop­
erties of, 2125, 2138

Cage mills, 1916
Cailletet and Mathias’ law, 622 
Cake thickness, and filtration, 1656 
Caking, of crystals, 1798 

prevention of, 1799
Calandria evaporator, 1045 
Calcium, arsenates, drying of, 1512 

nature of product produced by pul­
verization, 1975 

carbide, production of, 2811 
carbonate, dissociation pressures of 

(table), 408
grinding and drying, 1933, 1935 

chloride, brines, heat content of (table), 
2607

densities of aqueous solutions of 
(table), 414

grinding of, 1888
materials of construction for, 2102 

cyanamide, dissociation pressures of 
(table), 408

hydroxide, densities of aqueous solu­
tions of (table), 414

hypochlorite, densities of aqueous solu­
tions of (table), 414

nitrate, densities of aqueous solutions of 
(table), 414 .

oxalate, dissociation pressures of (table), 
408

phosphate, granulation of, 1939 
Calculation(s), design, for sublimation, 

1473

Calculation(s) {continued) 
dryer, 1514 
of heats of reaction, 637 
technical, 715 
washing, 1600

Calculus, differential, 216—224 
graphical, 236 

tables, 237-239 
integral, 224-233

Calder-Fox scrubber, 1863 
Calendar, Gregorian, 125 
Callow cone, 1624
Callow flotation machine, 1738 
Calorific values, of coals, 2329 

measurement and control of, 2075
Calorimeters, types of, 2075 
Calorimetric determinations of heats of 

reaction, 630
Calorimetric flow measurement, 2046 
“Can” dryers, for sheet material, 1503 
Cane-mud, filtration of, 1689
Cane sugar, liquors, clarification of, 1689 

syrups, filtration of, 1686
Cannizzaro reaction, 594
Canvas, stitched, belts of, for power 

transmission, 2499
Cap(s), shape and spacing of, in distilla­

tion, 1452
Cap-slot and riser areas, 1456 
Capacitance, definition of, 2640 
Capacity, lag, 2013, 2014 

of tanks, bulged tanks, 122 
dished tanks, 122 
horizontal cylindrical, 119, 120, 122 
pipes and cylindrical, 118 
rectangular, 117 
vertical cylindrical, 123

and volume, conversion table and 
equivalents, 102

Capillarity, 777 
Capillary rise, 779 
Carbon(s), activated, adsorptive capacity 

of (table), 1310, 1316
data on (table), 1310 
deactivation of, 1315 
removal of adsorbed vapors from 

(table), 1316-1317
adsorbent, characteristics of (table), 

1298-1309
bisulphide, production of, 2814 
black, grinding of, 1973

grinding proportions in linseed oil, 
1981

hygroscopic relations of, 1091 
separation of, 1973

butts, pulverization of, 1973 
decolorizing, 1298-1309 

applications of (table), 1304
dioxide, absorption in NaOH and 

Na2CO3 solutions, 1185, 1188, 1189 
coefficient for absorption in KOH and 

K2CO3 solutions, 1174, 1183, 1189 
coefficient for absorption in water, 

1182
compressibility factors of (table), 493
dissociation of, 2407, 2408
emissivity of, 1016
heat capacities of, 2407, 2409, 2412
Joule-Thomson effect of (table), 477
molecular volume, 2384
Mollier diagram for, 711
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CARBON(S) CENTRIFUGAL CLARIFIER
Carbon(S), dioxide (continued) 

plants for, piping in, 2611 
purification of, 1319, 1333 
radiation of heat from, 1015-1017 
saturated vapor of, properties of 

(table), 2563
solid, heat of fusion, 2625 

manufacture of, 2623 
properties of (table), 2625 
purification of, 2624 

solubility of, in alcohols, 1132 
in diethanolamine solutions, 1135 
in monoethanolamine solutions, 

1136
in triethanolamine solutions, 1133 
in water, 1124

and sulfur dioxide, temperature­
composition diagrams, at con­
stant pressure, 1369 

temperature-entropy, diagram for, 
7°8

use in grinding, 1937 
disulfide, in gaseous fuels. 2362 

liquid, specific heat of, 544 
electrodes, comparison of amorphous 

and graphitic (table), 2820 
gas-adsorbent, 1309—1321

applications of, 1304—1306,1309—1321 
decolorizing, 1298 
medicinal, 1277

mixtures, grinding of, 1973 
pulverization of, 1973

monoxide, compressibility factors of 
(table), 491

heat capacities of, 2407, 2412 
recorder, Mine Safety type, 2076 
solubility in water, 1125 

pipe, 909 
products, grinding of, 1962 
rheostats, 2685
steels, S.A.E. No. and analyses, 2144 
structural, makers of, 2159 

properties of, 2098
tetrachloride, coefficient for absorption 

in kerosene, 1186
vegetable, grinding of, 1972 

Carbonate-bicarbonate equilibrium, 2624 
Carbonates, crushing of (table), 1951 
Carbonization of coal, 2332

products of, 2334
Carbonyls, metallic, preparation of, 2005 
Carborundum, granulation of, 1949 
Carbureted water gas manufacture, 2390 
Cardan, method, cubic equations, 181 
Carriers, bucket, 2199, 2229

cost of, 2231 
data for (tables), 2230 
ejection dryer of, 1510

Case-hardening in drying, 1488
Casein, grinding of, 1909
Cash book, 2843
Cassava root, grinding of, 1911
Cassia, pulverization of, 1926
Cast iron (see also Alloys, ferrous) 

pipe, 880
Castings, electroplating of, 2776
Castner cell, 2791
Catalysts, industrial practice with, 587 
Catalytic investigation, 586
Cathode fall of potential, 2662 
Cationic reagents, for flotation, 17,36

Cations, adsorption curves for, 1273 
Caustic, electrolysis cells for, 2791 
Caustic alkalies, materials of construction 

for, 2102
Caustic soda, continuous countercurrent 

decantation of, 1647 
filtration of, 1691

Cayenne pepper, grinding of, 1926
Celery seed, pulverization of, 1926 
Celestite, grinding of, 1951
Cell(s), 2087

Allen-Moore, 2795
Basle, 2795 
bell-jar, 2793 
Buck-McRae, 2795 
Castner, 2791
Daniell, 2755 
dry, (table), 2759 
Edison, 2756 
Féry, 2759 
galvanic, 652 
Gibbs, 2795 
Hargreaves-Bird, 2793 
Hooker, 2795 
Knowlθs, 2767 
Krebs, 2793
Lalande, 2756
Le Carbone, 2760 
Leclanché, 2757 
Le Sueur, 2795 
Levin, 2766 
mercury, 2791 
Nelson, 2795 
Pomilio, 2795 
photoelectric, 2087 
primary and secondary, 2754 
secondary, 2760 
Sorensen, 2791 
standard, 2725 
Townsend, 2794 
Vorce, 2795 
Wheeler, 2795

Cellarius tourills, 1197
Cellulose acetate, drying of, 1512 

hygroscopic moisture of (graphs), 
1089

Cellulose lacquers, favorable hygroscopic 
conditions for, 1092

Cement(s), acid resisting, 944 
metal joint, 945 

clinker, grinding of (tables), 1904, 1926, 
1958, 1959 

crushers used for, 1957 
dust, particle size of, 1850 
grinding of, operating data for, 1958, 

1959
industry, crushers and mills employed 

by, 1904, 1933, 1956
physical properties of, 2152 
pipe, cement-lined, 910 
plate electrical precipitator, 1870 
rock, grinding of, 1915 
sampling of, 1755 
slurry, filtration of, 1687 

grinding, 1612
Centigrade degrees to Fahrenheit degrees- 

108
Centipoise, 1533
Centrifugal apparatus, cyclones, 1863 
Centrifugal clarifier, 1808
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CENTRIFUGAL COMPRESSORS CHEMICALS

Centrifugal compressors, 2270 
refrigeration in, 2537

Centrifugal dry-gas cleaners, 1864 
Centrifugal fans, 2266
Centrifugal filter, 1808
Centrifugal multi-vane separation, 1922 
Centrifugal pump(s), 2245

type mixer, 1543, 1563, 1564 
Centrifugal purifier, 1808 
Centrifugal refrigeration with “ Freon-11,” 

1100
Centrifugal separator, 1808 
Centrifugal turbo-compressors, 2270 
Centrifugally cast cast-iron pipe, 893 
Centrifugation, adsorbent treatments 

in, 1830
chemical treatment in, 1830 
coagulation in, 1829 
emulsion breaking in, 1831 
grease recovery by, 1840 
industrial application by, 1838 
partial, 1830 
washing in, 1830

Centrifuges, 1808-1849 (see also Sepa­
rators)

accessory equipment for, 1827 
applications of, 1838-1849 
basket, 1808, 1836, 1837 

operating data for, 1837
batch, 1808 
breaking of emulsions with, 1275 
continuous, 1808 
corrosion of, 1833
design of, 1816 
energy required by, 1833 
feed regulators for, 1829 
lubrication of, 1832 
operating data for, 1836, 1837, 1838 
power requirements of, 1833, 1837 
separation of dusts and mists, 1857 
special types of, 1824
test-tube, 1808 
theory of, 1808 
wear of, 1833

Centrifuging, costs of, 1838
filtration, and settling, 1275 

Centrimax manometer, 2043 
Centropact, beater mill, 1917

pulverizer, 1917 
Cereal(s), foods, hygroscopic relations of, 

1090
pulverization of, 1909, 1910, 1932, 1937, 

1942, 1943
Cerium, electrolytic production of, 2799 
Chain(s), conveyors (see Conveyors, 

chain)
driving by, in power transmission, 2519 

• elevators, 2202
hoists, 2204 

ball-bearing, data on, 2237 
differential, data on, 2236 
hand-operated, 2236 
motor-driven, 2237 
screw-geared, data on, 2236 
spur-geared, data on, 2237 

steel roller, data on, 2228 
strength of (table), 2927 
types of, in power transmission, 2519 

Chain-weave fabrics, in filtration, 1659 
Chamber(s), dryer, 1490

settling, 1855

Chamber (s), (continued) 
“wet” baffle, 1863

Champion jaw crusher, 1895 
Channels, flow in, 803, 813

Manning formula for, 813 
Chaplet furnace, 2806 
Charcoal, as adsorbent, 1309 

adsorption of gases by, 1310 
as fuel, 2341 
grinding of, 1972 
specific gravity of, 2329

Charges, fixed property, 2850 
Charles’s law, 617
Charlotte colloid mill, 1919 

performance data of, 1919
Chars, metal-adsorbent, 1277, 1321 
Chart(s), 250-256

alignment, 257-265 
humidity, 1515 
psychrometric, 1084, 1085 
raw-materials sources, of U.S., 2837, 

2838
alkali manufactures, 2837 
coal-tar products plants, 2838 
fertilizer production, 2837 
iron-ore sources, 2837 
pig-iron production, 2838 
salt production, 2837 
sugar-cane refineries, 2838 
sulfuric acid plants, 2837 

recorder, 2018
Chaser mill, 1559, 1573, 1574, 1908 
Chatillon Telepoise scale, 2050 
Chattock manometer, 785 
Check valves, 936
Chemical analysis, qualitative, 575 
Chemical brick, physical properties of, 

2152
Chemical equilibrium, 628 

calculation of constants, methods, 746, 
747

constants vs. temperature (graph), 749 
in heterogeneous system, 750, 751 
solution of equilibrium problems, 750, 

754
at high pressure, 763, 764,766, 767 

writing of expressions, 750, 751 
Chemical equipment, depreciation of, 2853 
Chemical industries, and plant location, 

2836
Chemical instruments, electrical, 2655 
Chemical and physical data, 267-565 
Chemical and physical principles, 611-769 
Chemical plant location, 2831-2840 

economic factors of, 2833
Chemical processes, control of, 2009-2089 
Chemical reaction and gas absorption, 

1152
Chemical stoneware, makers of, 2152 
Chemical ware pipe, 910
Chemicals, absorption of, in wood (table), 

2164
for constructions, 2164 
corrosion from, 2211 
expansion of wood due to (table), 2164 
grinding of, 1911, 1915, 1924, 1973 
hazards from, 2212 
physical effects of, on wood (table), 2164 
poisoning by, treatment for, 2933 
special requirements in handling of, 

2211
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CHEZY CLAY(S)
Chézy, coefficients, formula, 805
Chicle, pulverization of (table), 1914 
Chilean mills, 1908
Chili pods, grinding of, 1914 
Chimney-type cooling towers, 1113 
Chimneys, natural draft, economical sizes 

for (table), 2449
China twigs, pulverization of (table), 1926 
Chip-removing device, on Dorr classifier, 

1593
Chips, production of, 1896, 1914
Chloracetic acid, materials of construction 

for, 2099
Chlorides, typical cells for electrolysis of, 

2792
Chlorine, cells, comparative data, 2796 

economics, 2794
electrolytic production of, 2791 

table, 2796
feeders for, 2290
gas, materials of construction for, 2102, 

2106
power cost of, 2797 
solubility in water, 1125 
solutions, 2103

Chocolate, drinks, reduced on Premier 
colloid mill (table), 1919 

grinding of (table), 1979
Choice of evaporator type and size, 1078 
Chords of circles, 79

circular segments, 76
Chrome refractories, properties of, 2154
Chrome steels, resistance to temperature, 

2147
Chrome yellow, grinding proportions in 

linseed oil (table), 1981
Chromic acid, densities of aqueous solu­

tions of (table), 415
Chromium, alloys, thermal conductivity 

of, 949
chloride, densities of aqueous solutions 

of (table), 415
copper, physical properties of, 2126, 

2138
-iron alloys, (see Alloys, ferrous) 
plating of, 2772
steels, S.A.E. Nos. and analyses, 2146 

properties at high temps., 2147
-vanadium steels, S.A.E. Nos. and 

analyses, 2146
Chronoflo feeder, 2291
Chutes, 2202

spiral, 2202
Circle(S) , 157, 168-170, 207 

analytical problems of, 157, 158, 207 
areas, 70, 75, 78 ,

of segments, 83
chords, 79
circumferences, 70, 75 
diameters, eighths, 75 

feet and inches, 78 
hundredths, 70 
with sides of squares of equal area, 

87
equation of, 207 
geometrical constructions for, 167 
involute of, construction of, 172 
lengths of circular arcs, 86 
segments, 76, 83

Circuits, capacitive, 2645 
combination, 2642

Circuits (continued) 
direct current, 2642 
electrical, 2642 
inductive, 2645 
magnetic, 2648 
parallel, 2642 
series, 2642

Circular arcs (see Arcs, circular)
Circular measure table, 112
Circular percentage graph paper, 254 
Circular pipe, velocity traverse, 839 
Circular segments of circles, 76 
Circulating mixer, 1543, 1562, 1572, 1574 
Circulation of air, in drying, 1491 
Circumferences of circles, 70, 75 
Citric acid, grinding of, 1915
Clairain, 2332
Clairaufs equation (calculus), 223 
Claisen condensation, 607
Clapeyron equation, 624, 626, 639, 677 

for estimation of latent heats of vapori­
zation, 73, 733

Clapeyron-Clausius, equation of, 1341 
Clarification (see also Filtration) 

capacity, 1621 
centrifugal, 1812

hindered motion, 1814
of lacquer, 1845
liquid-liquid separation by, 1816 
liquid-liquid-solid separation by, 1816 
liquid-solid separation by, 1812 
turbulent motion, 1812 
of varnish, 1845
viscous resistance, 1813 

mechanics of, 1619
Clarifier, centrifugal, 1808 

disk-bowl, 1820 
Dorr, 1630

Sifeed, 1630
Squarex, 1631 

Dorr traction, 1629 
dry-cleaners’, 1846 
Hardinge sand-filter, 1641 
hermetic, 1827 
hollow-bowl, 1820 
true separator bowls, 1823

Classification, 1589-1618 
abrasives, 1618

dry, by air, 1729 
of accounts, 2843

fixed property, 2850 
of coals, 2327, 2328 
of dryers, 1489

Classifier(s), Akins, 1595
for washing, 1599

Dorr, 1590 
bowl, 1594 

hydraulic, operating data for mill with, 
1957

Claude system, for liquid air, 2635 
Clausius-Clapeyron equation (see Clapey­

ron-Clausius)
Clay(s), acid-treated, 1277, 1291 

as adsorbents, 1277, 1279 
activated, manufacture of, 1278, 1292 
analysis of (table), 1280 
cleaning of , 1950 
drying of, in rotary dryer, 1504 
fuel required to dry, 1950 
granulation of, 1940 
grinding of, 1897, 1916, 1917, 1940, 1980
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CXJLT(S)
Clay (s) (continued)

power required in grinding, 1950 
removing sand from, 1940
sewer pipe, 912
tests of, 1279

Cleaning of evaporator scale, 1058 
of materials to be pulverized, 1940

Clemmensen reaction, 591, 595
Clocks, recorder, 2019 
Closed-circuit grinding, 1603, 1932

equipment for, 1605
operating data of, 1609-1618
power required, 1615

Closures, for high-pressure vessels, 2181 
Cloth, bolting, 1706

steel-wire, data on (table), 1703 
Cloves, pulverization of (table), 1926 
Clutches, in power transmission, 2517 
Coagulation, for centrifugation, 1829 
Coal(s), agglutinating power of, 2334

analysis of, proximate, 2329, 2330, 2333 
rational, 2332
ultimate, 2329, 2330

ash from, fusing point of, 2330 
powdered, particle size of, 1850 

bituminous, consumption of, in U.S.
(table), 2325, 2326

briquetting of, 2330
carbonization of, 2332, 2334 

products of, 2334
classification of, 2327, 2328 

table, 2327, 2328
clinker formation, 2330
consumption, by uses, 2326 
crushing of (tables), 1962, 1966, 1967, 

1970
drying of, 1512 

data, 1501, 1504
exports of, 2326
flames of powdered, 1023 
formation of, 2331 
as fuel, 2347
gas, analysis of, 2365, 2366

as fuel, 2347, 2360
production of, 2397

grindability of (data), 1963
by Bureau of Mines or Ball metEod, 

1964
grinding of, 1910, 1914, 1928, 1929, 

1937, 1962, 1966, 1967
handling, by drag-line conveyor, 2234 
macrostructure of, 2332
powdered, as fuel, 2339 
pulverization of, 1962, 1966, 1967

cost of, to various finenesses, 1968 
pulverized, 2337, 2338

advantages of, 2450 
sampling of, 2329 
vs. stokers, 2451 

sampling of, 1753
Seyler’s classification of, 2328 
softening temperatures of (table), 2333 
specific gravities of (table), 2329 
specific gravity and density of, 455 
specific heats of, 2325 
spontaneous combustion of, 2325 
storage of, 2325
tars, characteristics of, 2375

data on, 2373-2377
vs. fuel oils, 2347
as fuels, 2357

COLOR(S)
Coal(s), tars (continued) 

products, in U.S., 2838 
specific heats of, 2377 
tar-forming températures, 2335

Cobalt sulfate, dissociation pressures of 
(table), 408

Cochineal, grinding of, 1902, 1976
Cochrane, manometer, 2041 

mercury type, 2041 
weighing meter, 2036

Cocks, 941
Cocoa, bean shells, pulverization of 

(table), 1914, 1916
cake, pulverization of (table), 1926 
pulverization of, 1945

Coefiicient(s), of contraction, 843 
of discharge, 850 

for orifices and nozzles, 842 
vs. Reynolds number, 852 
for venturi tube, 855 
viscous flow, 852 

film, in heat transfer, 992 
gas absorption, 1171-1176 
heat transfer (see Heat transfer) 
of thermal expansion, 480-486

Coffee, grinding of, 1910
Coil(s), evaporator, 1046 

immersed in liquids, heat transfer for, 
998

Coil-type of unit air conditioner, 1099, 
1100

Coiled pipe, heat transfer to gases in, 976 
Coke, A.S.T.M. standards on, 2331 

by-product, specific gravity of, 2329 
gas, 2341 
grinding of, 1895, 1910, 1928, 1929, 

1962, 1971
hygroscopic relations of, 1091 
low-temperature, specific gravity, 2329 
oven, gas, as fuel, 2360

Koppers, gas from, 2364 
light oils, composition of (table), 2371 
pitch, properties of, 2374 
tar, properties of, 2374 

viscosity of, 2374 
petroleum, 2340 
production in U.S., 2838 
pulverization of, 1971 

by Hardgrove method, 1962 
specific heat of, 2326

Coking, temperature of, effect on reac­
tivity (table), 2336

Cold-cathode tube, 2682 
Cold-storage temperatures, 2620-2621 
Collapsing pressures, calculation of, 2173 
Collectors, baffle-chamber, 1862

dry, 1862
for flotation, 1736 

Colloid(s), destabilization of, 1622
mills, 1557, 1565, 1917 (see also Emul­

sions) 
theory of, 1917

Colloidal solutions, 1532 
definition of, 1623 
particle sizes of, 1623

Color(s), dry, grinding, 1915, 1917, 1926, 
1973, 1978-1981 

of inorganic compounds, 312-367 
of organic compounds, 271-311 
systems and color scales, 1283 
wet-grinding (table), 1981
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COLORIMETRIC CONICS
Colorimetric method of determining 

hydrogen-ion concentration, 571
Column(s), calculation of, 1247 

continuous, for extraction, 1217-1219 
orifice, 1542
packed, 1256-1259, 1265 

baffled, 1256, 1543 
bubŋle plate, 1256 
sieve plate, 64, 1257 
spray, 1256, 1257, 1259, 1265 

rectifying, 1340
Combination(s), circuits, 2642

electrical, 2648
magnetic, 2648
and permutations, 142

Combined system, humidification, 1093 
Combustibles, grinding of, 1915, 1937 
Combustion, calculations from fuel-gas 

analyses, 2411
chamber, heat transfer in, 1023 
constants of gases, 2378-2379 
control of, 2033 
data, for benzol, 2358

for benzol-alcohol mixtures, 2358 
for denatured alcohol, 2358
for ethanol, 2358
for methanol, 2358

equations for gases, 2385
heat of, calculation of heats of formation 

from standard, 739-741 
calculation of heats of reaction from 

standard, 741
of organic compounds (table), 271- 

311
of hydrocarbons, 2351

air required, 2351 
heats of, 2351 

intensity of flame output, 2405 
problem, 724 
spontaneous, of coal, 2325

Comfort chart, air conditioning, 1091 
Comfort lines, 1091
Comminution, 1885-2007 

miscellaneous methods, 1982-2007
Common logarithms, four-place, 34 

six-place, 8
Comparison test, for convergence, 179

for divergence, 178 
Compartment dryer,'1490, 1508 
Compartment tube mill, in closed circuit 

with air separator, 1933
Compeb mill, for grinding cement, 1959 
Competitive industries, 2833 
Complementary angles, 154, 189 
Complementary industries, 2833 
Components, definition of in phase rule, 

672
Compressed gases, water-vapor contents 

of, 392, 393
Compressibility(Ies), 487-495

chart, gas mixtures, 757
Gilliland’s method, 758-760
Kay’s method, 757
pure gases, 754 

pressure unknown, 756 
temperature unknown, 756 
volume unknown, 756

of natural gas, at high pressures, 2385 
Compression, adiabatic, 645

of data, graphical, 252
in drying of gases, 1523

Compression (con⅛"nued) 
filters, belts, for, 1698 

rolls for, 1698 
fittings, 922 
isothermal, 644

Compressor(S), air, 2486 
centrifugal, 2270, 2537 
for high pressure, 2183 
horizontal, 2270 
piston, 2271 
power requirements for, 2184 
reciprocating, 2271, 2487 
for refrigeration, 2529 
turbo, 2270, 2487

Concentrating machines, magnetic, 1730 
Concentration, hydrogen-ion, control and 

measurement of, 2080
magnetic, 1730 
before pulverizing, 1940 

Concentration-enthalpy chart, 1762
basic construction of, 1764 

Concrete pipe, 912
Condensate, removal from evaporators, 

1054
Condensate pumps, 2485
Condensation, dropwise film-type, 988, 

989
on dryer walls, 1492 
partial, definition, 1341 
in presence of non-condensable gas, 990 

Condenser(S) (see also Refrigeration) 
barometric, 1073 
calculations, 1075 
for evaporators, 1073 

calculations for, 1075
in filtration, 1695 
heat transfer in, 988

ammonia, heat transfer coefficients, 
997

jet, 2480, 2482 
in power-plant equipment, 2480 
surface, 2480 
tubing, 896
various types, 1073

Conditions, air (see Air, conditioners) 
weather for U.S. and other countries, 

1109-1111
Conductance, electric, definition of, 2640 

mutual, of thermionic tube, 2664 
Conduction, electric, through gases, 2660 

heat transmission by, 948, 962 
several bodies in parallel, 964 
several bodies in series, 963 
through dry surfaces, 1481 

Conductivity, electrical, 2740 
equivalent (table), 2741 
measurement of, 2078 
thermal (see Thermal conductivity) 

Conductors and resistances, electrio 
(table), 2643

Cone(s), area of, 162 
crushers, 1896 
joint, 2173 
mixer, 1556 
for thickening, 1624 
volume, 162

Confectionery, favorable hygroscopic rela­
tions of, 1092

Conical buhrstone mill, 1910 
Conical mill, Hardinge, 1904 
Conics, 206-207
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CONING Conveyor(S)
Coning, 1749
Conjugate layers, 1222 
Connections, high-pressure, 2173 
Consecutive reactions, kinetics of, 694#. 
Consistency definition of, 788 

degrees of, 1536, 1540 
measurement and control of, 2074 
of mixtures, 1532-1534, 1536, 1537, 

1539
of various materials, 1540 

Constant(s), critical, 620, 622 
determination of values, 746-749 
dimensional, 242, 243 
equilibrium, 659, 746 
estimation of, 620 
methods of writing, 750 
numerical, 128 

values of, 629
physical, of inorganic compounds, 312- 

367
of organic compounds, 271-311 

specific reaction velocity, 684, 685, 688 
table, 474 
use in high-pressure calculations, 755- 

769
use in problems, 750-755, 766-767 

Constant-boiling mixtures, 1370-1374 
Constant humidity, maintenance of, 1118 
Constant-pressure temperature-composi­

tion diagrams, 1356-1359
Constant rate period, estimation in dry­

ing, 1483
Constant-temperature dryer, 1489 
Constant temperatures, maintenance of, 

479
Constant-volume gas thermometer, 2052 
Construction, of chemical tank, materials 

of, 2091-2166 (for details see Mate­
rials, of construction)

costs, of electrical precipitators, 1876 
Consumer industries, 2833 
Consumer territory, 2838 
Consumption, of bituminous coal, by 

uses, 2326 
total, 2326

of crude oil in U.S. 2343 
of fuel oil in U.S., 2343 
of gasoline in U.S., 2343 
of heat, of dryers, 1493 

Contact angle, 778 
Contact filtration, definition of, 1278 

plant, flow sheet of, 1288, 1308 
layout of equipment for, 1288 

Containers, equipment for filling, 2293- 
2322

small bottles, cans, boxes, 2293 
storage in, 2293

Continuous crystallizer, 1787 
Continuous distillation, 1401 
Continuous dryer, 1489, 1511 
Continuous equilibrium vaporization, 

1393
Continuous mixing, 1555, 1563-1572 
Contour-line charts, 256
Contraction, coefficient, 843 

loss, 822
Control(S), automatic, 2009—2089 

failure of equipment, 2088 
devices, 2022
equipment, choice of, 2012 
for evaporators, 1074

Control(S) (continued) 
of feed to centrifuges, 1829 
point, 2013 
of process variables, 2009-2089 
thermostatic, bath fluids for, 479

Controller(S), 2019 
air-pilot valves for, 2019 
Bailey pressure, 2034 
Brooke pressure, 2034 
Cape liquid-level, 2049 
chemical process, 2009-2089 
choice of, 2012 
combustion, 2033 
contactless, 2021 
fluid flow, 2035 
indicating, 2021 
liquid-level, 2047 
MacCreedy liquid-level, 2047 
multipoint, 2061 
on-and-off, 2016 
open-and-shut, 2016 
Parks-Cramer humidity, 2073 
pilot devices for, 2019 

Bailey type, 2020 
relay-operated, 2020 

power consumption, 2084 
pressure, 2032 

weighing, 2051 
proportional throttling, 2016 
relays for, 2021 
Rotax, 2021 
Smoot, 2034 
temperature, 2052 
throttling, 2016 
time, 2027 
two-position, 2016 
vacuum, 2027

Controlling accounts, 2843 
Convection, forced, heat transfer by 

(graph), 974
heat transmission by, 948, 967, 974 
natural, 985

Convergence, comparison test for (alge­
bra), 178

ratio test for (algebra), 179 
Convergent series, 178 

ratio test for, 179
Conversion, data (table), 2737 

factors, for coefficient of heat transfer, 
971

for thermal conductivity, 948 
tables (see Equivalents) 

Conveyometer, Richardson, 2309 
Conveyor(S)1 2196-2203, 2213 

apron, capacity of (table), 2229 
for bag closing, 2308, 2312-2314 
belt, 2197, 2214 

cost of, 2227 
data on (tables), 2225 
of weights of (table), 2226 

chain, 2198, 2221, 2228 
cost of, 2229

chain trolley, 2198, 2223 
drag, 1589 
drag-chain, data and cost of, 2232 
drag-line scraper, data and cost of, 2202, 

2236
driven roller, 2199 
flight, 2199, 2229, 2231 

cost of, 2233
gravity roller, 2198, 2234
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Conveyor(S)
Conveyor(S) (continued)

Johns, 2200, 2236 
live roller, 2199 
pan, capacity of (table), 2229 
platform, 2198, 2223

capacity of (table), 2230 
pneumatic, 2201, 2236 
pusher-bar, 2199 
Redler, 2200, 2235 
roller, 2199 
scraper, 2199, 2229

cost of, 2231 
drag-line, 2202 

screw, 2200, 2234
data and cost of, 2233 
table, 2232

slat, capacity of (table), 2198 2223 
cost of, 2230

vibrating, 2203 
wheel, 2198, 2235

Conveyoweigh, Richardson, 2291 
Cooling, curves, of batch crystallizer, 

1790
of fan towers, 1114
of spray ponds, 1116 

of drum flakers, 2001 
in grinding, 1934 
of kettles, 1577-1582 
lines, adiabatic, of humidity chart, 1516 
in mill operation, 1937 
of mixers, 1581 
mixtures, of chemicals, 2627, 2634 
systems, in refrigeration, 2601 
towers, 1108

atmospheric, 1108 
chimney, 1113 
natural-draft, 1113 
forced-draft, 1114 

water, for Diesel engines, 246
towers, 2600 

Coordinates, 190, 205 
line, charts of, 265 
polar, 205

graph paper, 253 
Cope liquid-level gage of controller, 2049 
Copper, electrolytic refining of, 2780 

electro winning of, 2788 
nickel alloys (see Cupro-nickel alloys) 
nitrate, densities of aqueous solutions of 

(table), 415 
plating of, 2772 
properties of, 2069 
ores, grinding of, 1895 
sulfate, dehydration of (table), 1936 

densities of (table), 415 
grinding of (table), 1936 
specific heat of (table), 538 

Copper alloy, pipe, 896 
tables, 2124, 2137 
water tuning, 896

Copper oxide rectifiers, 2684 
Copperas, tank crystallization of, 1780 
Copra, granulation of, 1916

pulverization of (table), 1914 
Cork, granulation of, 1916 

grinding of, 1910
Corliss engine, 2455 
Corn, cracking of (table), 1943 

grinding of, 1945
Corher taps, 852 
Comstarch, pulverization of (table) 1945
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CRANE(S)

Corona discharge, in electrical precipi­
tator, 1868

Corresponding states, theory of, 622 
use of, 755-769

Corroding solution, for immersion test, 
2093

Corrosion, of centrifuges, 1833
from chemicals, in handling equipment, 

2211
of filters, 1694 
physical properties of materials, 2097, 

2132
refrigerating systems, 2545, 2601, 2612 
tests, 2092

Corrosion-resisting construction, for fil­
ters, 1684

Corundum, granulation of, 1949 
Cosmetics, production of, 1931 
Cost(s), of boiler plants, 2490 

of centrifuging, 1838 
of conditioned air, 1106, 1107 
of construction of electrical precipi­

tators, 1876, 1877 
depreciation, 2852, 2861 
distribution, 2833, 2857 
estimates, checking of, 2872 
estimating, 2871 
of filtration, equipment, 1693

unit, 1692
finding and accounting, 2841—2872 
of flaking, 2003
of handling equipment, 2209, 2243-2244 
of heat exchangers, 1001
insurance, 2861
of power plants, 2488 
process, 2860 
product, 2869
of production, unit, in U.S. cities, 2839 
of stainless steels, 2142
systems, 2857 
taxes, 2861 
of thickening, 1637 
unit, of production in U.S. cities, 2839 

Cost accounting, 2857 
Cotton, favorable hygroscopic conditions 

for, 1092
hygroscopic moisture of, 1089 
linters, drying of, 1512

Cottonseed cake, pulverization of, 1944 
Cottonseed oil, refining of, by adsorption 

(flow sheet), 1308
Cottrell electrical precipitators, 1867, 

1870
cost of construction, 1876 
operating data, 1876 
pipe type, 1870 
plate type, 1870 
voltage and power requirements, 1877 

Coulomb, definition of, 2723 
Coulometers, 2738 
Countercurrent condenser, 1073 
Coupling, Victaulic, 922 
Cox chart, 1342, 1343 
Cracking, of coal gases, 2334

of oil for gas manufacture, 2392 
Crane(s), and hoists, 2203

locomotive, 2207 
stationary, 2205 
traveling, 2206, 2239 
trucks, 2207 
types of, 2203



CREAM(S)

Cream(s), grinding of, 1920, 1978-1980 
Cream separators, 1836
Credit book, 2843 
Credits and debits, 2842 
Criteria of equilibrium, 653 
Critical constants (table), 474 
Critical data for hydrocarbons, 1344, 1345 
Critical humidity, 1798
Critical moisture contents, of various 

materials, 1520, 1522
Critical, or plait, point, 705, 1222 
Critical pressure ratio, gases, 847 
Critical region, 813
Critical velocity, 813

in curved pipe, 815 
effect of curvature on, 815 
for fluids, 800

Critical solution temperature, 678, 1225 
Cross-flow heat exchangers, temperature 

difference in, 970
Crude oil, consumption in U.S., 2343 
Crushers, cone, 1896 

gyratory, 1890
industrial applications of, 1942 
jaw, 1891 
ring, 1915 
rotary, 1896
Symon’s disk, 1896 
types of, 1890

Crushing, efficiency, 1889 
grinding and pulverizing, 1888-1981 
rolls, 1897
theory of, 1888-1889, 1897 

Crutcher, soap, as mixer. 1552 
Cryolite, grinding of, 1931 
Crystal(s), caking of, 1798 

prevention of, 1799 
filter dryer, 1512 
filtration of, 1688 
formation of, 1766 

in solutions, 1769 
forms of, 1758 
geometry of, 1771 
growth of, 1772 
habit of, 1771 
invariant, 1771 
liquid, 1759 
rate of solution of, 1772 
size and shape, commercial importance 

of, 1758 
systems of, 1759

Crystalline materials, grinding of, 1915 
Crystallization, 1758-1807 

apparatus for, 1779 
costs of, 1795, 1797 
ΔL law of, 1773

limitations of, 1776 
effects of impurities on, 1771 
equipment cost of, 1794 
fractional, 1764 
heat effects in, 1761 
heat of, 1761 
Mier’s theory and, 1767 
overlapping principle and, 1772 
problem, 725 
seeded, 1766 
theory of, 1758 
unseeded, 1766 
yield in, 1759

Crystallizer(S), agitated batch, 1781 
cost of, 1794

CYCLONE(S)
Crystallizer(S) (continued) 

double pipe, 1783 
evaporator, 1785 
Howard, 1782 
Jeremiassen, 1792 
Krystal, 1792 
operation of, 1779, 1798 
Oslo, 1792
Swenson-Walker, 1783
tank, 1780 
vacuum, 1786
Wulff-Bock, 1781

Crystallizing evaporators, 1785
Crystallographic systems, 1758 
Cube(s), of numbers, 60 

roots, 140
of numbers, 60 
by slide rule, 150

surface of, 161 
volume of, 161

Cubé root, grinding of, 1975
Cubic equations, 181
Cubic system, of crystals, 1759
Cubical expansion, of liquids (table), 

485
of solids (table), 484

Cupro-nickel alloys, physical properties 
of, 2126, 2138

Cuprous chloride, densities of aqueous 
solutions of (table), 415

Current, a.c. superimposed on d.c., 2754 
alternating, 2644
concentration, 2736 
density, definition of, 2723 
direct, 2642
efficiency, 2736 
electric, definition of, 2640
meter, 839
stray, 2660

Curved pipe, friction factor for, 813 
Curves, analytical problems, 211 

exponential, graphs of, 213, 250 
hyperbolic, graphs of, 213, 250 
logarithmic, 252 
miscellaneous, 211
parabolic, graphs of, 250, 251 
probability, 214
of pursuit, 214
temperature, vapor-pressure, 252 
trigonometric functions of, 212

Cut-off friction clutches, 2518
Cutting-oil reclamation, with centrifuges. 

1848
Cyanamide, production of, 2812
Cyanide pulp, filtration of, 1685
Cycloid, construction of, 172

length of arc of, 161
area of, 161

Cycloidal blower, 2269 
Cycloidal meter, 866

gas, 2036
Cyclone(s), 1863

collection efficiency of, 1860
induction type of, 1864
long-cone type of, 1864 
multiclone, 1865 
pressure drop and gas-volume capacity 

pf, 1861, 1863
relation of gas velocities, particle size,

and separating distance in, 1859
velocities of gas through, 1863
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CYLINDER DEVIATION INSTRUMENTS
Cylinder, area of, 161, 162 

dryers, 1503 
solid, heating and cooling of, 965 
volume of, 161, 162

Cylindrical ball or tube mills, 1924
Cylindrical tanks, horizontal, volumes, 

118, 119, 121, 122 
vertical, volumes, 123

Uairy industry, and centrifuges, 1838 
Dalton’s law, 619

deviations from, 619
use in humidity calculations, 720 

Daniell cell, 2755 
Darcy equation, 805 
D’Arsonval galvanometer, 2082 
Data, compression of, graphical, 252 

smoothing, 238
Day pot mill (table), 1908, 1909 

roller mills, power required by (table), 
1926

triturator, 1908 
Dayton process for oil-gas, 2395 
Deactivation, of activated carbons, 1315 
Dead-weight gage tester, 2030 
Debits and credits, 2842
Decantation, aluminum sulfate, 1644, 

1647
caustic soda, 1644, 1647 
continuous countercurrent, 1643 

calculations, 1644
economic advantages of, 1646 
flow sheets of, 1645 
operating data of, 1647 
theory of, 1643
use in chemical processing, 1644 

equipment for, 1648 
feeders for, 1650 
phosphoric acid, 1644, 1647 
solution feeders for, 1651 
wash-water feeders for, 1651 

Decanting and settling, 1829 
Decimal point, determination of, by 

slide rule, 147
Decimals, conversion table and equiva­

lents, fractions, 99
inches to feet, 100 
seconds, minutes, degrees, 99 

Decolorizing, of carbons, 1298-1309 
applications of, 1304 
grinding of, 1972 
retentivity-activity relations, 1300 
water purification by, 1306 

of oils, by adsorbents, 1281 
applications of, 1305

table, 1304 
Deep-well pumps, 2251 
Defender portable CO2 analyzer, 2077 
Deflection, indicators and recorders, 

for temperature, 2058 
potentiometers, 2066

Degrees, Baumé, oTw., lb./gal., lb./cu. ft., 
sp. gr., 93

centigrade and Fahrenheit, equivalents, 
108

of freedom, definition of, 672 
of gaseous molecules, 633

to radians, conversion table and equiva­
lents, 96

IOOths radian, 97

Dehumidification, 1080
adsorption system for, 1102
and heat transfer, 990 
systems of, 1096, 1101

Dehydration, adsorption and, 1331
in grinding, 1934
in mill operations, 1936

DeLaval nozzles, 855
Delta-connected, three-phase system, 2647
Demand disturbance, 2013 
Denatured alcohol, as fuel, 2358 
Dense-air machine, 2528
Density(ies), 410-453

of alloys and metals, 453
of aqueous inorganic solutions, 411-→436 

organic solutions, 436-452
of coal, 455
control and measurement of, 2069 
conversion table and equivalents, 103 
and drop size, 1991
of earths, 454
of electric current, 2723
of gases, 411, 2381 

measurement of, 2071
humid, 1516
of hydrocarbons, 436
of inorganic compounds, 312-367
of masonry, 454
of mercury, 410
of metals and alloys, 453
of minerals, 454
of mixtures, 616 

calculation of, 719
of organic compounds, 271-311, 450
of petroleum, 455 
recorders, 2070
of solids, determination by immersion, 

777
of stone, 455
of vapors of coal-tar fractions, 2376
of water, 433-435

Denver flotation machine, 1739
Denver mineral jig, 1723 
Dephlegmation, 1341
Depreciation, in cost accounting, 2852, 

2861
ledger, 2852
methods, 2852
rates, 2852, 2853

Depressers, for flotation, 1737 
Derivatives, calculus, 216

partial, 217
Derris root, grinding of, 1975 
Design, of air filters, 1881

of centrifuges, 1816
of extraction equipment, 1255
of gas-absorption towers, 1142
of gas heaters and coolers (chart), 975 
of high-pressure equipment, 2168 
ranges of plate efficiency for, 1433 
use of heat balances in distillation, 1461 

Destructive distillation, 1340 
Detectors, 2663

amplifiers and (table), 2666 
Determinants, 184-188

multiplication of, 188 
properties of, 186 
second-order, 184 
third-order, 185

Deviation instruments, 2061
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DEVICES DISTILLATION
Devices, for controlling humidity, 1103 

feeding, 2286-2292 (see also Feeders and 
feeding mechanisms)

Dewpoint, of complex vapor mixture, 
calculation of, 1398 

control of air conditioning and, 1103 
definition of, 1083, 1514
General Electric potentiometer for, 2074 
of hydrocarbon vapor mixture, 1398 

Dextrin, grinding of, 1937 
Diagrams (see also Chart)

flow, use of, 715 
indicator, for steam engines, 2456 

Diameter(s), of circles, eighths, 75 
feet and inches, 78 
hundredths, 70 
with squares of equal area, 87 

economical pipe size, 815 
equivalent, definition of, 799 
hydraulic, 799 
rectilinear, law of, 622 
of spheres, fractions, 87 

hundredths, 90 
of various dispersoids, 1850 

Diaphragm, levers, 2023
meter, 865 
pumps, 2264 
switches, 2023 
valves, 2023

Diaspore, refractory, properties of, 2154 
Diatomaceous earth, granulation of 

(table), 1940
Dichlorodifluoromethane, saturated vapor 

of, properties of (table), 2574
Dichloromonofluoromethane, saturated 

vapor of, properties of (table), 2583 
superheated vapor of, properties of 

(table), 2584
Dichromatism, 572 
Dielectric constant, definition of, 2640 

properties (table), 2644 
strength of, 2640

Diels-Alder reaction, 607 
Diesel, cycle, 2463 

engines, (for details.see Engines, Diesel) 
fuel purification, by centrifuges, 1843 

Diethanolamine solutions, solubility of 
CO2 in, 1135

Differential calculus, 216-224
Difierential density process, 1743 
Differential equations, 222-224 

linear, 224
Differential-pressure methods, of fluid­

flow control, 2037
Differentiation formulas, 216 
Diffusion, coefficients of, 1169 

flame burners, 2424 
in gas absorption, 1139 
gaseous, 623 
of gases through gases, 1168 
internal liquid, in drying, 1484 

Diffusivity, of gases, 1168 
in water, 1169 

thermal, 966
Difluordichlormethane, saturated vapor 

of, properties of (table), 2574 
superheated vapor of, properties of 

(table), 2576
Dihedral angle, 158, 159 
Dilution metering, 867, 2046 
Dimensional analysis, 241-249 

application to theoretical physics, 248 

Dimensional analysis (continued) 
constants, 242, 243 
falling bodies, 245 
pressure, gas, 245 
problems of, 245-249
Rayleigh, heat transfer, 246 

Dimensional constant ge, 772 
Diode detection, 2682 
Diphenyl vapor, heating by, 988 
Direct current, 2642

.motors, 2710
Direct-fire evaporators, 1043 
Direct-fired kettles (mixers), 1578, 1580 
Direct humidifiers, 1095

comparison with indirect, 1096 
Direct .system humidification, 1093 
Direction indicators, 841
TlιτOr*⅛τ ,i γ 907 
Discharge, coefficients of, 842, 850 

dark, 2662 
glow, 2662 
rates of pressure nozzles, 1988 

Disintegrators, 1916 
Disk crushers, 1895 
Disk fans, 2266, 2268 
Disk meters, 2036
Dispersing, 1529, 1531, 1532, 1564, 1568- 

1571, 1576
Dispersiones), energy relations of, 1983 

mechanism of, 1983 
theory of, liquid droplets, 1983 
(See also Colloid, mills)

Dispersoids, 1850 
condensed, 1850 
diameters of, 1850 
gas, 1850, 1854 
mechanical, 1850 
particle sizes of, 1850

Disposition and source of income book­
keeping, 2847

Dissociation pressures (tables), 408-409 
Dissolving, 1529, 1531, 1568-1571, 1576 
Distillation, 1337-1470

applications of, 1382, 1384 
A.S.T.M. test, 1458 
batch, 1382 
batch steam, 1387

of benzolized wash oil, 1391 
equations, 1388 

data for calculations of, 1341 
definitions, 1340, 1341 
destructive, 1340 
and evaporation, 1340 
flash, 1394 
laboratory, 1464 
loss, 1466 
low-temperature fractionations in, 1470 
methods of calculation of, 1382-1444 
methods of comparison, 1443 
petroleum, 1450

overhead products in (table), 1462 
phase rule in, 1374 
plate efficiency, 1436 
principles of, 1382-1444 
recovery of distillate, 1340 
rectification, 1340 
residue from, 1340 
simple batch, equations, 1382-1384 

theory of, 1382 
single flash, 1394 
steam, vaporization efficiency in, 1391 
true boiling-point, 1400, 1466
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DISTILLATION DBTKBS
Distillation {continued)

use of external heat source in, 1390 
use of phase rule in, 1374

Distinct roots (calculus), 224 
Distribution(S), of costs. 2857 

equilibrium between liquid phases, data 
for, 1230 (see also Extraction) 

equilibrium diagrams for, 1227, 1228 
fractional, 1214 
ideal law for, 1245 
pf immiscible solvents, 1231 
law for, 1231, 1242, 1244 
mathematical expression of, 1232 
in oil-solvent systems, 1230 
of partially miscible solvents, 1220 
of solute between liquid phases, 682 

Distributors (see Feeders) 
Divariant system, 673, 675 
Divergence, comparison test for (algebra), 

178
Divergent series, 178 
Diverging duct, pressure loss in, 822 
Divider freight lines, 2839 
Division, algebraic, 174 

arithmetical, 138 
graphical, 156 
logarithmic, 145 
slide-rule, 14.7, 149

Dodge, crusher, 1891 
jaw crushers, ADis-Chalmers (table), 

1894
Dorr, Bowl classifier, 1594 

clarifier, 1630 
classifier, 1590 
multideck classifier, 1598 
Sifeed clarifier, 1630 
Squarex clarifier, 1631 
thickener, equipment and costs, 1632 

single-compartment, 1625 
torque, 1627 
traction, 1629 
tray, 1628 
types, 1634

Dorrco, filter, 1679 
pressure pump, 1634 
pumps, 1634 
repulper, 1652

Double cone mixer, 1556, 1574 
Double motion mixer, 1547, 1548, 157,3 
Double-pipe crystallizer, 1783 
Dough mixer, 1548-1550, 1572, 1573 
Downspouts and weirs, in distillation 

columns, 1453
Dowtherm heated kettles (mixers), 1578, 

1580, 1581
Dracco filter, 1866 
Draft, in boilers, 2447 

of flooding objects, 777 
forced, 2448 
gage, 784 
induced, 2448 
natural, 2447

Drag, chain conveyors, 2232 
classifiers, 1589 
coefficient for spherical particles, 1853 
conveyors, 1589, 2199
line scraper conveyors, 2202, 2236 

capacities of, 2231
Draimng, 1589-1598 
Dressings, for leather belts, 2496 

for rubber belts, 2498

Driers (see Dryers) 
Driven-roller conveyors, 2199 
Drives, belt, 2504 

chain, 2519 
pivoted motor base, 2516 
short-center methods of, 2516 
silent and roller-chain, 2517 
y-belt, 2516

Driving, chain, in power transmission, 
2519

short-center methods of, 2516 
Droplets, liquid, theory of dispersion of, 

1983
Drops, size of, produced by spray nozzles, 

1990
Dropwise condensation, 989 
Drugs, grinding of, 1908, 1915, 1976 
Drum(s), dryers, for liquids, 1498 

fi∏ing of, 2315 
flakers, 2000

applications of, 2001 
capacity of, 2002 
drum cooling, 2001 
flake thickness obtained by, 2002 

hoists, 2204, 2237 
liner insertion in, 2315 
packing liquids into, 2318-2322 
packing materials in, 2315 

Dry colors, grinding of, 1915, 1973 
Dry condenser, 1073 
Dry gas meters, 865, 2036 
Dry ice {see Carbon, dioxide, solid) 
Dry measure (table), 112 
Dry tables, 1727 
Dryers, adiabatic, 1489

bond-paper, data on (table), 1507 
cabinet, 1508 
calculations for, 1514
"can,” for sheet material, 1503 
Carrier’s ejection type, 1510 
chamber, 1490 
classification of, 1489-1491 
compartment, 1490, 1508 
condensation on walls of, 1492 
constant-tern pera ture, 1489 
continuous, 1489, 1511 
cylinder, 1503 
double-shell, 1501 
drum, for liquids, 1498 

for sheet material, 1503 
economizers for, 1495 
Gordon tray, 1510 
heat consumption of, 1493 
humidity-temperature relations within, 

1517
intermittent, 1490 
loft, 1490 
lumber, Tiemann’s, 1509 
newsprint, data on (table), 1507 
pan, 1500
for paper, test data of (table), 1507 
rotary, 1501

comparison of capacity of (table), 
1502

data on (tables), 1502—1504
operating costs for (table), 1505

screen dryer, 1511
single-shell, 1501
spray, for liquids, 1496
steam tube, 1502
Tiemann lumber, 1509
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DRYERS ELECTRODE(S)

Dryers (continued)
tray, Gordon’s, 1510
truck, costs of (table), 1511 
tunnel, 1508
turbo, vertical, 1511 
types of, 1496-1513 
vacuum, 1513 
vertical turbo, 1511

Drying, 1479-1525
agents and moisture in equilibrium 

with, 1523
air velocity in, 1482 
approximate equation for practical 

problems of, 1486
case-hardening in, 1488 
data on critical moisture content in, 

1520, 1522
falling rate period in, 1484 
of gases, 1522-1525 
general mechanism of, 1486 
internal evaporation in, 1485 
laboratory tests of, 1488 
in mill operations, 1934 
and pulverizing by spray dryers, 1496 
rate, estimation of, in constant-rate 

period, 1483
of solids, 1480-1522 (for details see 

Solids, drying of)
spray, granulation by, 1999 

nozzles for, 1990
surface checking in, 1488 
time required for various materials 

(table), 1521
zone of unsaturated surface, 1484 

Ducts, non-uniform, pressure loss in, 807 
Dühriñg’s rule, 626, 639, 640

application to viscosity, 796 
calculations of latent heats, 731, 732 
in evaporation, 1033, 1035

'Dulong formula, for calculation of heating 
values of coals, 2329

Dulong and Petit’s law, 636 
Du Pont Nitro-filter, 1660 
Durain, 2332
Durand’s rule, 236 
Duriron pipe, 894
Dust(s), chamber, Howard, 1857 

collector, induction, 1864 
explosions, 2917 
filter, Sly, 1866
and mist§, separation of, 1850-1884 
settling rates of, 1856

Dustite bag holder, 2306 
Dyes, grinding of, 1915, 1973

Ezar ths, various, specific gravity and 
density of, 454

Eccentric circular orifices, 853
Economic factors of plant location, 2831— 

2840
Economicalnumber of evaporation effects, 

1068
Economical pipe diameter, 815 
Economizers, 2446

for dryers, 1495
trolley conveyors, 2198, 2223 

data on, 2229
Eddy currents, magnetic, 2650 
Edge filter, 1683
Edge runner. 1559, 1573. 1574. 1908

Edison cell, 2756
Effect, of indifferent gases on equilibrium, 

666
of pressure on equilibrium, 564 
of temperature on equilibrium, 663 

Effective value, of current or voltage, 2644 
Efficiency, collection, of cyclones, 1860 

and pressure-drop, 1862
in crushing, 1889 
of steam boilers, 2444 

Egg, acid, 2262 
Ejector(s), dryer, Carrier, 1510 

pneumatic, 2263 
water, steam-operated (table), 2264 

Elbows, pressure drop, 825 
Electric cable, effective temperature lines, 

1088
equal-comfort lines, 1088 
favorable hygroscopic conditions for, 

1092
Electric circuits, 2642 

engineering, 2639-2720
Electric conductivity, measurement and 

control of, 2079
Electric control devices, 2024 
“Electric Ear,’’ 2291
Electric energy, conversion data on 

(table), 2738
Electric furnaces, 2698 

products of, 2724 
types of, 2803

Electric heating, 2698 
Electric illumination, 2690 
Electric leads, for high-pressure appa­

ratus, 2180
Electric lighting, 2690
Electric machines (see Generators; Motors) 
Electric and magnetic relations, 2641, 

2650
Electric ovens, 2699
Electric power, cost of, 2829 
Electric trucks, 2242 
Electric wiring, 2688
Electrical measurements, 2082, 2653 
Electrical precipitation, 1867 
Electrical units (table), 2641 
Electrically heated kettles (mixers), 1578, 

1580-1582
Electricity, conduction of, through gases, 

2660
definitions of terms applying to, 2640 
discharges of, 2660 
electrical engineering and, 2639-2720 
measurement of, 2082, 2653 
static, and safety, 2916 
units of, 2640, 2641

Electroanalysis, 2763 
Electrochemical energy, 2745 

equivalents, definition of, 2726 
of elements (table), 2727 

industries, 2722 
laws, 2726 
processes, materials of construction for, 

2816, 2821
products, energy consumption of, 2829 
units, 2723

Electrochemistry, 2721-2830 
definition of, 2722

Electrodeposition, of rubber, 2776 
Electrode(S), antimony, 572, 2766 

commercial data on, 2822
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ENERGYELECTRODE (S)
Electrode(S) (coniïnwed) 

data on (tables), 2822 
glass, 572, 2766 
hydrogen, 572
Jnaterials for, minimum sparking poten­

tials for (table), 2661
for pH measurements, 573, 2081 
potentials of (table), 2747 
quinhydrone, 572
single, potential of, 2746
spacing and arcing voltage, in electrical 

precipitator, 1873
Electro-float separator, 1742 
Electroforming, 2778 
Electrolux refrigerator, 2545 
Electrolysis, alkaline chloride, 2791

of chlorides, 2791 
Electrolytes, aqueous, 2738 

fused, 2797
aluminum, 2797 
barium, 2800 
beryllium, 2799 
calcium, 2799 
cerium, 2799 
lithium, 2800 
magnesium, 2799 
potassium, 2800 
sodium, 2800

Electrolytic cells, materials of construc­
tion for, 2103

products of (table), 2724 
Electrolytic cleaning, 2778 
Electrolytic dissociation, 2738 
Electrolytic hydrogen production, 2766 
Electrolytic oxygen production, 2766 
Electrolytic pickling, 2779 
Electrolytic polishing, 2780 
Electrolytic rectifiers, 2751 
Electrolytic refining, of bismuth, 2788 

of copper, 2780 
of gold, 2787 
of lead, 2782 
of nickel, 2784 
of silver, 2786
of tin, 2785

Electrolytic valves, 2751 
Electromagnetic instruments, 2654, 2655 
Electromagnets, 2686
Electrometals furnace, 2806 
Electrometric method of determining 

hydrogen-ion concentration, 572
Electromotive force, 2650

definition of, 2640 
Electron, definition of, 2640, 2739 
Electronic tubes (see Photoelectric tubes;

Thermionic tubes)
Electroplaters, conversion factors for, 

2772
Electroplates, commercial thickness of, 

2772
Electroplating, 2769

of alloys, 2776 
on aluminum, 2774 
baths (table), 2771 
of castings, 2776 
cost of motor generators for, 2769 
mechanical, 2770

equipment for, 2772 
Electrostatic instruments, 2654 
Electrostatic methods, of concentration, 

1740-1745

Electrostatic methods (continued) 
mechanical separation by, 1740

Electrothermics, 2800
gaseous, 2815

Electrotyping, 2778 
Electrowinning, of cadmium, 2790

of copper, 2788
of manganese, 2791
of zinc, 2789

Elements, atomic weights of (table), 
312-367

boiling points of (table), 312-367 
electrochemical equivalents of (table), 

2727
latent heat of fusion (table), 496 
latent heat of vaporization (table), 496 
linear expansion of (table), 481
low vapor pressures of (table), 368 
melting points of (table), 312-367 
properties of, (table), 312-367 
specific heats of (table), 515-524

Elevators, barrel, 2202 
belt, 2202 
bucket, 2201, 2218 

costs of, 2231 
data on (table), 2230, 2231

chain, 2202 
cost of, 2238

package, 2202 
platform, 2204, 2241 

data for (table), 2242
portable platform, data and cost of, 

224.2
tray, 2202

Ellipse, analytical problems, 160s 207 
area of, 160
construction of, 170, 171

Ellipsoid, volume of, 164 
Ellison gage, 2028
Elutriation, 1728-1730, 1889 
Elutriator, Andrews, 1728

dry, 1729
Gillson laboratory, 1730
Haedrich, 1728
Schramm system, 1730 
wet, 1728

Embrittlement of steam boilers, 2453 
Emissive power, monochromatic, 1003 
Emissivity, of carbon dioxide, 1016 

definition of, 1003 
of sulphur dioxide, 1018 
of surfaces for radiant heat, 1004-1007 
of water vapor, 1017

Emulsifiers, 1548
Emulsifying, 1529, 1531, 1532, 1564, 1576 
Emulsions, 1531, 1532 (see also Colloid 

mills)
breaking of, by adsorbents, 1275 

by centrifuges, 1275
Enamel(s), black, grinding of (tables), 

1908, 1949, 1981
frit, grinding of (table), 1949 
grinding of, 1909, 1978 
wet grinding of, 1916

Enameled steels, properties of, 2150 
Enameled ware, properties of, 2098
Energy, in a-c circuit, 2646

balance, mechanical (fluid flow), 802 
total (flow of fluids), 800

conservation of, 800 
kinetic, 800
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ENERGY EQUIVALENTS
Energy, conservation of (continued) 

law of, 629 
units of, 629

consumption of, of electrochemicals, 
2829

efficiency, 2750
electrical, 264.4 

conversion data on (table), 2738 
definition of, 2644

electrochemical, 2745
heat or work, conversion table and 

equivalents, 104
magnetic, 2650
of real gases, variation of, with pressure 

or volume, 642
units of, 629

Engine(s), Corliss, 2455
Diesel, 2463

air intake, 2467 
cooling-water data for, 2467 
cost of plant construction (table), 

2491
cycle in, 2463 
fuels data for, 2466 
Iubricating-Oil, and centrifuges, 1842 

consumption, 2466 
costs, 2467

speeds of, 2466 
starting of, 2468 
types of, 2465 
waste-heat recovery from, 2468 
weights of, 2466 

heat, 647 
slide-valve, 2455 
solid-injection types, 2465 
steam, 2454

indicator diagrams for, 2456 
performance of, 2456 
steam consumption of, 2458 

Unaflow, 2455
Engler, viscometer of, 2074 
Enlargement loss, 821
Enskog’s formula, viscosity of gases, 793 
Enthalpy, 630

concentration chart, 1762 
basic construction of, 1764 
MgSO4-H2O system, 1762

effect of pressure on, 1352 
Entrainment, effect of, on plate effi­

ciencies, 1439
in evaporators, 1061

Entrance, loss, 822 
rounded, 823 
sharp-edged, 822 
trumpet-shaped, 823

Entries, adjusting, in bookkeeping, 2845 
Entropy, 646

change with pressure, volume, and 
temperature, 649

of formation, in equilibrium-constant 
calculations, 746-748

molar, of vaporization, 1346 
variation of, with temperature and 

pressure, 747, 748
Eötvös constant, 778

equation, for surface tension, 778 
Equation(S), approximate, for drying 

problems, 1486
of circle, 207
CIairaufs, 223
cubic (algebra), 181

Equation(S) (continued) 
differential. 222 
exponential, 145 
free energy, as a function of tempera­

ture, 662
homogeneous, 222 
linear, algebra, 179 

calculus, 223 
orifice, errors in, 2039 
quadratic (algebra), 180 
quartic and higher, 182 
simultaneous, 183 
of state, 618 

at high pressure, 755 
Gilliland’s variation of Beattie- 

Bridgman, for mixtures, 757-760 
trigonometric, 192-194 
unknowns, 181

Equilibrium, calculations, 750-754, 763- 
767

chemical. 628 (see also Chemical 
equilibrium)

constants, calculations of, 746, 747 
determination of values of, 746-749 
effect of temperature on (graph), 749 
relations between, 750, 751 
use in problems, 750-755, 766-767 

criteria of, 653 
distribution diagram, 1227
effect of pressure on, 664, 763, 764, 766, 

767
effect of temperature on, 663, 750, 751 
of floating bodies, 776
free energy change and, 746-748 
high-pressure, 763-767 
hygroscopic moisture in drying, 1514 
phase (see Extraction) 
in binary systems, 1220 
in ternary systems, 1220, 1230 
selectivity diagrams, 1226 
vaporization, continuous, 1393 

Equinoctial time, 124 
Equipment, auxiliary, in sublimation, 

1478
chemical depreciation of, 2853 
control, 2851 
for extraction, 1255 
fused quartz, 2151 
fused silica, 2097 
for gas absorption, 1196 
for leaching, 1258 
spray, 1985, 1993, 1994 

Equivalents, of coefficient of heat trans­
fer, 971

thermal conductivity, 948 
Equivalents and conversion tables, 

angular measure, 101
area and surface, 106 
capacity and volume, 102 
conductivity, thermal, 106 
decimals, 99 
degrees to radians, 96 
density, 103 
energy, heat, or work, 104 
heat, energy, or work, 104 
heat flow, 107 
gages, metal and sheet, 110 
linear measure, 106 
mass, 104 
masses per unit length, 106 
measure, linear, 106
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equivalents EXPANSION
Equivalents and conversion tables 

{continued)
metal, wire and sheet, gages, 110 
minutes to radians, 96 
power, 101 
pressure, 105
radians to degrees and minutes, 97 
specific gravity, oBe, oTw., lb./gaL, 

lb./cu. ft., 93
sheet-metal gages, 110 
surface and area, 106 
temperature, 108 
thermal conductivity, 106 
velocity, 101
volume and capacity, 102 
weights per unit length, 106 
wire and sheet-metal gages, 110 
work, energy, or heat, 104

Erasable-line arithmetic graph paper, 254 
Error, curve of probable, 214
Errors, in electrical measurements, 2656 
Estimates, checking of, 2872
Estimation, of costs in accounting, 2871 

of critical constants, 620, 622 
of latent heat of vaporization, 638 

by Clapeyron equation, 625
of vapor pressure, by Dühring rule, 626 

by Othmer method, 626
Etard synthesis, 600
Ethane, molecular volume, 2384 

saturated vapor of, properties of (table), 
2592

solubility in water, 1126 
Ethanol, as fuel, 2358 
Ethanol water mixtures, plate efficiency in 

rectification of, 1441
Ethanolamine, solubility of carbon dioxide 

and hydrogen sulfide in solutions of, 
1134-1137

Ether, solubility of, in meta-cresol, 1132 
in sulfuric acid, 1132

Ethyl alcohol, densities of aqueous solu­
tions of (table), 439, 441, 443 

mixtures of H2O and, densities of 
(table), 441, 443

mixtures of H2O and, specific gravity of 
(table), 443

specific heat of (table), 538
Ethyl chloride, Joule-Thomson effect of 

(table), 478
properties of (table), 2573 

Ethyl ether, properties of (table), 2595 
Ethylene, argon mixtures, derivations 

from Dalton’s law, 619
compressibility factors of (table), 487 
dichloride coefficient for absorption in 

oil, 1186
glycol, freezing and flow points of 

(table), 2613
Mollier diagram for, 712 
solubility in water, 1126

Eutectic mixtures, 2623
Evaporation, 1032—1078 (see also Evapo­

rator)
Dühring’s rule in, 1033, 1035 
effect of feed temperature, 1048 
heat transfer and, 1032 

coefficient in, 1033
internal, in drying, 1485 
multiple-effect, principles of, 1048 
by solar heat, 1043

Evaporation {continued)
of sulfite pulp liquor, 1040 
of water, quantity (table), 1034 

Evaporator(S) (see also Evaporation) 
accessories, 1072 
air removal from, 1054, 1074 
basket type, construction of, 1045 
calculation of required number of 

effects of, 1070
coil, construction of, 1046 
comparison of types of, 1046 
condensate removal from, 1054 
condenser calculations for, 1075 
construction of, 1042 
controls, 1074 
cost of, 1047 
crystallizing, 1785 
direct-fire-heated, 1043 
economical number of effects, 1068 
“extra steam” value, 1071 
feeding of, methods, 1052 
film coefficients in, 992 
forced-circulation, construction of, 993, 

1045
heat-transfer coefficient in, 1040 

heat transfer in 992, 1032 
horizontal-tube, construction of, 1045 

heat-transí er coefficient in, 1037 
inclined-tube, construction of, 1046 

heat-transfer coefficient in, 1037 
long-tube, construction of, 1045 
materials of construction, 1062 
methods of feeding of, 1052 
multiple-effect, calculations, 1062

effect of boiling-point elevation on, 
1050

temperature distribution in, 1049 
natural circulation, 993 
operating difficulties with, 1071 
operation of, 1051

continuous vs. batch, 1055 
optimum vacuum in operation of. 1052 
Porrion type, 1044 
in refrigeration, 2601, 2602 
salt removal from, 1056 
salting in, 1060 
scale removal from, 1057 
selection of, 1078 
single-effect, calculations for, 1048 
temperature drop in, 1033 
thermocompression and, 1071 
types of, classification, 1042 
vertical-tube, construction of, 1045 

heat-transfer coefficient in, 1036 
Yaryan type, construction of, 1045 

heat-transfer coefficient in, 1039 
Exact weight, platform scale, 2301 

sacking scale, 2300
Exchangers, heat, cost of, 1001 
Exit loss, 821
Expansion, adiabatic, 645 {see also

Adiabatic expansion) 
coils in refrigeration, 2601 
cubical {see also Cubical expansion) 

coefficients of tar, 2380 
factor, nozzles (table), 848

orifices, 849
venturi meter (table), 848

isothermal, 644
linear {see Linear expansion)
of liquids, coefficients of (table), 2929
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EXPANSION EXTRACTION
Expansion {continued)

loss, 821 
sudden, 821 
thermal (see also Thermal expansion) 

coefficients of metals and alloys, 2108 
Expeller cake, pulverization of (table), 

1944
Explosion, hazards of, in handling solids, 

2212
Explosive materials, grinding of, 1915 
Exponential curves, graphs of, 213, 2.50 
Exponential equations, by logarithms, 145 
Exponential functions., 213, 250

and logarithms, 46
Exponential series, algebra, 177 
Exponents, algebraic, 173, 175 

integral, positive, 176
Exposed-pipe electrical precipitator, 1872 
Extraction, 683

batch countercurrent, 1219 
continuous countercurrent, 1218 

calculation methods for, 1247-1255 
capacity coefficients in, 1250, 1253 
continuous columns for, 1256, 1257, 

1259-1268
flow diagrams for, 1217 
H.E.T.S. in, 1255 
H.T.U. in, 1251, 1252, 1254 
over-all rate relationships in, 1250 
reflux in, 1218

countercurrent multiple contact, 1217 
calculation methods for, 1232-1238 

for immiscible solvents, 1244, 1245 
with reflux, 1239—1242 

equipment for, 1256, 1257 
flow diagram for, 1217 
Umits of, 1218, 1238 
non-isothermal operation, 1242 
reflux in, 1218

equipment for, 1255 
continuous columns, 1256-1259, 1264 
data on efficiency of, 1257, 1258, 1265 
general factors in design of, 1255 
leaching, 1258
Uquid-Iiquid, types and character­

istics of, 1256
stage efficiency in, 1257, 1258 
widely used, .1257 

fractional distribution, 1214 
leaching, 1215

definition of, 1215 
equipment for, 1258 
calculation of, 1255 
phase equilibrium in, 1220, 1229 
phase separation in, 1256 
solvent recovery in, 1216 
systems of operation in, 1218, 1220 

Uquid-Iiquid, 1214
calculation of continuous columns for, 

1247
calculation methods for using ideal 

stage, 1232
capacity coefficients in calculation of, 

1250, 1253
countercurrent operation in, 1218, 

1219
data for equilibrium in, 1225-1230 
definition and character of, 1214 
elements of, 1215 
equiUbrium distribution diagrams 

for, 1227 .---.:- 

Extraction, Iiquid-Uquid {continued) 
equipment for, 1256 
film coefficients in, 1249 
flow diagrams for, 1217, 1235, 1238 
H.E.T.S. in, 1255 
immiscible solvents in, 1231, 1242 
limits of, 1238 
liquid film equations in, 1249 
in multicomponent systems, 1231 
multiple-contact operation in, 1216, 

1217
nomenclature for, 1233, 1248 
over-all rate, relationships in, 1250 
phase equilibrium in, 1220-1229, 

1231, 1232
recovery of solvent in, 1216 
reflux in, 1218-1220, 1239 
selectivity diagrams for, 1226 
single-contact operation in, 1216 
solvent selectivity in, 1214, 1226 
systems of operation in, 1216 
transfer unit in calculation of, 1250, 

1252, 1253
triangular diagrams, use in, 1220- 

1224
packed columns, 1257, 1259 

calculation methods for, 1267-1269 
data for acetic acid, 1262—1264 
data for benzoic acid, 1261, 1263 
data for flooding of, 1268 
data for petroleum oil, 1258 
entrance design for, 1259, 1266 
Umiting flows and flooding in, 1265 
operation and performance of, 1259 

phase equiUbrium in, for binary sys­
tems, 1220

consolute curves in, 1222 
data for, 1220, 1225, 1226, 1229 
distribution diagrams for, 1227 
ideal distribution low for, 1231 
involving immiscible solvents, 1231, 

1243
involving multicomponent systems, 

1231
mathematical expression of, 1232 
selectivity and selectivity diagrams 

in, 1226
temperature, effect on, 1224 
in ternary systems, 1220 
tie-line data in, interpolation of, 1227 
tie-lines in, 1222, 1225 
triangular diagrams for, 1220-1223 

with solid components, 1223 
types of, for all liquid components, 

1223
precipitative, 1215, 1229 

definition and character of, 1215 
salting out, 1215

sieve plate columns for, 1257, 1258, 1264 
simple multiple contact, 1216 

calculation methods for, 1232-1235 
with immiscible solvents, 1243, 

1245
flow diagram for, 1217 
limits of, 1218, 1238 

single contact, 1216
calculation of, 1234, 1242, 1245 
flow diagrams for, 1217 

solvent, applications of, 1214
calculation of, 1232
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EXTRACTION FERRO-ALLOYS
Extraction, solvent {continued.)

calculation of continuous columns 
for, 1253

calculation of number of stages for, 
1233-1247

definition and nature of, 1214 
effect of temperature on, 1224, 1225, 

1242
elements of, 1215 
equilibrium distribution in, 1227, 

1229, 1231, 1232, 1237, 1242, 1245 
equipment for, 1255 
extract, definition in, 1214 
flow diagrams for, 1217, 1235, 1238 
ideal distribution law in, 1231, 1243 
ideal stage, use in, 1215, 1232 
mechanism and rate of, 1247 
in oil-solvent systems, 1230 
phase diagrams for, 1220-1231 
phase equilibrium, in, 1220 
phase separation in, 1256 
raffinate in, definition of, 1214 
recovery of solvent in, 1216 
reflux, use in, 1218, 1220, 1239 
selectivity diagrams for, 1226 
systems of operation in, 1216 
triangular phase diagrams in, 1221- 

1231
types of, 1214 
use of saturated solvent in, 1219 

spray columns for, 1257, 1259
calculation methods for, 1247 
data for acetic acid, 1260, 1262, 1263 
data for benzoic acid, 1260, 1261, 

1263
data for flooding of, 1267 
entrance design for, 1259, 1266 
limiting flows anti flooding of, 1265 
operation and performance of, 1259 

Extractors, continuous column, calcula­
tions for, 1247

Extrapolation, 240

ɪ*  -11” (see Tricliloromonofluorometh- 
ane)

“F-12” (see Dichlorodifluoromethane) 
“F-21” (see Dichloromonofluoromethane) 
Face powders, production of, 1931 
Factors, of chemical plant location, 2833 

economic, of plant location, 2831-2840 
wall effect, 830

Factoring, algebraic, 174, 175 
Fahrenheit to centigrade, 108 
Fainting, treatment for, 2931 
Fairmount crusher, 1895
Falling films, heat transfer to liquid, 979, 

985
Falling rate period in drying, 1484 
Fan(s), centrifugal, 2266 

selection of, 2268, 2269 
disk or propeller, 2268 
in movement of gases and vapors, 2266 
nozzle, 1986, 1987 
performance of, 2268 
in power plants, 2266, 2485 

characteristics at constant speeds, 
2486

Sirocco, 2267 
towers, standard, cooling curves of, 1114 
types of, 2485

2983

Fanning, equation, 805 
friction factor, 809

Fanno line, 802
Farad, definition of, 2640 
Faraday (unit), 2726, 2738 

definition of, 128, 2734
Faraday’s laws, 2726 
Fasteners, metallic, for belts, 2502 
Fatty acids, materials of construction for, 

2099
Feed regulators, for centrifuges, 1829 
Feed stuffs, grinding of, 1943
Feed water, for boilers, treatment of, 2452 

heaters, 2483 
heating, multistage, 2483

Feeders and feeding mechanisms, 
2286-2292

acid feeders, 2290 
ammonia feeders, 2290 
apron-conveyor feeders, 2287 
for automatic scales, 2296 
for belt-packers, 2303 
belt type, 2296

Hardinge constant-weight, 1905, 2051 
bulk feeders, 2286 
chlorine feeders, 2290 
Chronoflo feeder, 2291 
for coal, 2337
Conveyoweigh, Richardson, 2291 
“Electric Ear,” 2291 
flight-conveyor feeder, 2289 
for gases, 2290
Geary feeder, 2290
Hardinge constant-weight, 1905, 2051 
Hardinge “Electric Ear,” 2291 
lifting-gate feeder, 2286 
materials, packaging of, 2292 
plunger feeder, 2288
Proportioneers' feeder, 2291 
reagent feeders, 2290 
reciprocating-plate feeder, 2288 
revolving-plate feeder, 2287 
for rock and other solids, 1650 
roll feeder, 2287
Ross feeder, 2289 
rotary-paddle feeder, 2287 
screw-conveyor feeder, 2287 
screw feeder, 2296 
shaking feeder, 2288 
for solutions, 1651 
spike type, 2296 
stirrup feeder, 2286 
undercut-gate feeder, 2286 
vibrating feeder, 2289 
Wallace and Tiernan feeder, 2290 
for wssh-wτater, 1651

Feeding gases, 2290 
Feeding methods for evaporators, 1052 
Feinc Alter, 1678
Feld, gas scrubber of, 1558, 1566 
Feldspar, 1928, 1946, 1980 (see also 

Silica)
grinding of (tables), 1949 

Fenske (see Varteression) 
Ferric chloride, densities of aqueous sola­

tions of (table)., 415
Ferric nitrate, densities of, aqueous solu­

tions of (table), 416
Ferric sulfate, densities of aqueous solu­

tions of (table), 416
Ferro-alloys, production of, 2808



FERROCHROMIUM FIREBRICK

Ferrochromium, production of, 2800 
Ferromanganese, production of, 2809 
Ferrosilicon, production of, 2809 
Ferrosilicon-Utanium, production of, 2809 
Ferrotungsten, production of, 2809 
Ferrous alloys (tables), 2108, 2130 
Ferrous pipe, 869
Ferrous sulfate, dissociation pressures of, 

408
Ferrovanadium, production of, 2809
Fertilizer(s), granulation of, 1998 

grinding of materials for, 1954 
production in U.S. (chart), 2837

Féry cell, 2759
Féry pyrometer, 2068
Fiat furnace, 2805
Fiber, vulcanized, properties of (table), 

2164
Fiber-plastic pipe, 916
Fiberizers, 1952
Fibrous materials, grinding of, 1915, 1916, 

1924, 1933
Filament line, 799
Fillet, area of, 160
Filling equipment, 2293-2322

purpose, 2293
for small containers, 2293

Film, coefficients, in heat transfer, 992 
equations for liquid, in extraction, 1249 
removal in heated kettles (mixers), 

1578, 1579
Filter(s), as agglomerators, 1866

aids for, 1662
air, 1878-1884 (see also Air filters) 
auxiliaries to, 1694τ~1698 
centrifugal, 1808
continuous vacuum, 1664 
corrosion of, 1694 
corrosion-resisting construction of, 1684 
cost of, 1693
electric, 2683
gravity, 1663
intermittent vacuum, 1664, 1672 
leaves for, 1669
makes of, 1665-1684
mechanical, for air-conditioning, 1865 
mediums, 1658
Nutsche, 1663 
operation of, 1698 
plant, 1287 
power used on, 1692 
range of sizes of (table), 1693 
for rectifiers, 2685 
selection of, 1660, 1694 
Sly dust, 1865, 1866 
thickeners, 1637, 1638, 1640 
types of, 1663--1665 
unit costs of, 1692

Filtration, 1653—1698 (see also Clarifica­
tion)

of barium sulfate, 1692
barometric Jegs in, 1697
of beet sugar, 1688
blowers in, 1697
cake thickness in, 1656
of cane-sugar liquor, 1686
of caustic soda, 1691
of cement slurry, 1687
compression belts in, 1698
Pondensers used in, 1695

Filtration ^continued)
contact, 1278 

flow sheet for, 1288 
critical pressure in, 1656 
of crystals, 1688 
equations of, 1655 
filter medium and, 1658 
filter operation in, 1698 
filtrate pumps in, 1696 
flappers in, 1696 
leaf tests for, 1660 
of lithopone, 1691 
mediums for, 1658, 1660 
metallurgical flotation concentrates in, 

1686
method of separating mists and dusts, 

1864
of mineral oils, 1689 
moisture trap, used in, 1695 
of paper pulp, 1686 
particle size and, 1656 
of phosphoric acid, 1691 
preconditioning for, 1662 
pressure effect during, 1656 
pressure tests for, 1661 
pulp agitation in, 1684 
pumps in, 1694, 1695 
range in operating vacuum, 1685 
receivers used in, 1695 
of salt, 1688 
separators used in, 1695 
of settled cane mud, 1689 
settling and centrifuging, 1275 
of sewage sludge, 1687 
strong acids, materials of construction 

for, 2103 
weak acids, 2103 

temperature effect in, 1656 
tests for, 1660, 1661 
theory of, 1653-1658 
vacuum tests for, 1660 
vacuum unit for, 1661 
viscosity effect in, 1663 
of white lead, 1692

Financial statements, analyzing, 2847 
Finned pipes, heat transfer through, 984 
Fire, alarm, equipment for, 2880 

appliances, first aid, equipment (table), 
2887

brigades, 2923 
extinguishers, 2886 
hazards of, flammable liquids and 

gases, 2913
in handling equipment, 2212 

mains, 2877 
protection, 2873-2950 (see also Safety) 

against falling and slipping, 2897 
bibliography on, 2945 
data for engineers (table), 2924 
equipment for, 2888 
fire brigades, 2923 
housekeeping and, 2921 
ladders and, 2900 
machinery and, 2888 
organization as, 2920 
shafting and, 2896 
stairs and, 2899 
watchman’s role in, 2922 
water supplies for, 2877

Firebrick, pulverization of (table), 1914, 
1928
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FIRECLAT

Fireclay, drying of (data), 1501 
refractory, properties of, 2154

First aid, 2931
fire extinguishers, 288G

First law of thermodynamics, G29 
First-order reaction, 685

at constant pressure, 685, 686
at constant volume, 685 

Fish, grinding of, 1917 
Fittig’s synthesis, 599, 608 
Fittings, ammonia, 925 

table, 934
cast iron, 924 

screvzed (table), 932 
table, 930

compression, 922
effect on orifice location, 857 
flanged, steel (table), 928 
malleable iron, 924 

screwed (table), 933
soldered, 922 

Fixed-property accounting, 2850
charges, 2850 
classifications, 2850 
codes, 2851

Flakers, drum, 2000 
applications of, 2001

Flakice, 2622
machine, 2622 

Flaking·, 1999-2003
costs of, 2003 

Flaky materials, grinding of, 1915, 1933 
Flame(s), luminous, “absorption strength” 

of, 1021
emissivity of, 1022

of powdered coal, 1023 
radiation of heat from, 1020 
speed of propagation of, 2404 
temperatures, calculation of, 2406 

Flammable liquids, outage chart for, 2930
testing devices for, 2916 

Flange(s), 922
cast iron, 923 

table, 930
faces for retaining gaskets, 943 
standards, 924
steel, 923 

table, 926 
taps for, 852

Flappers, for filters, 1697 
Flash distillation, 1394 
Flash drying, pulverizing, and air separa­

tion system, 1935
Flash points of oils, 2345, 2346 

coke-oven pitch, 2374
Flash vaporization, 1394
Flax, hygroscopic moisture of (graphs), 

1089
Flexible pipe, 907 
Flexible shafting, 2511 
Flight conveyors, 2199, 2229 

data on, 2231 
feeder, 2289

Float gage, 787
Floating bodies, equilibrium of, 776 

stability of, 776
Floats, liquid-level measurement 

control of, 2047
Flocculation, 1623

and mixing, 1531

FOOT
Flooding, of continuous columns in 

extraction, 1265
point, 1204

Floor, loadings, for storage, 2283 
space required for air conditioning 

equipment, 1107
Flotation, 1732-1740

concentrates, drying of, in rotary 
dryers, 1504

filtration of, 1686 
depth of, 777 
machines, 1737 
mechanical separation by, 1732

Flour, mill, dust-particle size of, 1850 
production of, by pulverizing, 1910, 

1942, 1945
Flow, control of, at high-pressure, 2188 

diagrams, in dilution problems, 723 
in distillation problems, 723 
in high-pressure problems, 766 
in material balance problems, 723 
use, 715

direction, indicator, 841 
of fluids, approximate integration of, 

809
control of, 2035 
differential equation for, 807 

of heat, equivalents, 107 
laminar, 799 
measurement of, 834, 2188 
meters (see also Anemometers; Meters;

Orifices; Nozzles; Weirs) 
for high pressures, 2188, 2189 

mixer, 1542, 1560, 1561 
in mixing, 1533, 1535—1538 
non-isothermal, liquids, 809 
of non-Newtonian fluids, 820 
nozzles, 854, 2039 
in pipes and channels, 803 

alignment chart, 805 
pulsating, 858 
streamline, 799 

kinetic energy of, 801 
subdivision of, 2290 (see also Feeders) 
of suspensions, 820 
systems, gas, 686, 688, 702 
turbulent, 800 
viscous, 799

Flue gas(es), specific volume of, 2486 
sampling of, 1757 
water vapor in, 724

Fluid(s) (see also Liquids) 
definition of, 788 
dynamics, terminology in, 798 
flow, control of, 2035 

equation for, 2039
heat transfer between, 971
ideal, 788 
perfect, 788

Fluidity, definition, of, 791
of mixtures, 1533 

Fluorspar, grinding of, 1952 
FLux density, definition of, 2641 
Foam in evaporators, 1061 
Foaming in steam boilers, 2454 
Focus, 207
Foenugreek seed, pulverization of (table), 

1926
Food products, filtration of, 1691 
Foot-candle, 2691
Foot, decimal equivalent, inches, 100

and
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FORCED-CIRCULATION EVAPORATORS
Forced-circulation evaporators, 1045 

heat transfer in, 993
Forced convection, gases, heat-transfer 

Coefhcients for, 973
heat transfer by (graph), 974.

Forced-draft cooling towers, 1114
Forced-draft fans, 2485
Form, of inorganic compounds, 312-367 

of organic compounds, 271-3∏
Form reports, 2952 

daily reports, 2952 
monthly reports, 2953 
research form reports, 2953

Formation, free energy of, of inorganic 
compounds, 547—565

heats of, of inorganic compounds (table), 
. 547-565

Formic acid, densities of aqueous solu­
tions of (table), 416, 445

Formula(s), of differential calculus, 216 
of inorganic compounds, 312-367 
of integral calculus, 224-230 
of organic compounds, 271-311 
weights, of inorganic compounds, 312- 

367
of organic compounds, 271-311 

Forward feeding of evaporators, 1052 
Foxboro, manometer, 2040

Stabilog controller, 2060
Fractional calculations, algebraic, 174 
Fractional crystallization, 1764
, of NaCl and NaNO3, 1765

Fractional powers of numbers, 54 
Fractionation, definition of, 1341 

low-temperature, 1470
Fractions, decimal equivalents, 99 

multiplication, 137
Francis formula, weirs, 862
Free convection, heat transfer by, 979, 985 

charts, 980, 986
Free-cutting steels, S.A.E. number and 

analyses, 2144
Free energy, 650

change, standard, 659
equation, as function of temperature, 662 
of formation of inorganic compounds 

(table), 547-565
function, 669 
interfacial, 777 
variation of, with pressure and tempera­

ture, 651
Freezing mixtures, temperatures of 

(table), 2627
Freezing point(s), lowering of, 680

of solutions, 2612, 2613
Freight, elevators, 2242 

lines, divider, 2839 
rates, plant location factors, 2839 

“Freon” (see also Dichlorodifluoro­
methane ; Dichloromonofluoronieth- 
ane; Trichloromonofluoromethane) 

refrigeration for air conditioning, 1100
Frequency, definition of, 2640 

measurement of, 2085 
recorder for, 2085

Friction, clutches, 2518 
cut-off, 2518 
factors, Fanning, 809 

for circular pipes, 810 
for non-circular cross, sections, 810 
for non-isothermal flow, 810

FUEL(S)

Friction (continued} 
fluid, 802, 806

alignment chart, 805 
correlation of data, 811 
in pipes, 803

loads, excessive, losses due to, 2509 
Friction loss (see Pressure drop) ... 
Friedel and Craft’s reaction, 599, 608 
Frigidisc grinder, 1912 
Froth flotation, 1732-1740 
Frothers, for flotation, 1737 
Fruit(s), juices, materials of construction 

for, 2103
pulverizing of, 1946 

Fuel(s), 2323-2430 
alcohol as, 2358 
benzol as, 2358 
coal tars as, 2357 
cost of, 2347 
gas(es), ammonia in, 2370 

analyses of (tables), 2363-2367 
limits of inflammability, 2401 

gaseous, 2359-2430
burner for, design of, 2383, 2386, 2418 
by-products of, 2362
calorific value of (table), 2351 
combustion calculations for, 2411 
combustion data on, 2378-2379 
explosive limits, 2398 
flame temperature of, 2406 
flow of, through pipe lines, 2414 
heating values of, 2351, 2383, 2386 
ignition temperatures of (table), 2398 
impurities in, 2362 
industrial application of, 2422 
inflammability of (tables), 2399 
iron oxide process for purifying, 2369 
light oils recovered from, 2370 
manufacture of, 2386 
sulphur in, 2362 
tar in, 2373 

gasoline as, 2358 
kerosene as, 2358 
liquid, 2343-2358 

analyses of, 2345 
burners for, 2354 

oil, burning equipment for, 2352—2357 
vs. coal, 2347 
consumption in U.S., 2343 
determination of impurities in, 2346 
for Diesel engines, 2466 

consumption vs. capacity factor, 
2466

flash point of, 2346 
guarantees of manufacturer, 2463 
. eaters for, 2354
installation directions, 2352 
production of, 2343 
properties of, 2349 
pumps and piping for, 2353 
purchase of, 2344 
sampling of, 2344 
specific gravity of, 2344 
specifications for, 2345 
storage of, 2353 
testing of, 2344 
units of sale, 2344 

as plant location factor, 2834 
powdered coal, solid, 2323-2342 

reactivity of, 2335 
tar oils, 2358
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FUEL(S) GAS(ES)
Fuel (s) {continued)

water gases, analyses of (table), 2363, 
2365-2367

Fugacity, 135∙4-1359
charts for pure gases, 762, 763 

in equilibrium calculations, 763 
for gas mixtures, 762 
use, 760-764

of gases, 654
of liquids and solids, 655 

Fuller-Lehigh mill, 1928, 1929 
Fuller mills, grinding rubber, 1939 
Fuller’s earth, acid-treated clays, 1291

as adsorbent, 1277, 1293 
contact plants, 1278 
granulation of, 1940 
grinding of, 1940 
manufacture (flow sheet), 1278 
percolation plants, 1285 
revivification of, plant for, 1289

Function(s), expanded into series, 220 
exponential, 213

_ logarithms, 46 
given angles, 191 
hyperbolic, 213 

implicit, 218 
logarithms, 46 

integral, 224-230 
transcendental, 229 
trigonometric, 189-194 

of curves, 212 
logarithms, 38 

Funds, sinking, 2843 
Furnace(s), arc, 2803 

atmospheres, 2422 
billet-reheating, heat transfer in, 1026 
boiler, 2445 
Detroit rocking, 2810 
electric, 2801

applications of, 2800 
distillation products of (table), 2815 

for non-ferrous metals, 2809 
products of, 2811 
for steel, 2802 
types of, 2698

gravity-drop burner, 1289 
heat transmission in combustion cham­

bers of, 1023
Heroult, 2802 
induction, 2807 
multiple-hearth, 1289 
resistance, products of (table), 2813 
for revivification of fuller’s earth, 1289 
rotary kiln, 1289 
steam boiler, heat transfer in, 1027 
Thermofor kiln, 1290 
walls, heat conduction through, 963 

Fusain, 2332
Fused electrolytes, 2797
Fused-Silica pipe, 921
Fusible alloys, 946
Fusion, of elements and inorganic com­

pounds, latent heats of, 496-509 
granulation by, 1999 
beat of, 637 
of ice, latent heat of, 2625 
latent heat of, by Othmer’s rule, 735, 

736
by Trouton’s rule, 735

of solid carbon dioxide, latent heat of, 
2625

Fusion {continued) 
temperatures, of refractories (table), 

479

0,c, gravitational conversion factor, 772 
Gabriel reaction, 597, 608
Gage(s), Bourdon, 786 

compound, 786 
diaphragm, 786 
differential, 780 
draft, 2028 
float, 787 
hook, 787 
inclined pressure, 783 
interface, 787 
Iiquidometer5 2047 
McCullom-Peters, 2031 
magnetic, of Schuster, 2086 
metal and sheet, conversion table and 

equivalents, 110 
multiplying. 782 
open, 780 
point, 787 
pressure, 780, 2028

Bailey, 2028 
bellows, 2028 
calibration of, 786 
electric telemeter, 2031 
Ellison, 2028 
mechanical, 786 

secondary, 2028 
slack diaphragm, 2029 
tester, dead-weight, 2030 
vacuum, 781, 2027 
volumetric, 2030

Gallon, U.S. and imperial, definition of, 
123

Galvanic cells, 652 
Galvatron, 2060 
Gantry cranes, 2206 
Gardner mobilometer, 1533, 1535, 1538 
Garlock packing, for high pressures, 2184 
Gas(es), absorber, 1555, 1565, 1566 

absorption, 1119-1212 
adiabatic, 1157 
bubble-cap towers, 1166 
calculation of capacity of absorption 

towers, illustrative problem, 1158#. 
coefficients, numerical values, in 

miscellaneous equipment, 1189 
in plate columns, 1188 
in spray towers, 1176 
in wetted-wall columns and like 

apparatus, 1171
Davis, and Crandall’s theory of, 1152 
effect of solvent in vapor phase, 1155, 

1156
equipment, 1194#.
film coefficients, effect of temperature 

on, 1170
gas film, 1141 
general theory, 1122 
illustrative problem, 1158#. 
isothermal, 1157 
liquid film, 1144 
liquid-film coefficients in packed 

towers, 1179
modified Kremzer function, 1150
stripping, 1167
theory, 1138
towers, *design of, 1142
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GAS(ES) GAS(ES)

Gas(es), absorption {continued) 
two-film theory, 1145 
two or more gases simultaneously, 

1209
actual, 618 

Joule-Thomson effect, 643, 709, 714 
adiabatic flow of, 801 
adsorbent carbon, 1277, 1309-1320 

alcohol recovery by, 1320 
elimination of odors by, 1319 
in gas masks, 1320-1321 
in recovery of gasoline from natural 

gas, 1318-1319
adsorption from, 1276 
adsorption of, by charcoal, 1310 
analysis, deviations from gas laws, 2384 
analyzers, 2076 
atomizing nozzles, 1989

applications of, 1989, 1993 
automatic Orsat, 2077 
black, separation of, 1973 
blast-furnace, as fuel, 2359 
burner for, design of, 2418 
calculation of true temperature of, 982 
coefficients of thermal expansion, of 

(table), 486 
coke, as fuel, 2341 
combustible, detectors of, 2076 
combustion data on, 2378, 2379 
commercial, analyses, ∙2365 
compressed, cylinder for, 2916 

water-vapor content of, 392, 393 
constants, 617, 629 
containers in storage of, 2285 
contents for (table), 2378 
cooling, 721

at constant pressure, 722 
at constant volume, 721 

corrosive, materials for handling, 2106 
densities of (table), 411, 436 
density, alignment chart, 263 
diffusion, 623 
discharge, critical ratio, 847 
dispersoids, 1850 

characteristics of, 1854 
drying of, 1522-1525 

by adsorption, 1524 
by compression, 1523 
by reagents, 1522 
by refrigeration, 1524 

equilibrium calculations, 763, 764, 766- 
769

equipment for burning, 2422 
feeding of, 2290 
flame propagation, speed of, 2404, 2405 
flame temperatures of, 2406 
flammable, fire hazard of, 2915 
flow of, 809

through pipe lines, 2414 
weirs for, 864 

fuel {see also Fuels, gaseous) 
analyses of (table), 2363 
fractionation analyses of (table), 2367 
industrial (table), 2366 

fugacity, 654 
Hays CO2 recorder, 2077 
Hays Orsatometer, 2077 
heat capacity of, 632

calculations, 728, 766-769

Gas(es) {continued)
heat transfer by forced convection in, 

973
heaters and coolers, design of (chart),

975
heating values of, 2381, 2386
heats of combustion of (table), 2378 
high-pressure calculations, 757—760 
holders, 2284

calibrated, 2037
ideal, 617

calculations of, 719-721
ignition temperatures of (table), 2398 
as industrial fuel, 2422 
inflammability of (tables), 2399-2401 
ions in, 2260
laws, calculations of, 719, 721, 722 

deviation of, in petroleum-fraction­
ating towers, 1353

perfect, in distillation, 1353
lifting power of, 623
limits of inflammabilit5r of, 2383 
liquefaction of, 620
liquefied, manufacture of, 2626

specific heats of (table), 527, 544 
chart, 526

and liquid mixing, 1565
and liquid velocities in packed towers, 

1204
manufacture of, 2386-2397 

by-products in, 2370
masks, 1320-1321 

canisters, standard colors for (table), 
2919

meters, 865, 2036
cycloidal, 2036
dry, 2036
wet, 2036

mixers for, propeller as, 1551
turbo-, 1555

mixing, 1560, 1561
mixtures of, >19, 620

critical temperatures of, 621
sensible heat content of, 728

molal volume of, at 0oC and 1 atm., 487 
movement of, 2265
natural, composition of (table), 2364

as fuel, 2361
gasoline recovery from, 1318, 1319 

natural-convection coefficients for, 985 
oil, analysis of (table), 2395

as fuel, 2361
A.S.T.M. distillation, 1461 

table, 2331
orifice equations for, 2039
petroleum, as fuel, 2361

specific heats of, 135
Pintsch, 2362
in pipes, heat transfer to, 976
poisoning by, first aid for, 2933
pressure loss in flow of, 809
producer, as fuel, 2361

heat balance in (table), 2386 
manufacture of, 2386

radiation, beam lengths for, 1015
from non-luminous, 1014

ratios of specific heats of (table), 545, 
546

reactions, contact catalytic, 702
real, variation of energy and heat con­

tent with pressure or volume, 642 
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GAS(ES)

Gas(es) {continued) 
re-formed, as fuel, 2362 
sampling of, 1756, 2380 
scrubber, 1559, 1573, 1574 
separation of, 1973 
solubility of, 676 
specific heats of (chart), 526 

mean, between any two temperatures, 
2412

storage of, 2284, 2380 
under pressure, 2186, 2285 

thermal conductivities of, 959 
tables, 2078

velocities through and pressure drops 
across cyclones. 1863

velocity, effect on gas absorption, 1169 
viscosity of, 791 
washer, Theisen, 1868

Gas-film absorption coefficients, effect of 
gas velocity on, 1169

Gaseous discharge, characteristics of, 
tubes, hot-cathode, 2682

Gaskets, 941
flanges for retaining, 943 
for high-pressure apparatus, 2174

Gasoline, A.S.T.M. distillation (table), 
1461

consumption in U.S., 2343 
drying of, with activated alumina, 1327 
as fuel, 2358
gas, analysis of, 2365 
natural, weathering of, 1384 
recovery of, from natural gas, 1318~ 

1319, 2373
flow sheet, 1318

Gasoline-air mixtures, limits of inflamma­
bility, 2401

Gate mixer, 1546, 1573
Gate valves, 936

table, 937
Gattermann reaction, 608 
Gauss, definition of, 2641
Gayley dry blast, 1524
Gear, reduction units, in power trans- 

mission, 2513
worm, reduction units, 2513

Gearing, in power transmission, 2507 
Geary feeder, 2290
Gelatine, grinding of, 1926 
General accounting, 2842

journal in bookkeeping, 2842
General Electric dewpoint potentiometer, 

2074
General, reports, 2953 

research reports, 2954
Generators, 2705 

alternating current, 2707 (see cZso 
Alternators)

compound-wrouιιd, 2707 
direct-current, 2705 
electric machines, 2651 
homopolar, 2707 
paralleling of, 2707 
regulation of, 2706 
three-wire, 2707 
types of, 2706

Genter filter thickener, 1638 
Geometric mean, 166
Geometrical constructions, 165—172 

mean, 142, 166 
progression, 141

GRAPHICAL CALCULUS

Geometry, analytical, 206-215 
of crystal growrth, 1771 
and mensuration, 154-158 
plane, 154-158

theorems of, 154
progression, 141
solid, 158-162

theorems of, 158
spherical, theorems of, 162

Gibbs cell, 2795
Gibbs-Helmholtz equation, 2745 
Gilbert, definition of, 2641
Gilliland’s method for gas mixtures, high- 

pressure calculations, 758-760
Gilsonite, pulverizing of, 1972
Ginger, grinding of, 1926
Girod furnace, 2805
Glass(es), cloth, in filtration, 1659

cubical expansion of, 484
electrode, 572
equipment, manufacturers of, 2151 

physical properties, 2151
grinding of, 1909
linear expansion of, 483
pipe, 913 
properties of, 2097
sight, for high pressures, 2179
tubing, bursting tests of, 2179

Glass-lined equipment, manufacturers of, 
2151

physical properties of, 2151
Glass-lined pipe, 916
Glass-lined steels, 2150
Glauber’s salt, grinding of, 1888 
Globe valves, 936

table, 937
Glow discharge, 2662
Glue, grinding of, 1914, 1926

hygroscopic relations of, 1091
Glycerin, as drying agent, 1523

densities of aqueous solutions of (table) , 
446

freezing and flow points of (table), 2613 
specific heat of (table), 538

Glycol, ethylene, freezing and flow points 
of (table), 2613

Gold, electrolytic refining of, 2787 
physical properties of, 2126, 2139, 2148 
plating of, 2774

Gold-platinum, physical properties of, 
2148

Gordon, tray dryer of, 1510 
Governors, pressure, 2032 
Grainer, 1590
Grains, grinding of, 1910, 1937, 1944 
Granular grinding, 1948
Granulating, oscillator, 1997 
Granulation, 1913, 1939, 1942, 1996-

φ1999, 2004
binding agents for, 1996
of fertilizers, 1998
by fusion, 1999
of soft materials, 1940
by spray drying, 1999 

Granulator, oscillating, 1997 
Granules, production of, 1896, 1939, 1942 
Graph papers, types of, 252-255 
Graphical calculations, for extraction, 

1233
Graphical calculus, 236-240

tables, 237, 238, 239



GRAPHICAL DIVISION HEAT(S)
Graphical division, 156 

differentiation, 237 
integration, 236 
multiplication, 156

Graphite, grinding of, 1895, 1971 
table, 1972

pipe, 909 
production of, 2813 
structural, makers of, 2159 

properties of, 2158
Graphs and graph paper, 250-256 
Gravel, grinding of, 1895 
Gravitational constant, value, 128 
Gravitational conversion factor, ge, 772 
Gravity, acceleration due to, local, 800 

acceleration of, 126 
relative, of ingredients of mixture, 1540, 

1567
roller conveyors, 2198, 2234 

data on, for coal handling, 2234 
specific, control of, 2069-2071 (see also 

Specific gravity)
stamp mills, 1901 
terrestrial, 125

Gravity-drop burner, 1289
Gray surface, 1008 
Greaves-Etchells furnace, 2806 
Greek alphabet, 127 
Greene furnace, 2805 
Gregorian calendar, 125 
Grid packing, pressure drop in, 833 
Gridglow, power relay tube, 2087 
Griffin mill, 1928 
Grignard reaction, 608 
Grindability of coal, Bureau of Mines or 

Ball method, 1964
Grinding (see also Pulverizing) 

of abrasives, 1618 
cement slurry, 1612 
characteristics, factors affecting, 1888 
classification between stages of, 1603 
closed-circuit, 1603 

of cement slurry, 1613 
equipment for, 1612 
operating data for, 1614 
of whiting, 1616

crushing and pulverizing, 1885-1981 
granule production in, 1939 
of hard rubber, 1939 
lithopone, 1617 
of metals, 1941 
of non-metallic minerals, 1946, 1972 
open-circuit, 1603 
open- vs. closed-circuit, 1605 
open- and closed-circuit, sieve tests in 

(table), 1608 
theory of, 1888 
to various finenesses, cost of, 1968 
of various materials (see under specific 

names')
Griscom-Russell evaporator, 1046 
Grizzly, 1706
Grog, pulverization of, 1949 
GiOnwall-Dixon furnace, 2806 
Grosvenor, humidity chart, 1515 

units of humidity, 1081
Guaiacum, pulverizers used for, 1977 
Guano, Peruvian, pulverization of (table), 

1955
Guards for belts and pulleys, 2893 
Gummy materials, grinding of, 1917

Gums, grinding of, 1976
Gypsum, drying of (data), 1501 

grinding of, 1896, 1897, 1913—1915, 
1929, 1956, 1961

tables, 1961
Gyratory crushers, 1890

Hair, belting, in power transmission, 
2500

hygrometer method of determining 
humidity, 1087

Hammer mills, 1912 
operating results with (table), 1912- 

1914
Hancock jig, 1722
Hand weighing equipment, 2299
Hard facing rod alloys, properties of, 

2116, 2133
Hardgrove method of pulverizing, 1962 
Hardinge, air-swept conical ball mill, 

1924
for grinding coal, 1966, 1970 

Auto-raise thickener, 1632 
ball mill, 1904
conical mill, 1904, 1964 
constant-weight feeder, 2051 

belt feeder, 1905
countercurrent classifier, 1597 
diaphragm pump, 1633
“Electric Ear,” 2291
mill, granular grinding with, 1948 

operating characteristics of (table), 
1906

wet-grinding of raw mix in cement 
industry, 1959

reverse-current air classifier, 1906 
sand-filter clarifier, 1641 
superfine classifier, 1905

Hardness, Moh scale of, 128, 1889 
Hargreaves-Bird cell, 2793
Harmonical mean, 142
Harmonical progression, 142
Harz jig, 1722 
Haüy, law of, 1758
Haveg pipe, 917
Hay, pulverizing of, 1945
Hays, CO2 recorder, 2077

Orsatomat, 2076
Hazards, from chemical corrosion, 2211 

occupational, and treatment for, 2935 
Head, of fluid, 773, 780

friction, 803 
pressure, 803 
static, 803 
velocity, 803

Heat(s), of adsorption, 641
balance, in ammonia reaction, 743 

in continuous rectification, 1403, 1404 
diagrams, power plants, 2471 
discussion of, 1464
use of, in tower design, 1461-

in calculation of theoretical flame 
temperature, 744

calculations, 767, 769
capacity(ies), 631

of elements and inorganic compounds
(table), 515-524

of gases, 632, 726, 728, 2407
of liquids, 634, 729
of saturated vapors, 634
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HEAT(S)

Heat(s), capacity (continued) 
of solids, 634

of combustion, of gases, 2378, 2379,2381 
conduction of, 948-967
constant, summation of, 739-741 
conductivity of (see Conductivity, 

thermal)
consumption of, of dryers, 1493 
content, 630

chart, high pressure, 765 
use of, 764

entropy and, chart of, 709, 630 
of gaseous mixtures, 728 
of liquid state, 729 
of pure gaseous state, 726 
of real gases, variation of, with 

pressure or volume, 642
sensible, 726
total relative, 736

of crystallization, 1761
damage hazard, in handling equipment, 

2212
through dry surfaces, 1481 
effects, calculation of, in flow, 801

in crystallization, 1761 
electric, 2698 
emissivity of (table), 1004-1007 
energy or work and conversion table, 

units, equivalents, 104
engine, 647
entropy and, diagrams (see Mollier 

diagram)
exchangers, construction of, 970 

cost of, 1001
heat transfer in, 970, 1000 
pressure drop in, 826 
temperature differences in, cost of, 

1001
tubing for, 896 .

exhaustion, first aid for, 2931 
flow, conversion table and equivalents, 

107
of formation, 636

in calculation of standard heat of 
reaction, 738

of inorganic compounds, (table) 
547-565

of fusion, 637
humid, definition of, 1083, 1514 
integral, of solution, 638 
latent (see Latent heat)
loss of, from steam pipes, by radiation, 

985
natural convection of, 967
of organic compounds (table), 271-311 
pump, principle of, 2637
radiation of, from coal flames, 1023 

due to carbon dioxide, 1016 
from flue gas, 1019
from gases, calculation, 1014 
from luminous flames, 1020 
from non-luminous flames, 1014 
from particles, 1020 
between solids, 1008
from sulfur dioxide, 1018 
between surfaces, 1008 
between surfaces of solids, 1008 
due to water vapor, 1017

of reaction, calculation of, 637 
calorimetric determination of, 630 

HEAT-TRANSFER COEFFICIENTS

Heat(s), of reaction (continued) 
conventions, 737 
from heats of combustion, 739 
from heats of formation, 738 
at specified temperatures, 742 
standard, 736-742 
variation with temperature, 636 

reboil, 1457 
regenerators, heat transfer in, 967 
through solids, 962 
of solution, 638, 730, 736, 1800-1807 

inorganic substances, 1800 
organic compounds, 1806 
of solids, 730 

specific (see Specific heats) 
total, of petroleum fractions, 1346 
transfer of, for ammonia condensers, 997 

in blast-furnace stoves, 967 
in mixers, 1577-1582 
rates in drum flakers, 2002 
in refrigeration, 2598, 2602 
in unsteady state, 964

transmission of, 947-1029 (see also 
Heat, transfer of)

radiant, 1002 
units, conversion of, 717 

equivalents, 104 
latent heat, 718 
standard, 718 
types of, 717 

of vaporization, 637, 1345 
estimation of, 638, 731 
latent, at atmospheric pressure, 

(curves), 1352 
from solutions, 1035 
of wetting, 641

Heat-transfer coefficients, apparent, 
definition of, 1033

for coils immersed in liquids, 998 
in combustion chamber, 1023 
in condensers, 988 
by convection, 974, 986 
conversion factors for, 971 
effect of liquor level on, 1042 
effect of surface conditions on, 1041 
for enameled steels, 2150 
in evaporating electrolytic caustic, 1041 
in evaporation, 1032, 1035 
in evaporators, 992, 993 

film coefficients, 992 
over-all coefficients, 1000 

film, 992 
in forced-circulation evaporator, 1040 
to gases, 973 
for glass-lined steels, 2150 
graphical interpretation of over-all 

coefficients, 977 
in heat regenerators, 967 
in horizontal-tube evaporators, 1037 
in inclined-tube evaporators, 1038 
individual coefficient, 968 
in jacketed kettles, 1044 
for jacketed vessels, 999 
to liquids in tubes, 976 
mean temperature difference in, 969 
miscellaneous, 1000 
in mixers, 1578, 1579.
nomenclature and units of, 972
optimum insulation thickness, 996
optimum velocity in, 994
over-all coefficient, 969, 997-1000
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HEAT-TRANSFER COEFFICIENTS

Heat-transfer Ceefficients (continued) 
radiation, coefficients, 983 
for sulfate pulp liquor, 1040 
for sulfite pulp liquor, 1041 
in vertical-tube evaporators, 1036 
in weir evaporator, 1038 
in Yaryan evaporator, 1039

Heaters, closed, 2484 
electric, cartridge, data on (table), 2700 

design of, 2699 
nichrome IV in, 2701 
steel-sheathed strip, data on (table), 

2699
units for (table), 2700 

feed-water, 2483 
for fuel oils, 2354 
open, 2483 
petroleum, heat transfer in, 1026

Heating, of kettles, 1577-1582 
machine, 648
surface, calculation of, in evaporators, 

1032
of evaporators, 1032 

values, of coals, 2329 
of gases, 2383, 2386 
of hydrocarbons, 2351

Heights, circular segments, 76 
Helical mixer, 1552
Hemp, hygroscopic moisture of (graphs), 

1089
Henry’s law, 658, 675, 1122, 1355 

applications of, in distillation, 1383 
deviations from, 675 
illustrative problem, 1130

Herbs, grinding of, 1911 
Heroult furnace, 2802
Herringbone reduction units, 2515 
Hess, law of, 738, 739, 741 
Heterodyne detection ζ 2682 
Heterogeneous reactions, kinetics of, 

700, 701
H.E.T.S., use in extraction, 1255 
Hexagon, construction in and about 

circle, 169
Hexagonal system, 1759
Hexanes, commercial properties of, 2383 

heat of vaporization, 2383 
specific heat of, 2383

High pressure, calculations, 755-769 
flow meters, 2188, 2189 
packing for, 2184 
sight glass, 2179 
technique, 2167-2192 
valves, 2176-2179, 2184

High side, roller mill, 1930 
Hildebrand’s rule, 639
Hindered motion, in centrifugation, 1814 
Hite binder for coal briquets, 2330 
Hoepner, scale, 2297, 2298

sewing heads, 2309
Hofmann’s reaction, 597, 608 

rearrangement, 608
Hoist(s), chain, 2204 

data on (tables), 2237, 2238 
motor-driven, data on. (tables), 2238 

and cranes, 2203 
drum, 2204, 2237 
hand-operated chain, data and cost of, 

2236
skip, 2201 
types of, 2236, 2237

HUNTER AND NASH

Holder(s), Dustite bag, 2306 
gas, 2284 
swellgrip bag, 2306

Hollow-cone nozzles, 1985 
Hominy-grinding of, 1910 
Homodyne detection, 2682 
Homogeneous equations (calculus), 222 
Homogeneous reactions, kinetics of, 684 
Homogenization, 1917
Homogenizer, 1558, 1565 
Homogenizing, 1531
Hook gage, 787 
Hooker cell, 2795
Hoop tension, 776
Hops, grinding of, 1909
Horizontal compressors, 2270
Horizontal cylindrical tanks, volumes, 

119, 120, 121, 122
Horizontal pipes, heat loss from, 987 
Horizontal-tube evaporator, 1045 
Horsepower, 116
Horseshoe mixer, 1546
Hose, as fire protection, 2886

flexible metallic, 907 
rubber fabric, 921

Hot-wire anemometer, 839
Housekeeping, safety and fire protection 

in, 2921
Howard, crystallizer, 1782 

dust chamber, 1857
Hubbel cell, 2762
Humid density, 1516
Huraid heat, definition of, 1083, 1514 
Humid volume, definition of, 1083, 1516 
Humidifiers, comparison of, 1096 

direct, 1095 
indirect, 1093

Humidification, 1080, 1081 
of air, coefficients, 1180 
gas-atomizing nozzles for, 1989 
impact nozzle for, 1987

Humidity, absolute, 2071 
artificial conditions of, in manufac­

turing, 1092
calculations, 720
chart for, in dryer calculation, 1514,1515 
constant, maintenance of (table), 1118 
control of, 2072

automatic, 2073 
devices for, 1103, 2072 

thermostats, 1103 
hygrostats, 1104

critical, 1798
definition of, 1083, 1514, 2071 
determination of, 1086 
effect of, in drying, 1482 
measurement and control of, 2071 

automatic, 2073
percentage, absolute, 1514, 2071 

definition, 1083
relative, 1514

relative, 1083, 2071, 2072
saturated, 1514 
temperature relations in dryer, 1517 

Hum-mer screen, 1713
Humphrey, gas pump of, 2263 >
Hunter and Nash, calculating solvent 

extraction, 1233, 1234, 1236,. 1242 
interpolating tie-line data (with Branck- 

er), 1228
oil-solvent systems, 1230
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HURREL COLLOID MILL

Hurrel colloid mill, 1918 
HTU, 1143#.

numerical values of, 1191 
use in extraction, 1250—1255

Hydrants, as fire protection, 2879 
Hydrates of inorganic compounds, 456- 

472
transition points of, 456-472, 480 

Hydraulic radius, for various cross sections 
(table), 807

Hydrazine, densities of aqueous solutions 
of (table), 416

Hydriodic acid, partial pressures of 
(table), 403

Hydrobromic acid, partial pressures of 
aqueous solutions of (table), 403 

Hydrocarbon(S), air required for burning, 
2351

Cox chart of, 1343, 1344
critical temperature and pressure of, 

1345, 1348
critical temperatures and boiling points 

of, 1348
heats of combustion of, 2351 
K-charts for, 1356-1359 
latent heats of vaporization of, 1346, 

1352
liquid, densities of (chart), 436

latent heats of fusion of, 508—509 
latent heats of vaporization of 

(chart), 514
vapor mixtures, dewpoint of, 1398 

calculation of, 1398
vapor pressures of, 1343, 1344 

Hydrochloric acid, materials of con­
struction for, 2100

partial pressures of, 394, 395
over aqueous solution (table), 394, 

395
specific heat of (table), 536 
vapor pressures of, 394, 395 
vapors, 2106

Hydrofluoric acid vapors, materials for 
handling, 2106

HydiOfluosilicic acid, densities of aqueoUs 
solutions of (table), 417

Hydrogen, bromide, densities of aqueous 
solutions of (table), 416

chloride, coefficient for gas absorption 
in water, 1175, 1190

densities of aqueous solutions of 
(table), 417

solubility in water, 1126 
coefficient, for absorption, 1186 
compressibility factors of (table), 488 
cyanide, densities of aqueous solutions 

of (table), 416
electrode, 572

electrolytic production of, 2766 
fluoride, densities of aqueous solutions 

of (table), 417
as fuel, 2360
heat capacities of, 2407, 2412 
iodide, partial pressures of, over 

aqueous solutions of, 403 
ion, control of, 2080 
ion concentration, 568

chart, 569
determination of, 571

IDEAL GAS

Hydrogen, ion concentration (continued) 
measurement of, 2763

voltage relation of H2 electrode, 
2766

nitrogen and, 492 
compressibility factors of (table), 492 
water-vapor contents at high pres­

sures, 392, 393
overvoltage, 2751 
peroxide, densities of aqueous solutions 

of/table), 417
solubility in water, 1126 
sulfide, removal with iron oxide process, 

2369
solubility of, in triethanolamine and 

diethanolamine, 1134
in water, 1127 

temperature-entropy diagram for, 710 
Hydrostatic paradox, 774
Hydrostatics, 772 
Hydrotropic salts, 681
Hygrometers, 2072

hair, 2072
Hygroscopic, or equilibrium, mois­

ture, artificial textile fibers, 1089 
cereal foods, 1090 
in drying, 1514, 1520 
inorganic chemicals, 1090 
leather, 1090 
natural fiber textile materials, 1089 
organic chemicals, 1088 
rubber, 1090 
of various papers, 1088

Hygroscopic relations of materials, 
1088-1092

carbon black, 1091 
cereal foods, 1090 
coke, 1091 
confectionery, 1092 
fibers, natural, 1089 
glue, 1091 
inorganic substances, 1090 
leather, 1090 
lumber, 1091 
organic substances, 1091 
rubber, 1090 
soap, 1091

Hygrostats, 1104
Hyperbola, analytical problems, 160-161 

area of, 160-161 
construction of, 172, 210
conjugate, 211 
curves, 250, 252 
definition, 210

Hyperbolic curves, graphs of, 213, 250, 
252

Hyperbolic functions, inverse, 204 
and logarithms, 46 
trigonometric, 202, 203

Hysteresis, constants, table of, 2650 
loss, 2650

ɪee, heat of fusion, 2625 
manufacture of, 2618 (see also Refrigera­

tion)
vapor pressure of (table), 390

Ideal gas, 632 
expansion and compression of, adia­

batic, 645
isothermal, 644
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IDEAL GAS

Ideal gas (continued)
heat capacity of, 633 
laws of, 617 
pressure-volume relations of, 705

Ideal solution, 657
Idlers, for belts, data on, 2227

spacing of, 2227
weights of, 2227

Ignition temperatures (table), 2398 
of gases, 2397

Ignitron tube, 2682
Illuminating gas-air mixtures, limits of 

inflammability, 2401
Illumination (see also Lighting) 

artificial, 2690
electric, 2690 (see also Lighting, electric) 
levels of, for industrial interiors (table), 

2691
I. Μ. Μ. series of screens, 1720 
Immersion test, 2092
Imp pulverizer, 1924
Impact nozzle, 1987
Impact tube, 836

multi-type for flow direction, 841 
Impedance, electric, definition of, 2641 

measurement of, 2658
Impeller mixer, 1553, 1554, 1563, 1567 
Impeller packer, 2301
Implicit functions (calculus), 218
Impulse meters, 2047 
Impulse wheel, 2470

meter, 868
Impurities, and crystal growth, 1773 

and crystallization, 1771 
in gas fuels, 2362

Inches, fractions of foot, equivalents, 100 
Inclined-tube evaporators, 1046
Income distribution, 2849 
Indeterminate forms, 220
Indicator cards, refrigerating compressors, 

2533
Indicator diagrams, for steam engines, 

2456
Indicators, 568

chart of, 569 
data on, 2017 
pressure, 2027 
process variable, 2012 
recommended, 570

Indirect-Iired kettles (mixers), 1578, 1580 
Indirect humidifiers, 1093

comparison with direct, 1096 
Indirect system of humidification, 1093 
Indium, physical properties of, 2127, 2139 
Induced-draft fans, 2485
Inductance, electric, definition of, 2640 
Induction balance, 2026

dust collector, 1864
generator, 2708 
motors, 2713 
regulator, 2704 

Inductive circuits, 2645 
Industrial adsorbents, 1277

activated alumina, 1322-1328 
bauxite, 1277, 1291, 1293 
bone char, 1277, 1294-1306 
decolorizing carbons, 1298-1309 

applications, 1304 
water purification by, 1306

Fuller’s earth, 1277, 1278, 1293 
acid-treated clays, 1277, 1291

INSTRUMENTS

Industrial adsorbents, Fuller’s earth 
(continued)

contact plants, 1288 
percolation plants, 1285-1289 
revivification plants, 1289

gas adsorbent carbons, 1277, 1309-1321 
alcohol recovery by, 1320 
elimination of odors, 1319 
gas masks, 1320-1321 
recovery of gasoline from natural 

gas by, 1318-1319
magnesia, 1277, 1335, 1336 
medicinal carbons, 1277, 1322 
metal-adsorbent chars, 1277, 1321 
silica gel, 1277,. 1328-1334 

air conditioning by, 1332 
carbon dioxide purification by, 1331 
catalysis, 1334 
dehydration, 1331 
liquid-phase adsorption by, 1333 
miscellaneous applications of, 1334 
petroleum refining by, 1334 

Industrial fuels, cost, 2801 
Industrial hazards, safety measures and, 

2935
Industrial railways, 2209, 2243 
Industrial screens,. 1706 
Industries, migration of, 2840 
Industry survey reports, 2956 
Inertia, moment of, for plane figures, 775 
Infinite series (algebra), 178 
Inflammability limits, for ammonia air 

mixtures, 2398
benzene-air mixtures, 2401 
blast furnace gas-air mixtures, 2401 
calculation of, 2401 
gasoline-air mixtures, 2401 
illuminating gas-air mixtures, 2401 
natural gas-air mixtures, 2401 
single gases and vapors (table), 2399 
water gas-air mixtures, 2401

Injector mixer, 1542, 1560, 1561, 1563, 
1564

Inks, printing, grinding of, 1978, 1980 
table, 1979

Inorganic compounds, boiling points of, 
312-367

densities of aqueous solutions of, 411- 
418

form and color of, 312—367 
formula weights of, 312-367 
formulas of, 312-367 
free energies of formation of, 547-565 
heats of formation of, 547-565 
high vapor pressures of, 374—376 
latent heats of fusion of, 496-504, 509 
latent heats of vaporization of, 496-504 
low vapor pressures of, 368—373 
melting points of, 312-367 
physical constants of, 312-367 
solubilities of, 312-367, 456-472 
specific gravities of, 312-367 
specific heats of, 515-524

Inorganic substances, hygroscopic rela­
tions of, 1090, 1118

Insecticides, grinding of, 1931 
Insertion of liners in containers, 2315 
Instruments, controlling supervision of, 

2088
electric, 2653 
location of, 2088
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INSTRUMENTS KELLY FILTER
Instruments (,continued) 

measuring and control, 2009-2089 
parts of, 2017 
potentiometer, 2065 
repairs of, 2088

Insulating material, thermal conductivity 
of (tables), 951-955

Insulation, optimum thickness of, by 
McMillan chart, 996

thermal conductivity of, 951—952 
Insurance in cost accounting, 2861 
Integral calculus, 224-236 
Integral exponents, positive, 176 
Integral functions, 224-230 
Integrals, definite, 231 
Integraph, mechanical, 234 
Integrating scales, 2049 
Integration, graphical calculus, 236 

single, double, and triple, 232-233 
by substitution, 230 
substitution for, 233
volume determination by, 235

Integrator(s), 234 
for circular charts, 234 
intermittent, 2044

Interface, free energy of, 777
Interfacial tension, 777 

(table), 778
Intermediate industries, 2832
Intermittent dryer, 1489
Intermittent settling tanks, 1623 
Internal evaporation in drying, 1485 
Internal liquid diffusion in drying, 1484 
Interpolation, 240
Invariant crystals, 1771 _
Inventories in bookkeeping, 2867
Inverse hyperbolic functions, 204 
Inverse-vortex dry collectors, 1863 
Inversion temperature, 714
Inverted plasticity, 1533, 1535, 1536, 1538 
Invoice of purchases book, 2843
Involute, construction of, 172
Iodine, adsorption of, by charcoal (curve), 

1285
by magnesium oxide (flow sheet), 1336

Ion(s), adsorption of (curves) (table), 1273 
definition of, 2640 
in gases, 2660

Iridio platinum, physical properties of, 
2127, 2139, 2148

Iridium, physical properties of, 2148
Iron, cast (see Alloys, ferrous) 

chromium (see Alloys, ferrous; Steels, 
stainless)

ore, production in U.S., 2837 
sampling of, 1755

oxide(s) process, foχ∙ removal of hydro­
gen sulfide, 2369

grinding of, 1950, 1951 
pig, production of U.S., 2837 
properties of, 2096 (see also Alloys, 

ferrous)
Isobaric cooling, calculation, 722
Isobars, 705
Isobutane, properties of (table), 2591 

temperature-entropy diagram for, 708
Isochores, 705
Isometer, 2046
Isometric charts, 254
Isomorphism, 1758

Isopropyl alcohol, densities of aqueous 
solutions of (table), 447

Isotherm, 705
Isothermal expansion and compression, 

644
Isothermal streamline flow, in straight 

passages, 816
Isotopes of the elements, 2735

Jacketed vessels, over-all heat transfer 
coefficients of, 999

Jar mills, 1908 
Jaw, clutches, 2518 

crushers, 1891-1895
Jay Bee pulverizer, 1914, 1915 
Jeffrey, hammer mill, 1914 

shredder, 1914 
single-roll crusher, 1899 
swing-hammer mill, 1913 

Jeremiassen crystallizer, 1792 
Jet(s), blowers, 2487 

condensers, 1073, 2480, 2482 
mixer, 1542, 1560, 1561, 1564 
pulverizer, 1930 
pumps, 2263 
steam, in refrigeration, 2538 

Jig, Hancock, 1722
Harz, 1722 

Jigging, 1721-1724 
Johns conveyors, 2200, 2236 

data on, 2233 
Joint(s), cone, 2173

for high-pressure apparatus, 2186 
laced, of belts, 2502 
“Lens ring” pressure, 2174 
ring, for large tubes, 2175 
Van Stone, 922 
“wave-ring” pressure, 2174 

Jones oil-gas generator, 2395 
Joule-Thomson effect, 709

tables, 477, 478 
air, 477 
carbon dioxide, 477 
ethyl chloride, 478 
methane, 478

thermodynamic functions and, 642 
Journals, bookkeeping, 2842 
Jumbo pulverizer, as fiberizer, 1952 
Jute, hygroscopic moisture of (graphs), 

1089

K charts, for hydrocarbons, 1356-1359 
(see also Equilibrium, vaporization, 
continuous)

Kaolin, drying of, in rotary dryers 
(table), 1505

fuel required for drying, 1950 
grinding of, 1933, 1934, 1949 
power required for grinding, 1950 
refractory properties of, 2154 
variation incapacity with fineness, 1933 

Kay’s method for gas mixtures, high 
pressure calculations, 757 

Keg(s), filling of, 2315-2317
liner insertion in, 2315 
packing materials in, 2315 

Keller furnace, 2805 
Kelly filter, 1667
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Keip, pulverizing of (table), 1955
Kelvin, balance, 2082
Kennedy air-swept tube mill, 1966 
Kennedy-Van Saun gearless gyratory 

crusher, 1891
Kent-Maxecon mill, 1927
Kerosene, A.S.T.M. distillation of, 1461 

as fuel, 2358
Kestner elevators, 2263

evaporator, 1045
spray dryer, 1497

Kettles, coefficient of heat transfer in, 
1578, 1579

direct-fired, 1578, 1580
Dowtherm heated, 1578, 1580, 1581 
electrically heated, 1578, 1580-1582 
in evaporation, 1044
heat transfer in, 1577-1582 
heated, film removal in, 1578, 1579 
indirect-fired, 1578, 1580 
mercury vapor heated, 1578, 1580 
oil-heated, 1578, 1580

Kick’s law, 1889
Kiln(s), mill, drying, 1934 
Kilowatt-hour, 2641
King-Seeley Telegage, 2049 
Kirchhoff’s laws, 1002, 2642
Kistiakowsky, equation of, 639, 731 
Kjellin furnace, 2808
Kneaders, 1548, 1549, 1550, 1573 
Kneading, 1573
Knoevenagel reaction, 608 
Knowles cell, 2767
Kolbe-Schrnidt reaction, 600 
Kominutor, 1903
Kopf’s law, use in estimation of heat 

capacities, 730
Kopper’s by-product coke oven gas, 2364 
Krebs cell, 2793
Krystal crystallizer, 1792
Kutter’s formula, 813

Labor as plant location factor, 2834 
surveys of, 2839

Laboratory, distillations, 1464 
drying tests, 1488

Lacquer (s), cellulose, favorable hygro­
scopic conditions for, 1092 

solvents, sampling of, 1756
Lactic acid, materials of construction for, 

2100
Ladders, fire protection and, 2900 

safety and, 2900
Lag, timé, effect in automatic control, 2013 
Lake transportation, 2840
Lalande cell, 2756
Laminated phenolic tubing, 919
Lampblack, pulverizing of, 1973
Lapped joints, 922
Larkspur seed, pulverizing of, 1911
Latent heat(s), calculation of, 638, 731 

of dissociation, 736 
of elements and inorganic -compounds, 

496-504, 509
of fusion, 496-509, 735
of hydration, 736
of inorganic compounds (table), 496 
of miscellaneous materials (table), 508 
of solvent from solution, 640, 641 
of sublimation, 637

Latent heat(s) (continued)
of transition, 637
of vaporization, 496-514, 637, 1352 

of coal-tar fractions, 2376 
of elements and inorganic compounds, 

496-509
* (table), 496 

of organic compounds, 509-514 
(table) , 510 

of sulfuric acids, 398 
fuming, 400

Laurie pulverizer as fiberizer, 1952 
Law(s) of Amagat, 620

Boyle, 617 
Cailletet and Mathias, 622
Charles, 617 
Dalton, 619 
definite proportions, 615 
Dulong and Petit, 636 
Henry, 675
Hess, 738, 739, 741 
ideal gas, 617 
ideal mixtures, 616 
Kopf, 730 
Raoult, 675 
simple distribution, 682 
thermodynamics, first, 629 

second, 646 
third, 667

Leaching, 1215, 1601-1603 
application of methods in, 1220 
calculations for, 1255, 1601 
equipment for, 1258, 1601

Le Carbone cell, 2760
Lead(s), alloys of, 2125, 2126, 2138 

arsenate, drying of, 1512 
carbonate, grinding proportions in 

linseed oil (table), 1981 
electrolytic refining of, 2782 

plating, 2773 
white, electrolytic production of, 2769 

extension, for thermocouples, com­
pensating, 2064 

lined pipe, 903 
oxides, grinding of, 1974 
pipe, 902 
properties of, 2096, 2125-2126

Leather, belting, in power transmission, 
2494

hygroscopic relations of, 1090 
scrap, pulverization of (table), 1909, 

1914, 1916
Leatheroid paper, hygroscopic moisture 

of (graphs), 1089
Leclanché cell, 2757 
Ledgers, bookkeeping, 2843 
Ledoux floating bell, 2041 
Leeds and Northrup, automatic circuit­

balancing device of, 2059 
circuit-balancing device, 2059 
conductivity controller of, 2080 
frequency recorder, 2085 
humidity recorder, 2073 
Micromax of, 2059 
pressure controller of, 2034 
psychrometer of, 2073 
pyrometer, 2069 
regulator for pressure, 2034 
Speedomax, 2060 
temperature-difference recorder, 2076 .
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LENGTHS LIQUID(S)
Lengths of circular arcs of circle, 85 

from angle in degrees, 86 
from chord and arc height, 85

“Lens ring” pressure joint, 2174
Lessing rings, pressure drop in, 831 
LeSueur cell, 2795
Level, control of, at high pressure, 2190 

liquid, measurement of, 2047 
measurement of, 2190

Levin cell, 2766
Liabilities and assets, 2848 

capital stock, 2848 
current, 2848 
deferred, 2844 
long-term, 2848 
reserves, 2845 
surplus, 2845

Lift, air, 2260
table, 2262 
trucks, 2241

Lifting-gate feeder, 2286
Lifting power, of gas, 623
Light oils, analyses of, 2371

from coke oven, 2372 
recovery of, 2370

Lighting, electric, reflection equipment 
(table), 2694

and recommended intensities, 2883, 
2884

room index for (table), 2693 
units, electric, mounting heights of 

(table), 2692
Lignite gas, analysis of, 2365
Lignitic coals, classification of, 2327 

physical properties of, 2327
Lime, agricultural, grinding of, 1960 

burned, grinding of (table), 1896, 1897, 
1954

cleaning of (table), 1941 
grinding of, operating data for (table), 

1954, 1961
industry, crushers used in, 1913, 1914, 

1956
Limestone, crushing of (tables), 1961 

grinding of, 1895, 1914, 1915 
(tables), 1927, 1928, 1952 
mills used for, 1954

Line(s), coordinate charts, 265 
equations of, 206 
geometrical constructions for, 165 
of motion, 799 
slope of, 205

Linear equations, algebra, 179 
calculus, 222

Linear expansion, of elements (table), 481 
of miscellaneous substances (table), 

483
Linear measure, conversion table and 

equivalents, 106
metric system (table), 113

Linen, hygroscopic moisture of (graphs), 
1089

Liner(s), inserting into barrels, 2315 
into bags, 2307 
in containers, 2307, 2315

Linde system for liquid air, 2635
Linseed cake, pulverization of, 1944
Liquefaction, critical constants, 620

of gases, 2626-2637
Liquid air, 2626-2637

Liquidas) {see also Fluids) 
centrifugal force on, 1809 
column manometers, 2028 
complex, 788 
compressibility factors of (table), 494 
cooling of, inside tubes, 978, 979 

outside tubes, 981, 984
crystals, 1759
cubical expansion coefficients of, 485 
elevation of boiling point of, by solute, 

680
equilibrium calculations with, 753 
estimation of critical temperature of, 

heat of vaporization of, 638
vapor pressure of, 625 

expansion coefficients of (table), 2929 
film absorption coefficients, effect of 

liquid flow on, 1170
flammable, fire hazard of, 2913 

outage chart for, 2930
flow in packed towers, distribution of, 

1206
with fluid pressure, handling of, move­

ment of, 2244
storage of, 2282 

fugacity of, 655 
fuels, 2343-2358

ignition temperatures of (table), 2345 
alcohol, 2358 
benzol, 2358 
gasoline, 2358 
kerosene, 2358

miscellaneous, 2357 
and gas mixing, 1565 
heat capacity of, 634, 729 
heat of vaporization of, 637 
ideal, 788 
immiscible, 677 
level, control of, 2047

-liquid extraction, 1214, 1220
-liquid separations, 1816 
-liquid solid separations, 1816 

lowering of freezing point of, by solute<, 
680

measure (table), 112 
mixing, 1561-1572 
mixtures, binary, 679 
mutual solubility of, 697 
natural-convection coefficients for, 912, 

957, 958, 985
Newtonian, 788 
non-isothermal flow of, 809, 810 
Iion-Newtonian, 788
organic, specific heats of (table), 529- 

536
orifice equations for, 2039 
packing of, in barrels, 2318 

in drums, 2318 
partially miscible, 677, 678 
phases, solute distribution between, 682 
rate, effect of, on pressure drop in 

packed towers, 831
rheostats, electric, 2685 
simple, 788
-solid extraction, 1220 (see also Leaching)
and solid mixing, 1566-1572
-solid separations, 1812
solubility of gases in, 676

solids in, 679
solution of solids in, rate of, 701
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LIQUID(S)

Liquid(s) (continued)
specific heats of (chart), 528 

organic, 529-536 
petroleum liquids, 1351

ternary systems of (see also Extraction) 
equilibrium in, 1220

thermal conductivity of (table), 956 
vapor and, equilibrium relations of, 

1356-1359
use in rectification calculations, 

1406
systems, tables, 1360-1367 
vapor pressures, 623 

chart, 342
viscosity of, 796 
volume equivalents, 102 
warming of, inside tubes, 976, 978 

outside tubes, 981, 984
Liquidometer gage, 2047
Liquor(s), cane sugar, clarification of, 1686 

level of, effect of, on evaporation, 1042
Lithium chloride as reagent in drying, 

1496
Lithopone, classification of, 1617 

filtration of, 1691 
grinding of, 1617

drying of, 1512
in grinding, 1917, 1974 

Live roller conveyors, 2199 
Location, plants, 2831-2840 

chemical plants, 2836 
economic factors of, 2833 
Weber, on, 2832

Locomotive cranes, 2207
Loft dryer, 1490, 1508
Log mean temperature difference, 969 
Logarithmic curves, 252
Logarithmic graph paper, 252, 253 
Logarithmic-reciprocal, 253
Logarithmic series (algebra), 177 
Logarithms, 143-146

calculations, examples, 145 
common, 8, 34 

four-place, 34 
six-place, 8

definitions, 143, 144 
exponential functions, 46 
hyperbolic functions and, 46 
natural, 36
trigonometric functions and numbers, 

38
trigonometric functions on slide rule, 

152
Loglog, duplex slide rule, 153 

graph paper, 252
Long-cone cyclone, 1864
Long-tube natural-circulation evapora­

tors, 1045
Low-level condenser, 1073
Low-melting products, grinding of, 1937 
Low-temperature fractionations, 1470 
Lubricants for refrigeration systems, 2539 
Lubricating oil and centrifuges, 1841 
Lubrication, of centrifuges, 1832 

gear reduction units, 2514 
power chains, 2520 
power-transmission equipment, 2520 
steam turbines, 2460

Lucite tubing, 916
Lumber, dryer, Tiemann, 1509 

hygroscopic relations of, 1091

marble

Lumen, definition of, 2696 
output of Mazda lamps (table), 2697

Luminosity, of flames, 1020 
Lune, definition of, 163 
Lux density recorder, 2071

IMEcCabe-Thiele calculation, 1407-1408 
application of, 1412

MacCreedy float control of liquid level, 
2047

McCullom-Peters electric telemeter gage, 
2031

Mace, pulverization of (table), 1914 
Machine, heating, 648 

refrigerating, 648
Machinery, guarding of, 2888 
Maclaurin, formula of, 219 
MacMichael viscometer, 2074 
McMillan chart, for optimum thickness of 

insulation, 996
Macrostructure of coal, 2332
Magnesia, as adsorbent, 1277, 1335-1336 
Magnesite, pulverization of, 1951, 1952 

refractory, properties of, 2154
Magnesium, chloride, densities of aqueous 

solutions of (table), 418 
properties of, 2097 
sulfate, densities of aqueous solutions of 

(table), 418
Magnetic circuits, 2648
Magnetic control valve, 2179
Magnetic field intensity, definition of, 

2641
Magnetic flux, definition of, 2641 

from electric current, 2650
Magnetic separation, 1730-1732 
Magnetic units (table), 2641 
Magnetization, characteristics of, 2648 
Magnetomotive force, definition of, 2641 
Magnets, alternating current, 2687 

electro-, 2686 
lifting, 2686 
permanent, 2686 
pull of, 2686 
solenoid, 2686

Maintenance and repairs in cost account­
ing, 2856

Malt, grinding of, 1914
Malted milk, grinding of, 1916
Manganese, dioxide, dissociation pres­

sures of (table), 409 
electro winning of, 2791 
steels, S.A.E. numbers and analyses, 

2145
Manila hemp, hygroscopic moisture of 

(graphs), 1089
Manning formula, 813, 814
Mannitol, 2769 
Manometer(s), 780 (see also Gage) 

capillary error in, 782 
floating bell, 2034 
inclined, 783 
liquid column, 780 
micro-, 785 
open, 780 
Tagliabue, 2041 
technique in use of, 782 
tilting, 785

Manufacturers of alloys (table), 2108
Marble, granulation of, 1949
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MARCY BALL Mi ILL METAL(S)

Marcy ball mill, opc^n-end rod mill, 1907 
operating data on (table), 1904

Marl, grinding of, 1V916
Mascot sink-and-flo1at process, 1743
Masonry, various, specific gravities and 

densities of, 454.
Mass(es), action, Iavy of, 615 

heter ogeneous^ system of Rossini, 
750,751

homogeneous ¡system of Rossini, 
684 ∖

conversion table ancl equivalents, 104 
law of conservation of, 722 
law of material balances, 722 
velocity, superficial, 798
per unit length, conversion table and 

equivalents, 106
weights and measures, metric system, 

114
Masticating mixer, 1550, 1573 
Materiales), accounting of, 2866 

balances, 722
in dilution problems, 723 
in distillation problems, 723 
in lime kilns, 745
in methanol converter, 736 
use of, 722 _ ,

of construction, 2091-2566 
for chemical operations, 1098 
for high pressures, 2168 
recommended, 2098 
for washers, 1600

handling equipment for, ho.;, handling 
of, 2212 . œ . j c

linear expansion coefficients of, 483 
liquid, storage of, 2282

miscellaneous, specific gravities and 
densities of (table), 453

specific heats of, 54.3 
movement of, 2193-2276 
packaging of, 2292 ∖
raw, production factors, 2833 .

movement of, 2196—2244 '
storage of, 2277

storage of, 2276-2292 
Mathematical signs and symbols,/ 
Mathematical tables and weighs and 

measures, 1
Mathematics, 133-265
Mathias, Cailletet and, law of, 622 
Mathieson Alkali high-pressure valve, 

2178
Maxecon mill, 1927
Maxima and minima, calculus, 218
Maximum useful work or free energy 650 
Maximum work, 650
Maxwell, definition of, 2641
Mazda lamps, lumen output of (tale), 

2697
Mead mill, 1915 ι. __
Meal, production by grinding, 1910 
Mean, geometrical, 142

harmonical, 142
Mean temperature difference, 969
Measure, linear, conversion table ad 

equivalents, 106
Measurement, of flow, 834

of time, 124
Measurement and control, at nig 

pressures, 2186
of process variables, 2009-2089

Measures, 1
Measures and weights of various systems, 

of different countries, 114
English system, 112 
metric system, 113

Mechanical-draft cooling towers, per­
formance curves, 1114

Mechanical filters, 1865
Mechanical force, on a current-carrying 

conductor, 2651
Mechanical meter, 868
Mechanical separation, 1583-1884 

centrifuges, 1808-1849 
classification, 1589-1618 
crystallization, 1758-1807 
of dusts and mists, 1850-1884 
elutriation, 1728—1730 
filtration, 1653-1698 
froth flotation, 1732-1740 
jigging, 1721-1724 
magnetic separation, 1730-1732 
sampling, 1746-1757 
screening, 1699-1721 
sink-and-float, 1744, 1745 
sedimentation, 1619-1652 
tabling, 1724-1728

Mechanical shakers, for screens, 1718 
Mechanics of clarification, 1619 
Mechanism of drying, 1486
Medicinal carbons, as adsorbents, 1277, 

1322
Melting point(s), of alloys (table), 473 

of inorganic compounds (table), 312-367 
of organic compounds (table), 271-311

Mensuration, geometry and, 154-164 
Mercon pressure regulator, 2033 
Mercuric oxide, dissociation pressures of 

(table), 409
Mercury, arc rectifier, 2709 

density of (table), 410 
switch, Vol U-Meter, 2320 
vapor arc, 2660 

lamps, 2696
vapor heated kettles (mixers), 1578, 

1580
Meridian, 124 
Merkel chart, 1035 
Merrick, automatic scale of, 2049 

Weightometer, 2050
Merrill, precipitation filter, 1667 

press, 1666
Mesh, of screens, 1699 
Metacenter, 777 
Metacloth, 1660
Metal(s), and alloys, sampling of, 1755 

boiling points of (table), 312-367 
coefficient of expansion of (table), 481, 

483, 484
color of (table), 312-367 
corrosion resistant, 2096 
electrical conductivity of (table), 2643 
heat of fusion of (table), 496-504 
heat of vaporization of (table), 312-367 
melting points of (table), 312-367 
noble, and their alloys, 2148 
powders, production and application of, 

2003-2007
properties of, 2091-2149
resistance to corrosion, heat, and

abrasion, physical properties of
(table), 2106
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METAL(S) MIXER

Metal(s) (continued)
separation from oxides by pulverizing, 

1941
specific gravities of (table), 312-367 

and densities of (table), 453
specific heats of (table), 515-524 
specific resistance of (table), 2643 
temperature resistance of (table), 2147 
thermal conductivity of (tables), 949, 

950
wire and sheet-metal gages, conversion 

table and equivalents, 110 
Metal-adsorbent chars, 1277, 1321 
Metal-Joint cements, 945 
Metallic filtering mediums, 1659 
Metallurgical flotation concentrates, filtra­

tion of, 1686
Meter(s), area, 858

area-type, 2046
Baiiey electric manometer, 2043 
bellows, 865
Bowser barreling, 2318
Cochrane, 2045 
cycloidal, 866, 2036 
diaphragm, 865 
disk, 2036 
dry gas, 865 
electric, 2655
flow (see also Anemometers; Nozzles; 

Orifices; Weirs)
calorimetric, 2046

gas, 2036
impulse, 2047 

wheel, 868
integrating watt-hour, 2084 
liquid barreling, 2318-2322 
liquid displacement, 2036 
mechanical, 868
mixture, 868
nozzle, 842 
orifice, 842, 2040 
piston, 866, 2036 
quantity, 864 
rings, 2041
rotary-disk water, 866 
sealing-orifice, 2040 
thermal, 867
Thomas, 2046 
turbine, 868, 2047 
vane, 868
venturi, 842, 2044 
volumetric, 2036 
watt-hour, 2084 
weighing, 2035 
weir, 2045 
wet gas, 865

Metering, by dilution, 867
polyphase power, 2656

Methane, compressibility factors of 
(table), 491

Joule-Thomson effect of (table), 478
Mollier diagram, 713
solubility in water, 1127

Methanol, freezing and flow points of 
(table), 2613

as fuel, 2358
Methyl alcohol, densities of aqueous solu­

tions of (table), 448
freezing and flow points of (table), 2613 
specific heat of (table), 538

Methyl bromide, p'operties of (table), 
2593

Methyl chloride, compressibility factors 
of (table), 487 , i.- t

pressure-heat diagam ^or ’ properties of 
(table), 2570-2572

Metric system, we«bts and measures, 
table, 113 .

Mho, definition of,2640, 2641 
Mica, grinding of, 915, 1952, 1953 

dry, 1953 
wet (table), li54 , 1q-1 

power consumption of, 19o4 
Michael reaction,608
Microfarad, defin∣1°n °f» 2640 
Micromax, 2059 , -o-λ
Micron, definition rf, 107, 18o0 
Micronizer, 1930
Mier’s theory, and CrystaUization, 1767 
Migration of industries, 2840
Mikro pulverizer, ∣915
Mil, definition of. 107 φ , <o-n 
Milk, spray-dried- particle size of, laəθ. 
Milk of m8gnes⅛, reduced on Premier 

colloid mill (table), 1919
Mill(s) (see also specific mill)

ball, 1572 1606
chocolate grinding of (table), 1919 
closed-ciicuit primary, 1606 

secondly, 1606 
tube, ⅛>05

colloid, i>r mixing, 1557, 1565 
exhaust<Γ, 2266 _ .

Minerals' black, grinding of, 197 2 
pulverizing of, 1973

non-me allie, grinding of, 1924, 1927, 
19-z9, 1931, 1946

oils, fil ,ation of, 1689 
pigmer ts, grinding of, 1973 
sυecifi⅛ gravity and density of (table), 

4;t
Miner’s ɪɑh, definition of, 113 
Minima? md maxima, calculus, 218 
Minton >aper dryer, 1508
Minutei to radians, conversion tables and 

eqι ivalents, 96
Mists .nd dusts, separation of, 1850-1884 

removal of, 1850 
vapor pressure of, 625

Mixed accounts, 2843
Mixed acid, materials of construction for, 

21θθ .o
Mixed feeding of evaporators, 10o3 
Mixer, air lift, 1543, 1548, 1572 

arm, 1543-1546, 1573 
auger, 2298 
ball or pebble mill, 1572, 1574 
blade, 1543-1546, 1573 
centrifugal fan, 1553 
centrifugal pump type, 1543, 1563, lo64 
chaser mill, 1559, 1573, 1574 
circulating, 1543, 1562, 1572, 1574 
coefficient of heat transfer in, 1578, lo79 
colloid mill, 1557, 1565 
continuous, 1555, 1563-1572 
for continuous mixing, 1563, 1565, lo66, 

1572
cooling of, 1581 
design of paddle, 1545 
direct-fired, 1578, 1580 
double cone, 1556, 1574
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MIXER MOISTURE
Mixer (,continued)

double motion, 1547, 1548, 1573 
dough, 1548-1550, 1573 
Dowtherm heated, 1578, 1580, 1581 
dryers, 1500 
edge runner, 1559, 1573, 1574 
electrically heated, 1578, 1580-1582 
emulsifying, 1548 
film removal in heated, 1578, 1579 
fitting, to operation, 1560-1574 
flow, 1542, 1560, 1561 
for gas and liquid mixing, 1560-1561 
for gas mixing, 1560, 1561 
gate, 1546, 1573 
heat transfer in, 1577-1582 
Herrschoff, 1558, 1574 
homogenizer, 1558, 1565 
horseshoe, 1546
impeller, 1553, 1554, 1563, 1567 
indirect-fired, 1578, 1580 
injector, 1542, 1560, 1561, 1563, 1564 
jet, 1542, 1560, 1561, 1564 
kneader, 1548—1550, 1573 
for liquid mixing, 1561-1565 
for liquid and solid mixing, 1566-1572 
masticating, 1550, 1573 
mercury-vapor-heated, 1578, 1580 
muller, 1559, 1573, 1574 
mushroom, 1557, 1574 
nozzle, 1542 
oil-heated, 1578, 1580 
orifice column, 1542, 1563, 1564 
for packaging equipment, 2315, 2317 
paddle, 1543-1546, 1563, 1567, 1573 
pan, 1559, 1573, 1574 
for paste mixing, 1572, 1573 
for plastics mixing, 1572, 1573 
pony, 1547, 1573 
portable propeller, 1551, 1563, 1564 
power input to paddle, 1545 
power required, for colloid mill, 1565 

for double cone, 1557, 1574 
for dough, 1550, 1573 
for homogenizer, 1565 
for kneader, 1550, 1573 
for liquid, 1562 
for masticator, 1573 
for mushroom, 1574 
for paddle, 1544-1546, 1560 
for paste, 1550, 1573 
for plastic, 1550, 1573 
for propeller, 1561 
for tumbling, 1574 
for turbine, 1553, 1554 

power transmission to, 1574, 1575 
preferable types for heat transfer, 1579 
propeller, 1550, 1551, 1563, 1564, 1567 
pug mill, 1552, 1574 
pump type, 1543, 1564 
putty chaser, 1559, 1573, 1574 
rake, 1558, 1574
Reynolds number in design of, 1545, 

1546
ribbon, 1552, 1573, 1574 
roll, 1559, 1573, 1574 
rotating pan, 1546, 1547, 1559, 1573, 

1574
scrubbing, 1559, 1573, 1574 
side-entrance propeller, 1551,1563, 1564 
soap crutcher, 1552 
for solids and gas mixing, 1574

Mixer (continued)
for solids mixing, 1574
for solvent extraction, 1256, 1257 
Syntron, 2315 
tower, 1543, 1566 
traveling, 1546, 1567 
tumbling, 1556, 1574 ` 
tumbling barrel, 1556, 1572, 1574 
turbine, 1553, 1554, 1563, 1567 
turbulence, 1542, 1563 
turbo-disperser, 1555, 1564 
turbo-gas absorber, 1555, 1565, 1566 
types of, 1541-1560 
Vibrox barrel, 2317 
whipper, 1548

Mixing, analysis of action in bread dough, 
1573

between thickeners, 1652 
continuous, 1563, 1565, 1566, 1572 
flow in, 1533, 1535-1538 
gases with gases, 1560, 1561 
immiscible liquids, 1564 
liquids with gases, 1565 
liquids with liquids, 1561-1565 
liquids with solids, 1566-1572 
objectives of, 1529, 1530, 1575, 1576 
pastes, 1572, 1573 
physical factors in, 1532 
plastics, 1572, 1573 
power input vs. degree of, 1529, 1530, 

1546
to promote reactions, 1532 
rate of flow in, 1533, 1535-1538 
rate of shear in, 1533, 1534-1538 
rules governing, 1530 
stress in, 1533-1538 
translating from laboratory to plant, 

1575-1577
Mixture(s), (see also Mixer; Mixing) 

apparent viscosity of, 1532-1538 
binary, phase diagrams for, 1375-1379 
,consistency of, 1532-1534, 1536, 1537, 

1539
density of, 616 
fluidity of, 1533 
gas (see Gas mixtures) 
homogeneous, 1531, 1532 
inverted plasticity of, 1533, 1535, 1536, 

1538
law of, ideal gas, 616, 728 
liquid, binary, 677-679 
metering, 868 
plasticity of, 1532-1538 
pseudoplasticity of, 1533-1536, 1538 
relative gravity of ingredients, 1540, 

1567
simple physical, 1530
specific gravity of, 1532, 1537, 1-567 
specific volume of, 616 
thixotropy of, 1533, 1534, 1536, 1538 
viscosity of, 1532-1534, 1537-1538 
viscous, 1563, 1564, 1569, 1571

Mobility, definition, 788
of mixtures, 1533 

Mobilometer, Gardner, 1533, 1535, 1536, 
1538

Model, solid, charts, 256
Moh’s scale of hardness, 128, 1889 
AIoisture, critical, of various materials.

1520
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MOISTURE
Moisture {continued) ` 

determination of, in products in classi­
fication circuits (table), 1618 

traps, in filtration, 1695 
hygroscopic, 1514, 1520

Moisture-adsorption curves with activated 
alumina, 1326

Mol, definition of, 615, 716 
fraction, 615 
use in calculations, 716 

in material balances, 722, 723 
correct use of, 722, 723, 724 
incorrect use of, 722, 724

Molal volumes of gases at OoC and 1 atm., 
487

Molar quantities (see Mol) 
Molar volume, 128, 615
Molding materials, plastic, makers of, 

trade names of, 2160
powders, pulverizing of, 1976 

screen analysis of, 1977 
sand, grinding of, 1917

Molecular weight(s), average, 616 
of inorganic compounds, 312-367 
of organic compounds (table), 271-311

Mollier diagram, 709 (see specific gas) 
for ammonia, 711 
for carbon dioxide, 711 
for ethylene, 712 
for methane, 713 
for water, 714

Molybdenum, physical properties of, 2127, 
2139

steels, S.A.E. numbers and analyses, 
2146 .

Moment of inertia of plane figures, 775 
Monarch attrition mill, 1910
Monazite, grinding of, 1895 
Monoclinic system, 1759 
Monoethanolamine solutions, solubility of 

CO2 in, 1136
Monorail systems, 2205-2237 

data and cost of (tables), 2239-2240
Montan wax, grinding of, 1977
Moore, 'Lectromelt furnace, 2804 

vacuum filter, 1672
Morse optical pyrometer, 2067
Motion(s), Newton’s law of, 772 

of particles, laws of, 1851
Motor(s), alternating-current, 2712 

applications of, 2718 
brush-shifting, 2715 
c ompound-wound, 2711 
cost of, 2720

table, 2719 
direct-current, 2710 

characteristics of, 2710 
full-load current for (table), 2717 
induction, 2713

condenser type, 2718 
multispeed, 2714 
repulsion, 2716, 2717 
series, single-phase, 2716 
shunt, 2710 
single-phase, 2715 
starting of single-phase, 2715 
synchronous, 2712

Motor generators, for electroplating, 2769 
Motor valves, 2024 

throttling type, 2025

NICKEL

Movement and storage of materials, 2193- 
2322

of gases and vapors, 2265
of liquids, 2244

Muller, 1908
mixer, 1559, 1573, 1574

Multiclone, 1865
Multicomponent, fractionation calcula­

tions, 1418
systems and extraction, 1231

Multi-pass heat exchangers, temperature 
difference in, 970

Multiple-effect evaporation, calculations, 
1062

principles, 1.048
effect of boiling-point elevation, 1050 
temperature distribution in, 1049 

Multiple screening, 1700 
Multiplication, algebraic, 173

arithmetic, 136
of determinants, 188
fractions, 137
graphical, 156
logarithmic, 145
slide-rule, 147

Multipoint controllers, 2061
Multi-vane air separation, 1922
Munitions, favorable hygroscopic condi­

tions for, 1092
Murphree plate efficiency, in distillation, 

1437
Mushroom mixer, 1557, 1574 
Mustard, grinding of, 1902, 1976 

table, 1911
Myrrh, grinding of, 1911

IN athusius furnace, 2807
Natural-circulation evaporators, heat 

transfer in, 993
Natural convection, heat-transfer coeffi­

cients, 979, 985
charts, 980, 986

Natural-draft cooling towers, 1113 
Natural gas,—air mixtures, limits of 

inflammability, 2401
analysis of, 2366 
compressibility at high pressures, 2385 
as fuel, 2361
re-forming, 2391
in various parts of U.S., 2364

Natural logarithms, 36
Natural trigohometric functions and 

logarithms, 38
Needle mesh, of screens, 1699, 1700
Nelson cell, 2795
Nernst equation, 2748
Nessler’s solution in refrigeration, 2615 
Neutrodyne circuit, 2679
Newhouse crusher, 1890 
Newton’s approximation, 183
Newton’s law of motion, 772
Nichrome IV, in electric heating, 2701 
Nickel, alloys (tables), 2124, 2137 

chloride, densities of aqueous solutions 
of (table), 418

-chromium steels, S.A.E. numbers and
analyses, 2145

nitrate, densities of aqueous solutions
of (table), 418

electrolytic refining of, 2784
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NICKEL OPEN STEAM
Nickel (continued)

pipe, 90δ 
plating of, 2773 
properties of, 2096, 2127, 2139
-silver alloys, physical properties of, 

2128, 2139
steels, S.A.E. numbers and analyses, 

2145
sulfate, densities of aqueous solutions of 

(table), 418
Nip, angle of, in crushing, 1897
Nipples, standard, 925
Nissen stamp, performance data on, 1901 
Nitric acid, by absorption of oxides of 

nitrogen, 1191
densities of aqueous solutions of (table), 

419
materials of construction for, 2100 
partial pressures of aqueous solution 

(table), 401
Nitric oxide, coefficient for absorption of, 

1191
solubility in water, 1127

Nitrocellulose, hygroscopic moisture of 
(graphs), 1089

Nitrogen, compressibility factors of 
(table), 489

fixation of, 2815
heat capacities of, 2407, 2412 
hydrogen mixtures, water-vapor con­

tents at high pressures, 392, 393
peroxide, absorption of, 1190 
solubility in water, 1127, 1128 
specific heat of, 527

Nitrous gases, materials for handling, 2106
Nitrous oxide, properties of (table), 2594 

solubility in water, 1128
Noble metals and alloys, 2148 
Non-circular orifices, 853 
Non-convergent series, 178
Non-ferrous alloys (tables), 2124, 2137 
Non-ferrous metal pipe, 895
Non-isothermal reactions, treating kinet­

ics of, 697
Non-metallic minerals, grinding of, 1946 
Non-metallic pipe, 907
Non-uniform ducts, pressure loss in, 807 
Non-variant system, 673, 675
Notch, circular, 863

inverted, 864 
semicircular. 863

Nozzles (see also. Orifice) 
accuracy of, 857 
de Laval, 855 
flow, 2039
location of, relative to fittings, 857 
meters, 842
mixers, 1542 
spray,1984-1993

materials of construction for, 1988 
applications of, 1993

working formulas for, 847
Numbers, cube root, 60

cubes, 60
fractional powers of, 54 
logarithms of, 4-place, 34

6-place, 8 
reciprocals of, 51 
square roots, 60 
squares, 60

Numerical constants, 128 
values of, 629

Nutmeg, pulverization of (table), 1914 
Nuts, grinding of, 1909—1911
Nutsche filter, 1663
Nux vomica, pulverization of (table), 

1911, 1926
Nylon fabric, in filtration, 1659

Oblique triangles (trigonometric), 196, 
200

Obsolescence in cost accounting, 2852 
Ocean transportation, 2840
Occupational hazards and treatment, 2935 
Ochers, grinding of, 1910, 1950, 1951 
Octagon, in or about circle, 169

in square, 169
Oden size analysis, of cement, 1608 
Oderberg colloid mill, 1918
Odors, elimination of, 1319 
Ohm, definition of, 2641
Ohm’s law, 2642
Oil(s) burner, nozzles for, 1990 

burning as fuel, 2451 
for Diesel engines, 2466 

consumption in U.S., 2343 
cracking of, for gas manufacture, 2392 
decolorizing of, by adsorbents, 1281- 

1285
(curves), 1281, 1282, 1284, 1285 

films, thermal conductivity of, 2377 
gas, analysis of (table), 2395

A.S.T.M. distillation of, 1461 
as fuel, 2361 

analysis of, 2365
heat balance in manufacture of 

(table), 2395
manufacture of, 2392 

material balance in (table), 2395
Pacific Coast methods, 2394 

heat transfer to, inside tubes (graph),

-heated kettles, 1578, 1580 
light, analysis of (table), 2371 

in fuel gases, 2370 
reflux ratios in batch rectification of, 

1456
petroleum, thermal conductivity of, 

958
refinery gas, re-forming, 2391 
separators, centrifugal, 1836 
tar, as fuel, 2358
wash, specific heat of, 2373

Oilless bearings, 2508
Oleates, pulverization of, 1977 
Olibanum, grinding of, 1902, 1976
Oliver, filter, 1673 

precoat filter, 1678 
top-feed filter, 1680

Oliver-Borden filter thickener, 1640 
Oliver-Robison filter, 1682
Open channels, determination of level in, 

787
flow in, 806
hydraulic radius in, 807 
Manning formula for, 813

Open-circuit grinding, 1603 
“Open steam,” 1387
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OPERATING COSTS PACKING(S)
Operating costs, for rotary dryers (table), 

1505
Operating difficulties in evaporation, 1071 
Optical pyrometers, 2067

use for measuring flame radiation, 1021 
Optimum final temperature difference, in 

condensers and coolers, 995 
in heat exchangers, 994

Optimum velocity in heat exchangers, 994 
Order of reaction, 685 

apparent, 690, 701 
determination of, 698

Ore(s), drying of, in rotary dryers, 1504 
grinding of, 1904, 1924, 1946

Organic chemistry, outline of, 591 
Organic compounds, boiling points of, 

271-311
densities of, 271-311, 450, 453 
electrolytic production of, 2768 
formulas of, 271—311 
heats of combustion of, 271 
latent heats of fusion of, 505-509 
latent heats of vaporization of, 509-514 
melting points of, 271-311 
miscellaneous, aqueous solutions of, 

densities of, 450 
solids, densities of, 453 

molecular weights of, 271-311 
physical constants of, 271-311 
solubilities of, 271—311, 606 
vapor pressures of, low, 377-383 

high, 384-389
Organic liquids, specific heats of (tables), 

529-536
Organic reactions, by name, 607
Organic solids, specific heats of (table), 

539-542
Organic substances, hygroscopic relations 

of, 1091
Orifices (see also Nozzles) 

accuracy of, 857 
action of, 2037 
column, 1542, 1563, 1564 
connections for, 2038 
discharge coefficients for, 2039 
equations, for fluid flow, 2039 
formula for liquid flow, 844 
free discharge from, 854 
gas flow through, 845 
general principles of, 842 
installation of, 2039 
location relative to fittings, 857 
meters, 842, 2040

taps, 851 
nomenclature for formulas, 843 
in pipes, 851 
pressure drop across, 824 
pressure loss from, 2040 
pulsating flow in, 858 
rounded, 857 
segmented, 853 
sharp-edged, 850, 2037 
square-edged, 850 
theoretical formulas, 843 
types of, 2037 
unsubmerged, operation of, 850 
vena contracta of, 2038 
working formulas for, 847 

ərsat analyser. 2076. 
Orthorhombic system, 1759 
Oscillating granulator, 1997

Oscillating series, algebra, 178 
Oscillators, 2680 
Oslo crystallizer, 1792
Osmium, physical properties of, 2148 
Othmer method, 626, 641, 677

for estimation of heats of solution, 
hydration, dissociation, 736

for estimation of latent heats of fusion, 
736

for estimation of latent heats of vapori­
zation, 641, 731, 733, 734

for estimation of vapor pressures, 626 
Outage chart, for flammable liquids, 2930 
Output, power, of thermionic tube, 2679 
Ovens, electric, 2699 
Over-all heat-transfer coefficients, 997- 

1000
graphical interpretation of, 977 

Over-all plate efficiency, in distillation, 
bubble-cap, 1436

Over-all temperature difference, 969 
Overhead equipment, 2203 
Overlapping principle, and crystallization, 

1771
Overvoltage, 2751 

halogen, 2753 
hydrogen, 2751 
oxygen, 2753

Oxalic acid, densities of aqueous solutions 
of (table), 420

Oxidation, products of, 2768 
Oxides, of iron, grinding of, 1951 
Oxygen, coefficient for desorption, 1186 

compressibility factors for, 495 
effect on corrosion, 2095 
electrolytic production of, 2766 
heat capacities of, 2407, 2412 
-nitrogen, vapor-liquid equilibrium rela­

tions at constant pressure, 1369 
overvoltage of, 2752 
solubility in water, 1128

Oyster shells, grinding of, 1917, 1954 
table, 1954

Ozone, electrostatic production of, 2821

ɪ acific Coast oil-gas methods, 2395
Package conveyors, 2202
Packaging, 2293-2322 (see also Packing) 

of materials, 2292
purpose of, 2293

Packed columns, 1445 
for extraction, 1259 
pressure drop through, 1448

Packed towers, gas absorption in, 1181 
as mixers, 1543 
pressure drop in, 829

Packed tubes, heat transfer to gases in, 
976

Packers, auger, 2298 
belt, 2301-2303 
impeller, 2301 
Risco, 2299 
screw, 2o01 
St. Regis, 2303 
valve, 2301 
Vibrox, 2317

Packing(s) (see also·. Extraction, packed 
columns)

Bridgman, 2185
bulk, equipment, 2293-2322
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PACKIMG(S) PHASE

Packing(s) (continued) 
for high pressures, 2184 
piston ring, 2185 
tower, characteristics of, 1447

Paddle mixer, 1543-1546, 1563, 1567, 1573 
Paint(s), classification of, standard curves 

for, 1539
grinding of, 1978 
spraying nozzles, 1989

Painting, spray, 1989 
Pak-Ice machine, 2623
Palladium, physical properties of, 2128, 

2139, 2148
Palladium-platinum, physical properties 

of, 2148
Palmitates, pulverization of, 1977 
Pan American jig, 1723
Pan, conveyors, 2198, 2223 

data on, 2229 
dryers, 1500 
mills, 1908 
mixer, 1559, 1573, 1574

Paper(s), cutting of, 1916 
dryers for, test data (table), 1507 
hygroscopic moisture of (graphs), 1088 
pulp, filtration of, 1686 
variation in dimensions with variation 

in relative humidity, 1088
Para red, grinding of, 1916
Parabola, analytical problems, 209 

area of, 161 
construction of, 171, 209-210 
interlaced, 238 
polar equation, 210

Parabolic curves, graphs of, 250, 251 
Paraboloid, of revolution, volume of, 164 
Paradox, hydrostatic, 774
Paraffin(s), Cox chart of, 1343 

gases, specific heats of, 1351 
hydrocarbons, properties of (table) 

2383
molecular weights of, 1350

Parallel circuits, electrical, 2642 
magnetic, 2648

Parallel current condenser, 1073 
Parallel feeding of evaporators, 1053 
Parallelogram, 156
Parks-Cramer humidity controller, 2073 
Partial condensation, 1341
Partial differential equation, 222
Partial rnolal properties, 658
Partially miscible components, 1379 
Particle(s), minimum size of, collectible, 

1859
size, effect in filtration, 1656 

as factor in mixing, 1540
Partition, law of, 682
Pascal’s principle, 773
Paschen’s law, 2661
Passivity, 2754
Paste(s), grinding of, 1920 

mixing, 1572-1573
Patterson, gyrocentric crusher, 1901 

pebble mill, 1980
(table), 1981

Pauling process, 2821 
Paulson acid tower, 1207

Peanuts, grinding of (table), 1911 
Peat, as fuel, 2341
Pebble mills, 1572, 1574, 1902, 1980 

in ceramic industries, 1980 
operating data for, 1902

Penetration, rate of, from corrosion tests, 
2094

Pennsylvania hammer mills, 1915 
Pentagon, construction in circle, 168 
Pentanes, commercial, properties of, 2383 

heat of vaporization of, 2383 
specific heat of, 2383

Pepper, grinding of, 1976
(table), 1926 

Percentage humidity, definition of, 1083 
relative, 1083

Percentage method, balance-sheet analy­
sis, 2848

Perchloric acid, densities of aqueous solu­
tions of (table), 421

Percolation plants, 1285-1289 
Perforated plates, plate efficiency of, 1442 
Performance, of Cottrell precipitators, 

1876, 1877
curves of mechanical draft cooling 

towers, 1114
spray ponds, 1116 

Perigee, 125 
Perihelion, 124 
Perkin, reaction, 608

synthesis, 601 
Permeability, magnetic, definition of, 2641 
Permutation, mathematical, 142 
Perpendiculars, geometrical construction, 

165
Petit, Dulong and, law of, 636 
Petroleum, coke, as fuel, 2340

grinding of, 1971 
distillation, 1457 
fractions, continuous equilibrium vapor­

ization of, 1399
heat contents of, 1346 
molar entropies of, 1346 
molecular weights of, 1350 

gases, as fuels, 2361 
heaters, heat transfer in, 1026 
oils, liquid, specific heats of, 1351

thermal conductivity of (table), 958 
vapors, specific heats of, 1351 

products, filtration of, 1689
sampling of, 1755 

refineries, centrifuges in, 1839 
refining of, by adsorption, 1334 
specific gravity and density of, 455 
tars, characteristics of, 2375 
vapors, specific heats of, 1351 

pH, effect of, on decolorizing solutions, 
1303

measurement of, 2763
with electrodes, 573 

Phanotron tube, 2684 
Pharmaceuticals, grinding of, 1976 
Pharo pulverizer, as fiberizer, 1952 
Phase, definition of, 672

diagram(s), 673
for binary mixtures, 1375-1380
for extraction, 1221

effect of temperature, 1224
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PHASE PLANIMETER
Phase, diagram(s) (continued) 

temperature-composition for partly 
miscible liquids, 678 

types of, 1223 
for water, 674

equilibrium, in condensed systems, 
1220-1232

rule, 672 
applications of, 673-675 
in distillation, 1374-1380

Phenol, materials of construction for, 2103 
plastics, properties of (table), 2160

Phosphates, acid, grinding of, 1955 
cleaning and concentrating, 1940, 1942 
monocalcium, grinding of, 1939 
pulverizing of, 1955 
rock, pulverization of (table), 1897, 

1926, 1928, 1955
Phosphatic granules, concentration of, 

1925
Phosphor bronzes (see Bronzes)
Phosphoric acid, continuous counter­

current decantation of, 1647
densities of aqueous solutions of (table), 

421
filtration of, 1691 
vapor pressures over aqueous solutions, 

397
Phosphorus, production of, 2814 
Photoelectric action, 2651 
Photoelectric cells, 2087
Photoelectric optical pyrometer, 2068 
Photoelectric tubes, characteristics, 2652 
Photoelectricity, 2651
Photosensitive cells, 2087
Physical and chemical data, 267-565
Physical and chemical principles, 611-769 
Physical constants, of organic com­

pounds (tables), 271-311
inorganic compounds (tables), 312-367 

Physics, theoretical, dimensional analysis, 
248

Pi, 130 
theorem, 242

Pie charts, 254
Piezoelectricity, 2651, 2653 
Piezometer, opening, 834 

rings, 836
taps, specifications for, 835

Pig iron, production of U.S., 2837 
sampling of, 1755

Pigments, filtration of, 1691 
grinding of, 1929, 1933, 1950, 1979 

table, 1974 
mixing of, 1920 
natural, cleaning of, 1950 
particle size of, 1850 
titanium, grinding of, 1974

Pile storage, indoor, 2280 
capacity of, 2280

Pine chips, grinding of, 1914 
Pintsch gas, as fuel, 2362
Pipe, 869 

aluminum, 895 
asbestos cement, 907 
bimetallic, 906 
brass, 905 
bronze, 902 
carbon, 909 
cast iron, 880 
cement-lined, 910

Pipe {continued)
cements and solders, 944 
chemical ware, 910 
clay sewer, 912 
concrete, 912 
copper, 896 

alloy, 896 
in refrigeration, 2604 

cost of, 815 
diameter, economic (chart), 817 
Duriron, 894 
economic diameter, 815 
electrical precipitator, 1870, 1871 
ferrous, 869 
fittings, 869 
flow in, 803

alignment chart, 264 
flow chart, 805 

friction in, alignment chart, 805 
glass, 913 
glass-lined, 916 
graphite, 909 
Haveg, 917 
joints, 922

cast iron, 881 
lead, 902 
lead-lined, 903 
linear expansion, 870 

in power plants, 2477 
(table), 2478 

Lucite, 916 
metal hose, 907 
nickel, 905 

alloy, 905 
nipples, 925 
non-ferrous, 895 
non-metallic, 907 
plastic, 916 
porcelain, 919 
rubber, hard, 920 
rubber-lined, 920 
silica, fused, 921 
stainless, 878 
standards, 870 
steel, 872 
supports, 944 
taps, 852 
tin, 905 
unusual cross sections, 818 
volumes, 118 
wood, 921 
wood-lined, 922 
wrought iron, 872 
wrought steel, 872

Piping pumps, for oils, 2353
Piping systems, identification of, 2929 
Piston compressors, reciprocating, 2271 
Piston meters, 866, 2036 
Piston-ring packing, 2185 
Pit-cast cast-iron pipe (tables), 883 
Pitch, pulverizing of, 1971 
Pitometer, 838 
Pitot tubes, 836, 2045
Pivoted motor-base drive, 2516 
Plait point, 1222 
Planck’s law, 1003
Plane geometry, theorems, 154
Plane surfaces, heat transfer to fluids 

flowing along, 984
Planetary gear reducers, 2514 
Planimeter, Amsler’s polar, 234
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PLANT LOCATION POWEB(S)
Plant location, 2831-2840

chemical, 2833
chemical industries and, 2836 
factors of, 2833
migration of industries, 2840 
Weber on, 2832

Plastic(s), definition of, 788 
materials, grinding of, 1916 
mixing, 1572, 1573 
molding materials, manufacturers of, 

2160
pipe, 916

Plasticity of mixtures, 1532-1538 
Plastico-Viscous solid, definition, 788 
Plate(s), air preheaters, 2447 

calculations, for multicomponent mix­
tures, 1413-1435

columns for gas absorption, 1207 
efficiency, of bubble-cap plates, 1436- 

1440
effect of entrainment on, 1439 
effect of nature of mixture on, 1440 
ranges of, for design, 1441 
in rectification of ethanol-water, 1441 
values of, 1446

of perforated plates, 1442 
precipitator, 1869, 1870, 1871 
and properties of mixture, 1440 
solid, heating and cooling of, 965 
spacings, in distillation, 1451 
valve, 2184

Plate-and-frame filter presses, 1665 
Platen-Munters continuous absorption 

refrigeration system, 2545
Platform conveyors, 2198, 2223

data on, 2230
Platform elevators, 2204, 2241, 2242 

portable, 2241
Platform(s), scale, “Exact Weight,” 2301 

skid, 2208, 2241
Platinum, physical properties of, 2128, 

2139, 2148
-gold (see Gold-platinum)
-iridium alloys, physical properties of, 

2127, 2139, 2148
-palladium (see Palladium-platinum) 
-rhodium, physical properties of, 2128, 

2140, 2148
Plauson colloid mill, 1917
Plunger feeder, 2288 
Pneumatic conveyors, 2201, 2236 
Pneumatic ejectors, 2263
Pneumatics, 772 
Podbielniak apparatus, 1470 
Point, of compression, 1620 

gage, 787
Poise, 1533 

definition of, 789
Poison, hazards of, in handling materials, 

2212
Poisoning, antidotes for (table), 2936 

treatment for, 2933
Poisson’s ratio, in designs for high pres­

sures, 2171
Polar coordinate(s), 205

graph paper, 253
Polar planimeter, Amsler’s, 234 
Polarization, of electric current, 2750 
Polygon, construction, 169, 170 

spherical, 162 
spherical excess of, 163

Polyhedral angle, 159
Polyphase systems, electric, 2647, 2648 
Ponds, spray, 1108, 1115

cooling curves for, 1116 
Pony mixer, 1547, 1573 
Porcelain pipe, 919
Porphyry, grinding of, 1895 
Porrion evaporator, 1044
Portland cement, data on (table), 2152 
Pot mill, 1908
Potassium, bicarbonate, densities of 

aqueous solutions of (table), 421 
bromide, densities of aqueous solutions 

of (table), 421
carbonate-bicarbonate equilibrium 

(table), 2624
densities of aqueous solutions of 

(table), 422
chlorate, densities of aqueous solutions 

of (table) , 422
chloride, densities of aqueous solutions 

of. (table), 422
specific heat of (table), 537 

chromate, densities of aqueous solutions 
of (table), 422

chrome-alum densities of aqueous solu­
tions of (table), 423

dichromate, densities of aqueous solu­
tions of (table), 423

dihydrogen phosphate, dissociation pres­
sures of (table), 409

dissociation pressures of (table), 409 
equilibrium constant for (table), 409 
hydride, dissociation pressures of 

(table), 409
hydroxide, densities of aqueous solu­

tions of (table), 423
. specific heats of, 537

nitrate, densities of aqueous solutions 
of (table), 423

sulfate, densities of aqueous solutions of 
(table),. 423

sulfite, densities of aqueous solutions of 
(table), 424

Potato.starch, pulverizing of (table), 1945 
Potential, difference, definition of, 2640 

minimum sparking (table), 2662
Potentiometers, electric, 2656 

instruments, 2065, 2074
Pour points of oils, 2345, 2346 
Powders, face, production of, 1931

metal, production and application of, 
2003-2007

Power(s), algebraic, 175 
by logarithms, 145 
by slide rule, 150, 152

in alternating-current circuit, 2688 
for colloid mill mixer, 1565 
conversion table and equivalents, 101 
costs of, electric, 2690, 2828 

for individual products, 2829 
in various places, 2829

in direct-current circuit, 2643 
for double cone mixer, 1557, 1574 
for dough mixer, 1550, 1573 
electric, consumption of, control of, 2084 

costs of, 2690, 2828 
definition of, 2641 
measurement of, 2084

for electrical precipitator, 1874
for electrochemical processes, 2827
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POWEB(S) Pbessube (S)
Power(S) {continued) 

factor, electric, 2084 
definition of, 2646 

from wattmeter readings, 2656 
fractional, of numbers, 54 
generation of, 2431-2493 
for high-pressure compressors, 2184 
for homogenizer mixer, 1565 
input vs. degree of mixing, 1529, 1530, 

1546
for kneader mixer, 1550, 1573 
for liquid mixer, 1562 
for masticator mixer, 1573 
mechanical transmission of, 2494-2524 
for mushroom mixer, 1574
for paddle mixer, 1544-1546, 1560 
for paste mixer, 1550, 1573 
plant-location factor, 2834 
plants, auxiliaries for, 2480 

cost of, 2488 
fans in, 2485 
feed-water heaters in, 2483 
heat-balance diagrams, 2471 
operating costs of, 2490 
pipe joints used in, 2478 
piping in, 2477 

expansion of, 2478 
size of, 2477 
steam and water velocities in, 2477 

power for auxiliaries, 2486 
traps in, 2480 
valves in, 2479

for plastic mixer, 1550, 1573 
polyphase, 2648
for propeller mixer, 1561 
temperature of steam in generation of, 

2435
transmission of, 2494-2524 

by chain driving, 2519 
clutches in, 2517 
gear-reduction units in, 2513 
hair belting in, 2500 
leather belting in, 2494 
lubrication of equipment for, 2520 
mechanical, 2494—2524 
to mixers, 1574, 1575 
rubber belting in, 2497 
shafting in, 2510 
stitched canvas belting in, 2499 
variable-speed mechanisms in, 2515 

for tumbling mixer, 1574 
for turbine mixer, 1553, 1554

Poynting relation, 392 
Precious-Inetal alloys, 2148 
Precipitation, of colloidal substances, by 

adsorbents, 1275
electrical, 1867 

Precipitron, 1872 
Preheaters, air, 2447 
Premier colloid mill, 1918 

performance data of, 1919 
Pressure(s), absolute, definition of, 772 

additive, 619
use of, in humidity problems, 720 

automatic control of, 2032 
average static, 835 
barometric, 782 
bearing, 2509 
calculations, 755-769 
center of, 774 
collapsing, calculation of, 2173

Pressure(s) {continued)
constant, temperature-composition dia­

grams at, 678
control of, 2027, 2186 
controllers, 2032, 2033 
conversion table and equivalents, 105 
critical ratio for gases, 847 
definition of, 772
differential, liquid-level measurement 

by, 2047, 2048
dissociation (tables), 408-409
drop, through activated alumina 

(curves), 1324
through activated carbon (curves), 

1314
across baffles, 828
bends, 824 
contraction, 822 
cost of, 815 
curved pipe, 813
across cyclones, and gas-volume 

capacity, 1861
and collection efficiency, 1862 

diaphragms, 824 
diverging duct, 822 
elbows, 825
enlargement, 821 
entrance, 822
exits, 821 
expansion, 821 
fittings, 825 
granular solids, 829, 1314, 1324 
heat exchangers, 826
measurement at high pressures, 2190 
miscellaneous, 820
orifices, 824 
packed towers, 829 
pipe fittings, 824 
in refrigeration, 2615 
and slot openings in distillation 

columns, 1454
smooth bends, 825 
through tower packing, 1204 
across tube banks, 826

effect of, on boiling point, 624 
on enthalpy (curves), 1352 
on equilibrium, 664, 750, 751 
external, on vapor pressure, 625 
in filtration, 1656 
on liquid-vapor equilibrium relations, 

1356-1359
on mutual solubility of liquids, 677 
on solubility of solid in liquid, 679 
on solute distribution between liquid 

phases, 683
on specific heat of nitrogen, 527 

expression as head of fluid, 773 
gage, 772
high, safety practice, 2190-2192 

technique of, 2167-2192
hydrostatic, 772 
indicators for, 2030 
intensity of, 772 
joints, 2173-2176, 2180 
local static, 834
loss {see also Pressure, drop)

by fluid friction, gases, 807
by friction, alignment chart, 805

in flow, 803
measurement of, 780, 2186
normal, 774
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PRESSURE(») PUMP(S)
Pressure(S) (continued) 

nozzles, 1985
applications of, 1993 
discharge rates of, 1988 
materials of construction for, 1988 

partial, 619
use of, in humidity problems, 720 

pumps, in filtration, 1694 
recovery, following orifices, 851 
resultant, 774 
static, 772, 2267 
of steam, in power generation, 2432 
still gas, analysis of, 2365 
tap(s), location of, 851

size of, 836 
-temperature diagram, 706 
vapor, of commercial acids, 394-403

of inorganic compounds, 368-376 
of organic compounds, 377-389 

variation with position in fluid, 772 
vessels, wall thickness of, 2169 
-volume diagram, 704 
-volume vs. pressure diagram, 705 
-volume-temperature diagram, 704 

Prices, of stainless steels, 2141 
Prime movers, 2454
Priming in steam boilers, 2453
Printing, favorable hygroscopic conditions 

for, 1092
Printing inks, grinding of, 1978
Prism, surface area of, 161 

volume of, 162
Prismoidal formula, integration, 164, 235 

volume, 164.
Probability, charts, 254, 255 

curves, 214
Problem solutions, general considerations,

715
Process, costs, 2860 

lags, 2013 
reversible, 644 
variables, measurement and control of, 

2009-2089
Producer gas, analysis of, 2365, 2366 

as fuel, 2361 
manufacture, 2386

Product costs, 2871
Production, accounting, 2860 

control, cost accounting, 2858 
of coke, in U.S., 2838 
of salt in U.S., 2837 
unit costs, in U.S. cities, 2839

Productive operations, bookkeeping of, 
2859

Profile paper, 254
Profit and loss statement, 2846 

analysis, 2849
Progression, arithmetical, 141 

geometrical, 141
Proofreader’s signs, 128
Propagation of flame, checking of, 2405 

speed of, 2404
Propane(s), commercial, analysis of, 2366 

heat of vaporization of, 2383 
properties of, 2383 
specific heat of, 2383

thermodynamic properties of (table), 
2589

Propeller(S), 1550, 1551, 1563, 1564, 1567 
fans, 2266, 2268

Properties, partial molal, 658

Property accounting, 2850
Propionic acid, materials of construction 

for, 2099
Proportioneers, Inc., feeder, 2291
Proportioning, 2051

in continuous mixing, 1572
of materials, 2291 (see also Feeders)

Proportions, definite and multiple, laws 
of, 615

Proposition, algebraic, 174
Propyl alcohol, specific heat of, 538

(n), densities of aqueous solutions of 
(table), 449

Propylene, solubility in water, 1128 
Protractor, 189
Proximate analysis of coal, 2329, 2330 
Prussian blue, grinding of (table), 1979 
Pseudoplasticity, 1533-1536, 1538 
Psychrometers, 2072

sling, 2072
Psychrometric charts, 1084, 1085 

example of use of, 1086
Pug mill, 1552, 1574
Pulley(S), cast-iron, 2505 

diameters of, for wire hooks, 2503 
guards for, 2893
in power transmission, 2505 
relative characteristics of, 2507 
selection of, 2507
steel, 2506 
wood, 2506

Pulp, agitation , in filtration, 1684 
character of subsidence of (table), 1620 
paper, filtration of, 1686 
settling-area requirements of (table), 

1635
Pulp and paper dryers, 1505
Pulsometer, 2263
Pulverized coal, 2450

radiation from flames of, 1023 
Pulverizer(S), automatic, 1925 

of Babcock, 1930
of Imp, 1924
industrial applications of, 1942
Jay Bee, 1914, 1915
Jeffrey swing-hammer, 1913 
operating results with (table), 1940 
Raymond screen, 1915, 1916 
selection of (table), 1940 
types of, 1890
unit, for coal, capacity vs. moisture vs. 

fineness, 2338
cost vs. capacity, 2337, 2338 

variations of product’s fineness with, 
1939

Pulverizing (see also Grinding)
cost of producing different surface areas, 

1960
crushing, and grinding, 1885-1981 
and drying by spray dryers, 1496 
theory of, 1888-1889, 1897 
treatment of materials before, 1940 
of various materials (see specific 

materials)
Pumice, granulation of, 1949
Pump(s), boiler-feed, 2484

centrifugal, 2245 
ball-bearing (table), 2250 
belt-driven (table), 2249 
chemical, 2251 
costs of, 2251
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PUMP(S) RAYMOND

Pump(s), centrifugal {continued) 
performance curves of, 2484 
special types, 2250 

for centrifuges, 1827 
chemical stoneware, 2251 
condensate, 2485 
deep-well, 2251 
diaphragm, 2264 
displacement, 2262 
Dorrco pressure, 1634 
evaporator, 1072 

air, 1074 
for filtrates, 1696 

hard-rubber, 2251 
Hardinge diaphragm, 1633 
high-pressure, 2183 
Humphrey gas, 2263 
jet, 2263 
in moving of liquids, 2245 
multistage, 2247 
piping, for oils, 2353 
piston, data on (tables), 2256-2257 
plunger (tables), 2258, 2260 
pressure, for filters, 1694 
propeller-type, 2250 
reciprocating, 2252 

data and costs of, 2255 
types of, 2254 

rotary, 2257 
data on, 2259 

single-stage volute, 2246 
for solids, 2202 
special alloy and metal, 2251 
steam, 2258, 2256, 2255 
sump, 2250 
-type mixer, 1543, 1564 
vacuum, for filters, 1695 

tables, 2279
water condenser circulating, 2485 

Purchase invoice book, 2843 
Purges, for orifice meters, 2040 
Purifier, centrifugal, 1808 
Pursuit, curve of, 214 
Pusher-bar conveyors, 2199 
Putty chaser, 1559, 1573, 1574 
Pyramid, area and volume of, 162 

spherical, 163 
Pyrator, 1903 
Pyrethrum flowers, pulverization of, 1926, 

1975
Pyrite, grinding of, 1895 
Pyro pyrometer, 2069 
Pyrolusite, grinding of, 1931 
Pyromaster,. 2060 
Pyrometers, Bi-optical, 2068 

controlling, 2068 
electric, 2703 
F & F, 2067 
Féry, 2068 
fixed points for standardization of, 

2067
Morse, 2067 
optical, 2067 
photoelectric, 2068 
Pyro, 2069 
radiation, 2068 
thermoelectric, 2062 
Thwing, 2068 
Wanner, 2068

Quadrant, definition, 162, 189
Quadratic equations, algebra, 180 
Quadrilateral, 157
Quaker City mills, 1911
Qualitative analysis, 575 
Quantities, molal (see Mol) 
Quartering, in sampling, 1749
Quartic equations, 182
Quartz, fused, equipment, 2151 

production of, 2814 
granulation of, 1949 
grinding of (table), 1895, 1907 
specific heat of, 543 
window, for high pressures, 2180

Quassia, pulverization of (table), 1926 
Quicklime, grinding of, operating data, 

1960
Quinhydrone electrode, 572

R, gas constant, 128 
Radian (s), 189 

to degrees and minutes, conversion 
table and equivalents, 96, 98

Radiant-heat transmission, 1002-1029 
Radiation, coefficients of heat transfer, 

983 
from clouds of particles, 1020 
definition of, 948 
from gases, 1016-1019 
from non-luminous gases, 1014 
pyrometers, 2068 
from surroundings, in drying,.1481

Radiator, perfect, 1003
Radius, determination of, without center, 

168 
hydraulic, 799 
mean hydraulic, definition, 799 
taps, 852

Railway(s), freight divider lines, 2839 
industrial, 2209, 2243

Rake mixer, 1558, 1574 
Ramsay and Young rule, 626 
Ranarex gas-density recorder, 2071 
Raoulfs law, 675, 1353-1354 

deviations from, 675
Raschig rings, 1202 

carbon, 1203 
porcelain, 1205

Rate(s), of absorption, of gases in liquids, 
1168

depreciation, of chemical equipment, 
2853

of extraction, 1247
of flow, in mixing, 1533, 1535—1538 
of shear, in mixing, 1533, 1535-1538 

Ratio, algebraic, 174
of heat capacity at constant pressure to 

that at constant volume, 633
Hiethod1 balance-sheet analysis, 2849 
test for convergence, 179

Rational analysis of coal, 2332
Raw materials, and plant location, 2833 

surveys of, 2838
Ray pressure snubber, 2035
Rayleigh, equation, and distillation, 1382 

problem of heat transfer, 246
Raymond, hammer mills, capacity in 

grinding coal, 1966, 1967, 1971
Imp pulverizer, 1925
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Raymond (continued) 

roller mill, 1929
capacity of, 1967

screen pulverizer, 1915, 1916
Rayon (viscose), hygroscopic moisture of 

(graphs), 1089
drying of, 1512
nitrocellulose, hygroscopic moisture of 

(graphs), 1089
Reactance, of circuit (table), 2689 

electric, definition of, 2641
Reactions, apparent order of, 690 

consecutive, 691 
conventions, 737 
determination of order of, 698 
equation for rate of, 684 
first-order, 685 
gas, contact catalytic, 702 
heats of, at specified temperatures, 742 
from heats of combustion, 739 
from heats of formation, 738 
heterogeneous, kinetics of, 700 
higher order, 689 
homogeneous, kinetics of, 684 
kinetics of, general, 684 
non-isothermal, rates of, 697 
order of, 685 
organic, by name, 607 
reduction (table), 2749 
reversible, 691 
second-order, 687 
side, 691 
simultaneous, 691

illustrative cases of, 693 
standard heats of, 737 
temperature effect on velocity of, 690 
turbine, 2470
velocity, constant, specific, 684

of contact catalytic gas reactions, 702 
effect of temperature on, 690 
equations for consecutive reactions, 

694
equations for first-order reactions, at 

constant pressure, 686 
at constant volume, 685

equations for reversible reactions, 693 
equations for second-order reactions, 

at constant pressure, 688 
at constant volume, 687

in flow systems, 686, 689, 695, 702 
general equations for, 684
in heterogeneous systems, 700 
non-isothermal cases, 697 
orders of, 685 

determination of, 698 
simultaneous, 691, 693
of solids with dissolved substances, 

701
vessels, high-pressure, design of, 2181 

wall thickness of, 2169
Reactivation of activated alumina, 1325 

of magnesia, 1335
Reactive volt-amperes, 2642
Reagents, for controlling humidity, 1118 

drying of gases by, 1522 
feeders, 2290

Real gases, variation of energy and heat 
content with pressure or volume, 642 

Real solutions, 658
Reboil heat, in distillation, 1404 
Receivables in bookkeeping, 2844

Reciprocals, of numbers, 51
by slide rule, 149

Reciprocating compressors, 2487 
Reciprocating-plate feeder, 2288
Recorder(s), 2017

auxiliaries, 2043
Bristol wide chart, 2060
charts for, 2018
clocks for, 2019
density, 2070
electric, of time, 2087
Hays carbon dioxide, 2076
Lux density, 2071 
mechanism of, 2017 
pens and styluses for, 2018
Ranarex density, 2071

Recovery, in distillation, 1466
Rectangle, circle construction around, 168 

lengths and area of, 156
Rectangular passages, velocity traverse, 

839
Rectangular tanks, volumes, 118, 119 
Rectification, application, McCabe-

Thiele method, 1412
batch, 1443
continuous, 1401-1443 

completeness of separation in, 1401 
heat balance in, 1403
principles of, in bubble-plate towers, 

1402
definition, 1340, 1401 _
effect of thermal condition of feed, 1408 
Gilliland correlation for plates as 

function of reflux ratio, 1435
heat balances in, 1403, 1404
of light oil, reflux ratios during, 1444 
liquid-vapor equilibrium in, 1406 
McCabe-Thiele graphical method, 1407 
material balances in, 1404
minimum plates at total reflux for 

multicomponents, 1414
minimum reflux for binaries, 1408 
minimum reflux ratio for multicom­

ponents, 1415
minimum reflux related to thermal 

condition of feed, 1411
multicomponent column calculation, 

1418
nomenclature, 1403 
number of plates required in, 1444 
plate calculations for multicomponent, 

1413
plate efficiency in, 1436, 1440-1442 
reflux ratio and feed preheat, 1411 
simplifying assumptions, 1405 
stabilization of pressure distillate, 1418 
total reflux for binaries, 1407

Rβctifier(s), 2683
copper oxide, 2684 
electrolytic, 2751 
filters for, 2685 
mercury arc, 2683, 2709 
point-to-plate, 2684 
polyphase, 2683

Rectifying columns, types of, 1340, 1444
Rectifying towers, types of, 1444 
Rectigon tube, 2684
Rectilinear diameter, law of, 622
Red brass (see Brass)
Redler conveyors, 2200, 2235



Reduction(S) REFRIGERATION
Reduction(s), materials of constructions 

for, 2103
potentials, 2748 
products of, 2768 
reactions, 2749 
units, gear, 2513

Redwood, viscometer of, 2074 
Reentrant short tube, 856 
Refineries, sugar, in U.S. 2838 
Refinery gas, analysis of, 2366 
Refining, electrolytic, 2780 (see also Elec­

trolytic refining)
Reflectors for electric lamps (table), 2694 
Reflux, definition of, 1340

minimum, and extraction, 1218, 1239 
practical ratio of, 1241 
ratio. 1340, 1444

in batch rectification of Iiglit oil, 1444 
supply, 1456 
total, and extraction, 1241

Reformatzky reaction, 608 
Re-formed gas, analysis of, 2366 

as fuel, 2362
Re-forming natural gas and oil refinery 

gas, 2391
Refraction, analysis by, 2079 
Refractories, fusion temperatures of 

(table), 479 
manufacturers of, 2156 
physical properties of, 2154

Refrigerants (see Refrigerating systems) 
Refrigerantes), absorption systems, re­

quirements of, 2545
Electrolux, 2545 
freezing points of, 2550 
heat transfer requirements of, 2549 
lubrication of, 2539
thermodynamic properties oft 2549 
TroutonsS law and, 2532 
vapor-compression, 2547 
vapor pressures of, 2548

Refrigerating machine, 648 
Refrigerating systems, 2529-2546 (see 

also Refrigerants; Refrigeration) 
absorption, 2527, 2540-2546

Electrolux, 2545 
heat balance in, 2540-2543 
machines, intermittent, 2546 

binary cycles, 2536, 2625 
compression systems, 2527, 2529-2540 
compressors, capacities, 2539, 2540, 

2619
centrifugal, 2537 
reciprocating, 2537 
rotary, 2537 

condensers, 2529 
dense-air machine, 2528 
dual compression, 2533 
efficiency, 2530 
evaporators, 2529 
horsepower, 2530-2532, 2619 
indicator cards, 2533 
lubricants, 2537, 2539 
multi-stage compression, 2535 
performance coefficients, 2530 
split-stage compression, 2536 
standard rating, 2528 
steam jets, 2538 
volumetric efficiency, 2533 
wet compression, 2535

Refrigeration, 2525-2638
absorption in, 2527 

continuous, 2540 
intermittent, 2546 
machine, performance with different 

condenser and suction pressures 
(tables), 2534, 2540

adsorption in, 1333
for air-conditioning systems, 1100 
ammonia absorption machine, data on 

(table), 2540
ammonia required for (table), 2539 
ammonia suction pressure in (table), 

2540
brine piping for, 2603 
brines in, 2612

thermal conductivities of (table), 
2617

capacities of vertical single-acting 
machines for (table), 2540 

centrifugal, with “Freon-11,” 1100 
chemical, 2626
compressors for, 2531—2538 
condenser water used per ton of ( table), 

2599
condensers in, 2595-2609 

ammonia, heat transfer in, 2598 
atmospheric, 2596 
corrosion in, 2601 
double-pipe, 2597 
horizontal multipass, 2597 
performances of (table), 2600 
shell-arid-tube, 2597 
submerged-coil type, 2595 
types of, 2595

continuous absorption systems for, test 
results (table), 2542

cooling systems in, 2601-2622 
brine piping in, 2601 
direct-evaporation, 2601 
evaporation coils in, 2601 
expansion coils in, 2601 
flooded-coil type, 2602 

results with (table), 2604 
indirect, evaporation, 2601 
shell-and-tube, results (table), 2597 

cooling-water towers in, 2600 
definitions, 2527 
dense-air machine, 2528 
in drying, 1524 
by dual compression, 2534 
evaporation coils for, 2601 
expansion coils for, 2601 
heat of solution of ammonia for (table), 

2542
heat-pump principle in, 2637 
heat transfer and, 2598, 2602 
industrial, favorable conditions for, 

2621
insulation values of building material 

and, 2605-2607
manufacture of solid carbon dioxide by, 

2623
by multiple-stage compression, 2535 
natural, 2618
Nessler’s solution in, 2615
pipe lines, 2604
piping in storage in, 2606
reciprocating, with ammonia, 1100

with carbon dioxide, 1100
with “Freon-12,” 1100
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Refrigeration, reciprocating (continued) 

with methyl chloride, 1100 
refrigerants used in, 2547 
small-scale, 2616 
by split-stage compression, 2536 
steam jets in, 2538 
thermal conductivity for (table), 954 
units of, 2528 
uses of, 2638 
by vapor compression, 2529 
vapor pressure of aqua ammonia in 

(table), 2544
water-vapor pressures above aqua 

ammonia in (table), 2544
by wet compression, 2535 

Regenerative air preheaters, 2447 
Regenerators, of heat, heat transfer in, 967 
Regulators, feed, for centrifuges, 1829 
Reimer-Tieniann reaction, 609 
Relative heat content, total, 736 
Relative volatility, 1380 
Relay devices, mechanical, 2022 
Relays, holding-contact., 2021 

on-and-off, 2022
Reluctance, electrical, 2641 

magnetic, 2649
Remote indication, of process variables, 

2025 (⅛,ee also Telemetering methods) 
RennerfeIt furnace, 2807
Repairs and maintenance in cost account­

ing, 2856
Reports and report writing, 2951-2957 
Republic, electric manometer, 2042 

ring manometers, 2041
meters, 2041 

Repulper, Darrco, 1652 
Reserve accounts, 2843 
Resins, grinding of, 1917, 1976 

synthetic, 2160, 2162
Resistance(s) (see also Rheostats) 

conductors and, electric (table), 2643 
effective, 2643
electric, definition of, 2640, 2642 
furnaces, 2698
plate, of thermionic tube, 2664 
specific, definition of, 2740 
of spheres in liquids, 1852 
to temperature, of high chrome steels, 

2147
of wire (table), 2689 

Resistivity, electric, definition of, 2640 
Resonance, electric, 2646 
Respiration, artificial, 2934 

protective devices, 2919
Retentivity-activity relations of carbons, 

1300
Reversible process, 644 
Revivification, of bone char, 1296 

of fuller’s earth, 1289
Revolving plate feeder, 2287 
Reynolds criterion, 813
Reynolds number, definition of, 799 

in design of mixers, 1545, 1546
Rhe, definition of, 791 
Rheostats, carbon, 2685 

liquid, 2685 
slide-wire, 2685 
water-cooled, 2685

Rhodio platinum, physical properties of, 
2128, 2140, 2148

Rhodium, physical properties of, 2149

Rhombus, 156
Ribbon, area of, 160 

mixer, 1552, 1573, 1574
Richardson, conveyometer, 2300 

Conveyoweigh, 2051
Duo-Screw feed bulk weighing scale, 

2296
dustproof sacking scale, 2297 
sacking scale, 2295
scale and Risco packer, 2299 

Riddles, 1714
Rietz disintegrator, 1917 
Right spherical triangles, 199 
Rigidity, definition of, 788 
Riley attritor, 1917, 1964 
Ring, crushers, 1915

joint, for large tubes, 2175 
packings, pressure drop in, 831 
piezometer, 836 
roll mills, 1926

Risco packer, 2299, 2300
horizontal, 2300 

Rittinger’s law, 1889 
River transportation, 2840 
Robinson, attrition mills, 1911 

table, 1911
cup anemometer, 839 

Rochling-Rodenhauser furnace, 2808 
Rock, grinding of, 1927
Rod-curtain electrical precipitator, 1871 
Rod mill, 1907, 1908
Roll feeder, 2287
Roller, chain, steel, data on, 2228

live, conveyors, 2199
mills, of Day, power required by, 1943 

operating characteristics for, 1943 
particle-size analyzer, 1729 
spirals, 2202

Rolling-mill oil, and centrifuges, 1842 
Rolls, 1559, 1573, 1574

compression, in filtration, 1698 
crushing, 1888

Root(s), algebraic, 175
arithmetical, 138, 140 

slide-rule, 149, 150
complex, 224 
cube, 60, 140 
equal, 224 
square, 60, 138

Root-mean square (R.M.S.) value (of 
current or voltage), 2644

Ropes, strength of (table), 2927 
Raschig rings, pressure drop in, 831 
Rose leaves, pulverization of, 1976 
Ross, conical buhrstone mill (table), 1910 

feeder, 2289 
pan mills, 1909 
pounder, 1902

Rotameter, 858, 2045 
calibration of, 2046 
head loss in, 860 
theory of, 859

Rotary blowers, 2486
positive, 2269 

Rotary converters, 2709 
Rotary crushers, 1896 
Rotary-disk filters, 1664 
Rotary-disk water meter, 866 
Rotary-drum filters, 1664 
Rotary dryers, 1501

comparison of capacity of (table), 1502
3013
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Rotary dryers (continued) 

enclosed single-shell, 1502 
operating costs of (table), 1505 
performance of, 1504 
rotary kiln as, 1502

Rotary-paddle feeder, 2287
Rotating nozzles, 1985, 1988 

applications of, 1993
Rotating pan mixer, 1546, 1547, 1559, 

1573, 1574
Rotating-Whizzer separator, 1924
Rotex screen, 1718
Roto-Louvre, capacity of, 1502
Rotten stone, grinding of, 1972
Roughness factors, Manning formula 

(table), 814
pipe friction (table), 812

Rounded entrance, 823
Rounded orifice, 857
Rowland’s law, 2648
Rubber, belting, in power transmission, 

2497
conveyor belts, weights of, 2226 
electrodeposition of, 2776 
fabric hose, 921
fabrics, in filtration, 1659 
hard, grinding of, 1939 
heating of , 966
hygroscopic relations of, 1090 
-lined pipe, 920
pipe, 920 
products, makers of, 2163 

properties of, 2162
reclaimed, grinding of, 1912 
synthetic, 1912, 2162

Rules, significant figures, 143 
Ruthenium, physical properties of, 2149 

tracking scale, Richardson, 2295 
Saddles, Berl, 1202

pressure drop in, 831
S.A.E., numbering system for steels, 2143 

steels, specification numbers for, 2510
Safety, 2873-2950 (see also Fire protec­

tion)
bibliography on, 2941 
building construction and, 2874, 2881 
data for engineers (table), 2924 
distances of (table), 2875, 2880 
equipment for, 2918 
eye protection for, 2918 
head protection for, 2918 
at high pressure, 2171, 2190, 2192 
lighting construction and, 2884 
and loads for ropes and chains, 2927 
overhead clearances and (table), 2876 
role of elevators in, 2882 
side clearances and (table), 2876

St. Regis belt packer, 2303
Salicylic acid, sublimâtion of, in CO2, 

1478
Salt(s), cake, grinding of, 1917 

equivalent electrical conductivity of 
(table), 2741

filtration of, 1688 
grainer, 1590 
ice mixtures, eutectic, 2623 
production in U.S., 2837 
removal of, from evaporators, 1056 

Salting in evaporators, 1060

Salting out, 1215
effect, 681

Samp, grinding of, 1910 
Sampling, 1746-1757 

air, 1757 
beaker, 1752 
boat, 1749 
bottle, 1752 
car, 1748 
cement, 1755 
coal, 1753, 2329 
coning and quartering, 1749-1751 
continuous liquid, 1753 
dipper, 1753 
gases, 1756, 2380 

flue, 1757 
grab, 1748 
iron ore, 1755 
lacquer solvents, 1756 
mechanical, 1752 
metals and alloys, 1755 
methods of, 1748 
petroleum products, 1755 
pig iron, 1755 
pipe, 1752 
rules for, 1757 
shovel, 1752 
solids, 1755 
steel, 1755 
thief, 1753 
water, 1756

Sand(s), cleaning of, 1940 
drying of (data), 1501 
grinding of, 1896 
particle sizes of, 1623

Sandmeyer’s reaction, 599, 609 
Sandstone, grinding of,1916
Sanitary requirements in handling equip­

ment, 2212
Sanitation, 2885' 
Sarsaparilla root, pulverization of (table), 

1911
Saturated vapors, heat capacity of, 634 
Saturated volume, definition of, 1083 
Sawdust, drying of (data), 1501 

pulverization of (tables), 1910, 1914 
Saybolt, seconds, 790

conversion to viscosity, 790 
Universal viscometer, 2074

Scalds, first aid for, 2932 
Scale, deposits, formation of, 1057 

heat transfer coefficients through, 981 
of hardness, M oh’s, 128 
optimum cycle for evaporators forming, 

1059
removal of, 1057, 2779 
sacking, 2295

Scales, (see also Weighing) 
automatic, feeder installations for, 2296 
platform, 2301 
for pressure gages, 2040

Schedules of budgets, 2872 
Schist, grinding of, 1895 
Schoenherr furnace, 2821 
Schuster, magnetic gage of, 2086 
Schutz-O’Neill Limited mill, 1924 
Scott evaporator, 1045 
Scraper conveyors, 2199, 2229 

drag-line, 2202
data on, 2231
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SEYLER'S CLASSIFICATION OF COALSCREEN(S)

Screen(s), capacities of, 1702, 1714-1717 
dryer, continuous, 1511 
efficiency of, 1700 
grizzly, 1706
Hum-mer, 1712 
industrial, 1706 
oscillating, 1711 
punched metal plates for, 1704 

diameters of (table), 1705 
reciprocating, 1714 
reels, 1710 
revolving, 1708
Rotex1 1718
Selectro1 1711 
shaking, 1711 
stationary, 1708 
steel-wire, data on (table), 1703 
trommels, 1710 
vibrating, 1711 
woven wire, 1704

Screening, 1699-1745 
definitions, 1699 
dry, 1699 
efficiency of, 1700 
mediums, 1704 
multiple, 1700 
wet, 1699

Screw, conveyors, 2200, 2234 
accessories, costs of, 2233 
data on, 2232 
feeder, 2287 
flights, data on, 2233

feeder, 2296 
packer, 2301 
-geared chain hoists, data on, 2236 

Scrubber, 1559, 1573, 1574
Calder-Fox, 1863

Seamless tubing (table), 878.
Second law of thermodynamics, 646 
Second order reaction, 687 

at constant pressure, 688 
at constant volume, .687

Sector, spherical, 159 
annulus, area, 160

Sedimentation, 1619-1652
Alien cone, 1624 
Callow cone, 1624 
continuous countercurrent decantation, 

1643
continuous thickening in, 1619 
six phases of, 1620

Seed cake, pulverizing of, 1944 
Seeded crystallization, 1766
Seeds, pulverization of, 1902, 1909, 1911, 

1926 .
Seger cones, 2066 
Segmental orifices, 853
Segment(s), calculations, 160 

of circles, 76
areas, 83

of spheres, 92
Selectivity, of solvent(s) in extraction, 

1214, 1226
diagrams in extraction, 1226, 1227 

Selectro screen, 1711
Self-oiling bearings, 2508 
Selsyn motors, 2026
Semilogarithmic graph paper, 253 
Sensible heat contents, 726 

gaseous mixtures, 728

Sensible heat contents (continued)
liquid state, 729 
pure gaseous state, 726 

Senna leaves, pulverization of, 1926 
Separating bowl, principle of, 1811 
Separator(s), air, 1920 

centrifugal, 1808 
cream, 1838 
hermetic, 1827 
liquid-liquid, 1816 
liquid-liquid-solid, 1816, 1823 
liquid-solid, 1812 
used in filtration, 1695

Separation, by centrifugal action, 1808- 
1849

criteria of, in rectification, 1458 
of dusts and mists, 1850-1884 

centrifugal method for, 1857 
apparatus for, 1863 

electrostatic, 1740 
elutriation, 1728 
filtration method for, 1864 

apparatus for, 1865 
gravitational method of, 1855 

apparatus for, 1855 
inertial method of, 1857 

apparatus for, 1863 
jigging, 1721 
settling chambers in, 1855 

of gas dispersoids, 1850 
liquid-liquid, 1816 
liquid-liquid-solid, 1816, 1823 
liquid-solid, 1812 
magnetic, 1730 
mechanical (see Mechanical separation) 
methods, for dusts and mists, 1851 
processes and adsorption, 1274-1276 
screening, 1699 
sink-and-float, 1744 
tabling, 1724

Series, binomial,. 176, 177 
circuits, electrical, 2642 

magnetic, 2648 
convergent, 178 
divergent, 178 
functions expanded into (calculus), 220 
infinite, 178 
non-convergent, 178 
tests for, 178

Settling, 1829
areas, for typical pulps, 1635 
chambers, 1855 
and decanting, 1829 
filtration, and centrifuging, 1275 
intermittent, 1623 
of pulps, 1635 
rates, of dusts, 1856 
rates for large particles, in centrifuga­

tion, 1812
tanks, intermittent, equipment for, 1623 

operation, 1623
Sewage sludge, filtration of, 1687 

treatment with centrifuges, 1849 
Sewer pipe, clay, 912
Sewing, bag-, equipment, 2304, 2309- 

2315
hand, textile bags, 2307 
heads, Hoepner1 2309 

Union Special, 2308 
machine, bags, 2307

Seyier’s classification of coal. 2328
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SHAFTIlSfG SODA
Shafting, calculation of, 2511 

cold-rolled steel, 2510 
flexible, 2511
in power transmission, 2510-2513 
safety and, 2896

Shakers, for mechanical screens, 1718 
Shaking (see also Mixer; Mixing) 

feeder, 2288 
tables, 1724

Shale, grinding of, 1910, 191,5
Shallcross pressure regulator, 2034 
Shape of bubble-caps, 1452
Shear, in mixing, 1530, 1533, 1535 
Sheet, balance, 2844
Sheet materials, "can” or cylinder dryers 

for, 1503
Sheet metal and wire gages, conversion 

table and equivalents, 110
Shifting-tube belt packer, 2302 
Shock, treatment for, 2931
Short-center methods of driving, 2516 
Shriver filter, 1665
Sieve(s), I. Μ. Μ. series (table), 1720 

scale, 1699 
testing of, 1718
Tyler’s screen-scale, 1718

dimensions of (table), 1719
U.S. series (table), 1720

Sifters, 1713
Silent chain drives, 2520 

lubrication of, 2520
Silica, dust, particle size of, 1850
Silver, electrolytic refining of, 2786 

plating, 2774
Short tube, reentrant, 856 

standard, 856
Shotting molten metals, 2004
Shredders, 1913, 1914
Sidereal time, 124 
Siennas, grinding of, 1910, 1950, 1951 
Sieve plate, towers, 1445

gas absorption, 1207
Sight glasses, high-pressure, 2179 
Significant figures, rules for, 143 
Signs, proofreaders’, 128

and symbols, mathematical, 7
Silica, fused, equipment, manufacturers 

of, 2151
grinding of, 1946 
physical properties of, 2151 

production of, 2814
pipe, 921 
properties of, 2154
ware, properties of, 2097

Silica gel, as adsorbent, 1277, 1328-1334 
air conditioning by, 1332 
catalysis and, 1334
C'O2 purification by, 1331 
dehydration by, 1331 
liquid-phase adsorption by, 1333 
miscellaneous applications of, 1334 
petroleum refining by, 1334. 
use of, in drying gases, 1525

Silicates, grinding of, 1949
Siliceous materials, grinding of, 1949 
Silicon, alloys, properties of, 2097

carbide, production of, 2812 
properties of, 2154

iron alloys (see Alloys, ferrous) 
manganese steels, S.A.E. numbers and 

analyses, 2147

Silicon (continued) 
production of, 2814

Silk, favorable hygroscopic conditions for, 
1092

hygroscopic moisture of (graphs), 1089 
Sillimanite refractory, properties of, 2154 
Silver, alloys, physical properties of, 2149 

carbonate, dissociation pressure of 
(table), 409

properties of, 2097, 2128, 2140, 2148 
solders, 945

Simple gas law calculations, 719, 721, 722 
Simpson’s rule, for areas, 235 

integration, 233 
for volumes, 164

Simultaneous equations, 183, 184 
Simultaneous reactions, kinetics of, 691#. 
Sine wave, 2644
Single-effect evaporators, 1048 
Single-shell oil gas methods, 2395 
Sink-and-float process, 1743, 1744 
Sinking funds, 2843
Sirocco fan, 2267
Sisal hemp, hygroscopic moisture of 

(graphs), 1089
Size, control, in grinding, 1607

of drops produced by spray nozzles, 
1990

Sizing, microscopic, 1889
Skid(s), fire protection and, 2902 

platforms, 2208, 2241
Skip hoists, 2201
Skraup synthesis, 604
Slabs, solid, heating and cooling of, 965 
Slag, pulverization of, 1956

table, 1928
Slat conveyors, 2198, 2223

data on, 2230
Slate, cost of grinding, 1960

granulation of, 1949 
Sleeve valve bags, 2307 
Slide rules, decimal point, 147

description of, 146
loglog duplex, 153
operations, 147-152 
polyphase-duplex, 146, 153 
reciprocals by, 149
trigonometric functions, 151 
types of, 153

Slide-wire rheostats, 2685 
Slimes, particle sizes of, 1623 
Sling psychrometer, 2072
Slot opening and pressure drop in bubble - 

caps, 1454
Sly dust filter, 1866
Smoot, pressure controller, 2034 
Smoothing data, 238
Snyder furnace, 2806 
Soap(s), crutcher, 1552

grinding of, 1977, 
metallic, 1978 
table, 1977, 1979

hygroscopic relations of, 1091 
powders, grinding of (table), 1916, 1977

Soapstone, pulverization of, 1949
Soda, caustic (see also Sodium hydroxide) 

continuous countercurrent decanta­
tion of, 1647

filtration of, 1691
pulp, black liquor, materials of con­

struction for, 2103
3016



SODIUM

Sodium, acetate,, densities of aqueous 
solutions of (table), 424

arsenate, densities of aqueous solutions 
of (table), 424

bichromate, densities of aqueous solu­
tions of (table), 424

bromide, densities of aqueous solutions 
of (table), 424

carbonate, densities of aqueous solu- 
; tions of (table), 425

dissociation pressures of (table), 409 
granulation of (table), 1940 
materials of construction for, 2104 

chloride brines, densities of aqueous 
solutions of (table), 425

heat content of (table), 2609 
specific heat of (table), 537 

chloride, materials of construction for, 
2104

chromate, densities of aqueous solutions 
of (table), 425

dichromate, densities of aqueous solu­
tions of (table), 425

dihydrogen phosphate, dissociation pres­
sures of (table), 409

formate, densities of aqueous solutions 
of (table), 424

hydrosulfite, materials of construction 
for, 2104

hydroxide, densities of aqueous solu­
tions of (table), 425

specific heat of (table), 537 
hypochlorite, materials of construction 

for, 2104 .
nitrate, densities of aqueous solutions 

of (table), 426
materials of construction for, 2104 
pulverization of, 1956 

nitrite, densities of aqueous solutions of 
(table), 426

perborate, production of, 2768 
silicate, densities of aqueous solutions 

of (table), 426
. sulfate, densities of aqueous solutions of 

(table), 426
materials of construction for, 2104 

sulfide, densities of aqueous solutions of 
(table), 427

materials of construction for, 2104 
sulfite, densities of aqueous solutions of 

(table), 427
thiosulfate, densities of aqueous solu­

tions of (table), 427
materials of construction for, 2104 

Soft solders, 946
Softening temperatures of coal, 2333 
Solar evaporation, 1043
Solar heat evaporators, 1043
Solar time, 124 
Soldered fittings, 922 
Solders, brazing, 945 

silver, 945 
soft, 946

Solenoid(s), 2686 
maximum pull for (table), 2687 
valves, 2024

Solid(s), cone nozzles, 1986 
cubical expansion coefficients of, 484 
dryers for (see Dryers for details) 
drying of, 1480-1522

Solution(S)
Solid(s) drying of (continued)

air circulation and recirculation in, 
1491

air velocity and, 1482 
case-hardening in, 1488 
classification of dryers, 1489 
constant rate period of, 1480 
effect of humidity in, 1482 
equilibrium in, 1514 
falling rate period of, 1480, 1484 
hygroscopic moisture in, 1514 
laboratory tests for, 1488 
mechanism of, 1480 
radiation from surroundings in, 1481 
surface checking in, 1488 

feeders for, 1650 
fugacity of, 655 
granular, flow through beds of, 829 
heat capacity of, 634, 730 
ignition temperatures of, 2398 
and liquid mixing, 1566-1572 
miscellaneous, specific gravities of 

(table), 453 
model charts, 256 
organic, specific heats of, 539-542 
packed, pressure drop for flow through, 

829
plastic (definition of), 788 
plastico-viscous (definition of) , 788 
pumps for, 2202 
rate of solution of, in liquids, 701 
reaction of, with dissolved substances, 

701
sampling of, 1755 
solubility of, in liquids, 679 
storage of, 2277 
surfaces of, 161-162 
volumes of, 161-162

Solo tube mill, data on, 1904 
(table), 1904

Solubility of gases, in non-aqueous 
liquids, 1131

in water, 1129 
of inorganic compounds (table), 312- 

367, 456-472 
mutual, of liquids, 1220 
of organic compounds (table), 271-311, 

606
of solid in liquid, 1220 
in ternary systems, 1220 

Solution(s), 673-683 
densities of aqueous inorganic, 411-418 

organic, 436
elevation of boiling point in, 680 
feeders for, 1651 
of gases in liquids, 676 
heats of, 638, 1800-1807 
ideal, 657 
latent heat of vaporization of solvent 

from, 640, 641 
laws of, 675, 1353 
of liquids, 677

temperature-composition diagrams 
for, 678

lowering of freezing point in, 680
real, 658
salting out, effect in, 681
specific heats of aqueous, 536-538
use of heat of solution, 738
water evaporated for change in con­

centration of, 1034
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SOLVENT EXTRACTION SPRAY(S)
Solvent extraction, 1213-1268
Solvent vapors, recovery of, 1210 
Sorbitol, 2769
Sorensen cell, 2791 
Sound, velocity of, 798
Source and disposition of income, book­

keeping, 2849
Southwestern-Kraut Hydromotor jig, 

1723
Soxhlet, method of extraction, 1217 
Soybeans, grinding of, 1944
Space, lattices, 1758

space-time-yield with, 703 
time, and yield, flow systems, 702 
variation with space-velocity, 703 
velocity, 702

Spacing of bubble-caps, 1452
Sparking potential, minimum, 2661 
Spariing turbine meter, 2046
Specific gravity(ies), of aqueous solu­

tions of miscellaneous organic com­
pounds, 450

of coal(s), 455, 2329
of cokes, 2329
control and measurement of, 2069 
oBe., oTw., lb./gal., lb./cu. ft., 93 
determination by immersion, 777 
of earths, 454
of ethanol-water mixtures, 443
of inorganic compounds, 312-367
of masonry, 454
of metals and alloys, 453, 2108
of minerals, 454
of miscellaneous solids, 453
of mixtures, 1532, 1537, 1567
of organic compounds, 271—311
of petroleum, 455
of stone, 455
of woods, 2329

Specific heat(s), of acetic acid (table), 
536

of air (table), 526 
ratios of, at high pressures (table), 

546
of ammonia (table), 537 

liquid (table), 544
of aniline (table) , 537
of aqueous solutions (tables), 536-538
of carbon disulfide, liquid, 544
of chemical elements (table), 515-524
of coal, 2325
of coal tar, 2377
of coke, 2326, 2333
of commercial propanes, 2383 

butanes, 2383 
pentanes, 2383 
hexanes, 2383

of copper sulfate (table), 538 
of elements (table), 515-524 
of ethyl alcohol (table), 538 
of gases (chart), 526

ratios of, at 1 atm., 545
of glycerol (table), 538
of hydrochloric acid (table), 536
of inorganic compounds (table), 515-524 
of liquefied gases (tables), 527, 544 
of liquid petroleum oils, 1351 
of liquids (chart), 528
of metals (table), 515
of methyl alcohol (table), 538
of miscellaneous materials (table), 543

Specific heat(s) {continued)
of nitrogen, 527
of non-freezing solutions, 2614 

ratios of, in refrigerants, 2532
of organic liquids (tables), 529-536 
of organic solids (tables), 539-542 
of paraffin gases, 1351 
of petroleum vapors, 1351 
of potassium chloride (table), 537 
of potassium hydroxide (table), 537 
of propyl alcohol (table), 538 
of sodium chloride (table), 537 
of sodium hydroxide (table), 537 
of sulfur dioxide, gaseous (table), 523 

liquid (table), 544
of wash oil, 2373 
of water (table), 525 
of zinc sulfate (table), 537

Specific volume, of air, 2486 
definition, 1516 
of flue gas, 2486 
of water, 0o-40oC., 431 

40o-100oC., 432 
of water vapor, 2486

Specifications for fuel oils, 2346 
Speed, measurement of, 2085

variable, mechanisms for, 2515 
Speedornax, 2060
Spheres, diameters, by fractions, 87 

hundredths, 90 
hollow, volume of, 163 
in liquids, resistance of, 1852 
segments, 92 
solid, heating and cooling of, 965 
surface, areas, 87 
volume, 87

Spherical geometry, theorems of, 162-163 
Spherical particles, drag coefficients for, 

1853
rate of fall in still air, 1856

Spherical sector, 164, 199 
Spherical segment, 199
Spherical triangles, 198, 199 

area of, 202
Spherical trigonometry, 198-202 
Spherical zone, 164, 199
Spices, grinding of, 1911, 1976 
Spike feeder, 2296
Spiral(s), chutes, 2202 

roller, 2202
Splitting, 1888 
Spouts, 2202
Sprains, first aid for, 2931
Spray(s), chambers for gas absorption, 

1196
columns for extraction, 1259 
dryers for liquids, 1496 
drying, granulation by, 1999 

nozzles for, 1990
eliminator, zigzag type of, 1863 
equipment, 1985-1996 
gun,1995
nozzles, 1984-1990 

applications of, 1993 
materials of construction for, 1988 

painting, 1994
auxiliary equipment for, 1994

ponds, 1108, 1115
cooling curves for, 1116

removal of, 1850
removal of dusts and mists, 1866
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SPRAY(S) STOKERS

Spray(s) (continued)
towers, 1866 

as mixers, 1543
-type unit air conditioners, 1098 

Spraying difficulties and corrections, 1995 
Sprinkler systems, automatic, 2885

operating temperatures of (table), 2886 
Sprout-Waldron Monarch, 1909

rotary knife cutter, 1916 
Spur-gear reduction units, 2514 
Square(s), circle construction, 168

-edged orifices, expansion factor, 849 
measure, equivalents and table, 112 

metric system, table 113
of numbers, 60
octagon construction in, 169 
root, 138, 149

slide-rule, 149
root(s), 60, 138 

approximate, 139 
by logarithms, 144 
by slide rule, 149

sides of, with diameters of circles of 
equal areas, 87

Stability (floating bodies), 776
Stabilog, 2060
Stage(s), in extraction, definition of, 1215 

determination of number of, 1234, 1236, 
1241

efficiency of, 1257, 1258
ideal, 1215, 1232

Stainless alloys, properties of, 2119-2120, 
2135-2136

Stainless steels, A.I.S.T. types, numbers 
for, 2141

analyses of, 2141, 2142
numbering system for, 2143-2147 
pipe, 878
prices for, 2141, 2142
tubing, 878

Stairs, safety and, 2899 
Stamp mills, 1901 
Standard cells, 2725
Standard free energy change, 659 
Standard heats, of combustion and 

formation, units, 718
of reaction, 737 

conventions, 737 
from heats of combustion, 739 
from heats of formation, 738

Standard ratios in balance-sheet analysis, 
2850

Standard short tube, 856 
Standard states, 656
Standard time belts of U.S., 125 
Standard vertical-tube evaporator, 1045 
Standardization of temperature, fixed 

points for, 2054
Standards, A.S.T.M., on coal and coke, 

2331
Stannic chloride, densities of aqueous 

solutions of (table), 427
Stannous chloride, densities of aqueous 

solutions of (table), 427
Starch, pulverization of, 1937, 1945 

suspensions, inverted plasticity of 
(chart), 1538

Starting equipment, for power-trans­
mission equipment, 2521

Stassano furnace, 2806

Statements, financial, analyzing, 2846 
States, corresponding, theory of, 622 

standard, 656
Static opening, 835 
Static pressure, 2267 

average, 835 
local, definitions of, 834 
measurement of, 834 

in other than straight passages, 835
Stationary cranes, 2205 
Steam, boilers, 2436 

boiler furnaces, heat transfer in, 1027 
compressors, steam-driven, data on, 

2277
consumption of batch distillation, cal­

culation of, 1391
distillation, applications, 1388 

batch, 1387 
vaporization efficiency in, 1391 

engines, 2454
indicator diagrams for, 2456 

extra, in evaporation, 1071 
Mollier diagrams for, 714 
“open,” 1387 
over-all thermal resistances in surface 

condenser for (graph), 978 
pressure of, in power generation, 2432 
saturated, properties of (table), 2437 
stamp mills, 1901 
superheated, properties of (table), 2441 
temperature-entropy diagram for, 708 
temperature of, in evaporator opera­

tion, 1051
in power generation, 2435 

thermal properties of, 2436-2443 
-tube dryer, 1502 
turbine oil, and centrifuges, 1841 
turbines, 2458 
vacuum pumps driven by, data on, 

2279
viscosity of (table), 793 

Stearates, pulverization of, 1978 
Stedman, disintegrator, 1916, 1917 

hammer mill, 1913
Steel(s), enameled, properties of, 2150 

glass-lined, properties of, 2150 
pipe, 872
S.A.E. numbering system, 2143 

specification numbers for, 2510 
sampling of, 1755 
shafting, 2510 
stainless (see Stainless steel) 
strength of, safety and, 2924 
tubing, 877 
wire screens, 1703

Stefan-Boltzmann law, 1003 
Sticky materials, grinding of, 1913, 1917 
Still, effect of liquid water in, 1389 

gases, from lubricating oil stills, ana?
ysis of, 2365 

Stilling box, 787 
Stirrers (see Mixing) 
Stirring (see also Mixing) 

effect of, on gas absorption, 1176 
Stirrup feeder, 2286 
Stobie furnace, 2805 
Stoke (definition), 790 
Stokers, 2448 

for coal, 2336 
vs. pulverized coal, 2451
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STONE SUPERHEATERS
Stone, drying of, in rotary dryers (table), 

1504, 1505
grinding of, 1896 
scrapers for, 2235 
specific gravity and density of, 455 

Stoneware, 2152
properties of, 2098 
makers of, 2152 
physical properties of, 2152 
tower packing, pressure drop in, 833 

Storage, batteries, 2754, 2760 
bin construction, 2294

in bulk or containers, 2293 
for dry materials, 2294 
for free-flowing materials, 2294 
for non-free-flowing materials, 2294 

in bulk, 2293 
of coal, 2325 
cold, temperatures in (table), 2620 
in containers, 2293 
of gases, 2284

for analysis, 2380 
at high pressures, 2186 
pile, indoor, 2280 

outdoor, 2277 
of materials, 2276 
and movement of materials, 2193-2322 

floor loadings for, 2283 
tanks for oils, 2353

Stormer viscometer, 1538, 2074 
Stoves, blast-furnace, heat transfer in, 967 
Stramonium, pulverization of (table), 1926 
Straw, as fuel, 2341 

grinding of, 1945
Streamline, 799 

filter, 1683 
flow, formulas, for open channels, 819 

for pipes running full, 819 
heat transfer to liquids in, 978 

Stress(es), in cylinders, from external 
pressures, 2173

from internal pressures, 2169 
from temperature gradients, 2172 

in mixing, 1533, 1535-1538
Stripping, 1167 
Stroboscope, 2086 
Strong Scott pulverizer, 1964
Structural carbon, properties of, 2158 

makers of, 2159
Structural graphite, makers of, 2159 

properties of, 2158
Strychnine seeds, pulverization of, 1911 
Sturtevant, mill, 1926

rock-emery mill, 1910 
rotary crusher, 1897 

Styluses, recorder, 2018 
Subbituminous coals, classification of, 

2327
physical properties of, 2327 

Sublimation, 1471-1478 
applicability, 1471 
of benzoic acid, 1478 
of camphor, curves, 1471 
condensation in, 1475 
definition of, 1471 
design calculations, 1473 
entrainer, plant for, 1477 
fractionation and, 1475 
heat of, 637, 1475 
plants, Selden, 1476 
of pyrogallol, 1476, 1477 

Sublimation (,continued) 
of salicylic acid, flow sheet for, 1476, 

1478
simple, and entrainer sublimation, 1472 

plant for, 1476
solid-vapor equilibrium, 1477 
vapor-composition calculations (table), 

1474
Submerged spiral-type classifier, 1596 
Subtraction, 136, 173

algebraic, 173 
Suchar, process flow sheet of, 1309 
Sucrose solutions, viscosity of (table), 797 
Sugar, decolorization of, 1296—1298 

drying of, 1512
pulverization of (tables), 1915, 1916, 

1917, 1926
refineries in U.S. (chart), 2838 
refining, 1297 
solutions, viscosity of (table), 797 

Sulfates, grinding of, 1951 
Sulfite pulp, flocking of, 1916 

liquor, evaporation of, 1040 
materials of construction for, 2104 

Sulfonations, materials of construction 
for, 2104

Sulfur, chloride, materials of construction 
for, 2105

compounds in gaseous fuels, 2362 * 
dioxide, absorption in plate towers, 

1207
aqueous solution of, 396 
Coeflicient for absorption in alkali 

solution, 1188
for gas absorption in water, 1175, 

1177, 1187, 1191 
liquid, specific heat of (table), 54.4 
materials for handling, 2106 
partial pressures of, over aqueous 

solutions (table), 396 
partial pressures of H2O and SO2 over 

(table), 396 
radiation of heat from, 1018 
refrigeration by, tests (table), 2619 
saturated vapor of, properties of 

(table), 2564 
solubility in water, 1129 
specific beat of (table), 523 
superheated vapor of, properties of 

(table), 2566 
grinding of, 1931, 1937, 1938 
impurities in gaseous fuels, 2362 

Sulfuric acid, densities of aqueous 
solution of, 428 

distribution of plants in U.S., chart, 
2837

materials of construction for, 2100-2101 
partial pressure of SO3 over (table), 400 
partial pressures of its aqueous solutions 

over (table), 401
vapor pressure for (table), 398-401 

Sulfurous acid, materials of construction 
for, 2101

Sulfuryl chloride, materials of con­
struction for, 2105

Summary of thermodynamic equations, 
670

Sunstroke, first aid for, 2931 
Superheat, effect of, in pure vapor, on 

heat transfer, 990
Superheaters, 2435
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Superior-McCully crusher

Superior-McCully crusher, 1890 
Supersaturation and crystallization, 1766 
Supplementary angles, 154, 189 
Supplies in cost accounting, 2862 
Supply disturbance, 2013
Surface(s), areas of spheres, diameters, by 

fractions, 87
by hundredths, 90 

equivalents and conversion table, 106 
checking in drying, 1488 
condensers, 2480
condenser, effect of, on heat transfer, 

1073
for steam, over-all thermal resistances 

in (graph), 978
equivalents, 106
of solids, 161
tension, of common liquids (table), 778 

and drop size, 1991
Eötvös equation for, 778 
as factor in mixing, 1540

-volume relations, in centrifuges, 1819
-water temperatures, 2547 

Surroundings, radiation from, in drying, 
1481

Surveys, labor, 2839
raw materials, 2838

Suspensions, 1529, 1531, 1568-1571, 1576 
definition of, 1623 
flow of, 820
particle sizes of, 1623 

Sutherland’s constant, 792
formula (viscosity), 792 

Sutton flotation machine, 1742 
Sweetland, filter, 1669

thickener, 1640 
Swellgrip bag holder, 2306 
Swenson-Walker crystallizer, 1783 
Swindell furnace, 2804 
Swing-hammer mills, as fiberizers, 1952 
Swinging plate feeder, 2288 
Switches, diaphragm, for process control, 

2023
selector, multiple, 2065 

Symbols, algebraic, 173
mathematical, 7 
proofreaders’, 128

Symons, cone crusher (table), 1896
disk crusher (table), 1895 

Synchronous condensers, 2713 
Synchronous convertors, 2709, 2710 
Synchronous motors, 2712 
Synchroscope, 2656 
Synodic month, 125 
Synthetic resins, 2160, 2162 
Syntron, batch-weighing machine, 2050

gravimetric feeder, 2051
vibrator, 2315, 2316 

for barrels, 2316
Systems, of dehumidification, 1096 

various, of weights and measures, of 
different countries, 114

Tables, 191
Wilfley, 1726

Tabling, 1724-1728 .
Tabulations, of thermodynamic data, 6/0 
Tachometers, 2085, 2086

hand, 2085
indicating, 2085

TEMMITH

T achometers (continued) 
pneumatic, 2086

Tag Celectray, 2060
Tag-mono Duplex recorder, 2077 
Tagliabue manometer, 2041 
Tagliaferri furnace, 2807
Talc, dust, particle size of, 1850 

grinding characteristics of, 1910, 1949
Tanbark, as fuel, 2341 

grinding of, 1914 
heating value of, 2341

Tangent(s), to circle, 158, 167 
equation of, 207 

to two circles, 168
Tank construction, concrete for chemical, 

2105
Tank crystallization, 1780

of copperas, 1780
Tankage, pulverization of (table), 1914 
Tanks, computation, horizontal method 

of, 119
fire protection and, 2915 
horizontal cylindrical, 19, 120, 122 
intermittent settling, 1623 
pipes and cylindrical, 118 
presettling, centrifugal, 1828 
rectangular, 117 
storage, for oils, 2353 
vertical cylindrical, 123 
wood, makers of, 2166

Tantalum, properties of, 2097, 2129, 2140 
Tapioca, grinding of (table), 1945
Taps, corner, 851 

flange, 852 
pipe, 852 
pressure measurement, 851 
radius, 852 
vena contracta. 852

Tar(S), characteristics of, 2375
coal, as fuel, 2357 

products in U.S., 2838
from coal carbonization, 2373 
distillates, specific heats of, 2377 
in fuel gases, 2373
mist, particle size of, 1850 
oils, as fuel, 2358 
thermal conductivity of, 2377

Tartaric acid, grinding of, 1916 
Taxes in cost accounting, 2861 
Taylor, formula of, 219

volumetric pressure gage, 2030 
Tearers, 1913
Technical calculations, 715
Technical journals, abbreviations, 5 
Telemetering methods of remote indi­

cation, 2025
impulse-and-ratchet, 2025 
induction balance, 2026

Bristol type, 2026 
induction bridge, 2026 
pneumatic system, 2026 
rheostat-ammeter, 2025 
Selsyn system, 2026 
step-by-step, 2025 
Wheatstone bridge, 2025

Tellurium lead, physical properties of, 
2129, 2140

Telphers, 2206 
Telsmith, breaker, 1891 

cone crusher (table), 1896 
gyratory crusher, 1891
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Texsmith

Telsmith {continued)
jaw crusher, 1895 

Temperature(S), absolute, 617, 716 
bearing, 2509
coefficient of heat of reaction, 636 
in cold storage (table), 2620 
constant, producing and maintaining of 

(table), 479
control of, in pressure vessels, 2187 
conversion, 2052 
critical, 620, 622 
difference, log mean, 969 
distribution of, in multiple-effect evapo­

rators, 1049
drop in evaporators, 1033
and drying time, for various materials, 

1521
effect of, on distribution of solute be­

tween liquid phases, 682
on equilibrium constant, 746 

chart, 749
in filtration, 1656
on gas absorption, 1170
on mutual solubility of liquids, 677 
on reaction velocity, 690 
on solubility of gases in liquids, 677 
on solubility of solids in liquids, 679 
on ternary phase equilibrium, 1224 
on thermal conductivity of metals and 

alloys (table), 949 
on vapor pressure, 623 
variation of, on specific heat of 

nitrogen, 527
Rffective lines, in air conditioning, 1088 
energy diagram, 706, 707 
entropy diagram, 706

for ammonia, 709, 711
for carbon dioxide, 708, 711
for ethylene, 712
for hydrogen, 710
for isobutane, 708
for methane, 713
for steam, 708
for water. 707, 714 

equivalents, 108 
as factor in mixing, 1540 
pf freezing mixtures (table), 2627 
fusion, of refractories (table), 479 
inversion, 714 
measurement and control of, 2052 
regulators of, 2056 
resistance of high-chrome steels, 2147 
scales, 716, 727 
of steam, evaporator operation and, 

1051
in power generation, 2435 

surface-water, in U.S., 2547 
thermodynamic scale of, 2052 
true, of gas, calculation of, 982 
-vapor-pressure curves, 252 
wet-bulb, definition of, 1083 

Tension, hoop, 776 
interfacial, 777 
surface, 777

Terms used in bookkeeping, 2842 
balance sheet, 2847

Ternary systems and extraction (table), 
1230

Terrestrial gravity, 125

THERMODYNAMIC EQUATIONS
Territory, consumer, 2839

virgin consumer, 2838
Tests, laboratory drying, 1488
Tetragonal system, 1759
Textile bags, hand sewing of, 2307-2315
Textile fibers, hygroscopic moisture of 

(graphs), 1089
Theisen disintegrator gas washer, 1868
Theorems, binomial, 176

plane geometry, 154
solid geometry, 158
spherical geometry, 162

Therm, definition of, 104
Thermal conductivity(ies), of alloys, 

948-950
analysis, 2078
of building materials, 951
conversion factors for, 106, 948 
data, 2078
empirical estimation of, 962 
equivalents, 106 
of gases and vapors, 959 
of insulating materials, 951-954 
of liquids, 956 
of metals, 949 
of metals and alloys, 2108 
method of determining humidity, 1087 
of oil films, 2377 
of petroleum oils (table), 958 
of refrigerating brines (table), 2617 
for refrigeration insulation (table), 954 
of rubber, 953, 966 
of solutions, 2617 
of tar, 2377 
of vapors (table), 959 
of wood, 954, 966

Thermal diffusivity, 966
Thermal expansion, coefficients of 

(table), 481-486
cubical, of liquids, 485

of solids, 484
of gases (table), 486
linear, of elements, 481

of metals, 870
of miscellaneous materials, 483 

metals and alloys, 2108
Thermal instruments, 2654
Thermal metering, 867
Thermal properties of steam, 2436, 2437- 

2443
Thermal radiation, 1002
Thermionic amplifiers, 2664
Thermionic tubes, 2663, 2684 

characteristics of, 2666, 2676 
as rectifiers, 2684

Thermochemistry, 628
Thermocompressors, 1071
Thermocouple(S), 2062

base-metal, 2063
calibrating, 2064
checking, 2064 
comparison of, 2654 
composition of, 2062 
leads for, 2064 
mounting for, 2063 
noble, 2063
temperature, e.m.f. relations of, 2062 
temperature limits of, 2062

Thermodynamic equations, summary of,
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THERMODYNAMIC FUNCTIONS TRANSCENDENTAL FUNCTIONS

Thermodynamic functions, graphical rep­
resentation, 704

Thermodynamic properties of gases from 
statistical calculations, 668

Thermodynamic temperature scale, 2052 
Thermodynamics, 628-671

first law of, 629
functions of, graphical treatment of, 704 
second law of, 646 
third law of, 667

Thermoelectric pyrometers, 2062 
Thermoelectricity, 2651, 2653 
Thomas, calorimeter, 2075

meter, 2046 
Thermofor kiln, 1290 
Thermometers, bimetallic, 2053

dial, 2056 
electrical, 2057 
gas-pressure, 2056 
glass, 2053 
index, 2056 
industrial, 2053 
liquid expansion, 2055 
liquid-filled, 2055 
physical, 2053 
pressure-spring, 2055 
resistance, 2057 
standardization, fixed points for, 2054 
types of, 2053-2069 
vapor-pressure, 2055

Thermostatic control, bath fluids for, 479 
Thermostats, 1103, 2703 
Thickeners, Dorr, single-compartment, 

1625
torque, 1627 
tradition, 1629 
tray, 1628 
washing-tray, 1648

filter, 1637 
types of, 1637

Genter filter, 1638
Hardinge auto-raise, 1632 
mechanical continuous, 1625 
non-mechanical continuous, 1624 
Oliver-Borden filter, 1640 
selection of, 1636 
single-compartment, 1625 
Sweetland, 1640

Thickening, capacity, 1622 
continuous, mechanics of clarification, 

1619
in sedimentation, 1619

costs of, 1636 
mechanics of, 1622 
equipment for, 1623

Thickness, measurement of, 2086 
Third law of thermodynamics, 667 
Thixotropy, 1533-1534, 1536, 1538 

definition of, 788
Three-component systems, 1379 
Three-phase systems, electric, 2647 
Throttling, 709 
Thwing pyrometer, 2068 
Thyle density-control valve, 2071 
Thyratron tubes, 2087, 2682 
Tie lines in ternary-phase equilibrium, 

1222
Bachman plot of data for, 1229 
interpolation of data for, 1227 

Tiemann, lumber dryer of, 1509
3023

Timber, specific gravities and densities of 
(table), 453

Timbo root, grinding of, 1975 
Time, charts, 254 

control, 2027
cycle controllers, 2027 
cycle operators, 2027 
pneumatic timers, 2027 
process, control of, 2087 
time-set, 2027

lags, 2013 
measurement of, 2087 

standard time belts of U.S., 124, 125 
Timers, 2027

pneumatic, 2027
Tin, electrolytic refining of, 2785 

pipe, 905 
plating of, 2774

Tire scrap, grinding of, 1912 
Tischenko reaction, 597, 609 
Titanium dioxide, pigments, grinding of, 

1974
pulverization of, 1974 

Tobacco, drying of, 1512
favorable hygroscopic conditions for, 

1091, 1092
smoke, particle size of, 1850 
stems, grinding of, 1914

Toluene, benzene mixed with, equilibrium 
vapor-liquid compositions of, 1377

Tooth paste, reduced on Premier colloid 
mill (table), 1919

Topping unit, for petroleum distillation, 
1460

Torus, volume of, 164 
Total head tube, 836 
Tourills, absorption of HCl in, 1190 
Towers, atmospheric, 1108

bubble-cap plate, design of, 1448 
bubble-plate, reboil heat used in, cal­

culation, 1403, 1457 
rectification in, 1402 
reflux supply to, 1456

chimney, 1112, 1113 
cooling, 1108 
fan, 1114 
forced-draft, 1114 
mixer, 1543, 1566 
natural-draft, 1112, 1113 
packed, pressure drop in, 829, 833 
packing, 1197-1207 

characteristics of, 1447 
metal, 1203 
pressure drop through, 1204 
properties of, 1200 
requirements for, 1197 
types of, 1198 

plate, vapor velocity in, 1448 
rectifying, types of, 1402, 1444 
spray, 1866

for air conditioning, 1866 
temperatures in, estimation of, 1460 
velocity in vapor lines of, 1451 
withdrawing liquid from plates, 1460 

Townsend.cell, 2794 
Tractors, 2207, 2209, 2242 

data and cost of, 2243 
industrial electric, data for (table), 2243 

Tragacanth gum, grinding of (table), 1926 
Trailers, 2207, 2242 , ™
Transcendental functions, calculus, 229



TRANSFER LAG

Transfer lag, 2013, 2015
Transformer(S), 2703 

auto, 2704 
constant-current, 2705 
cost of, 2705 
instrument, 2705 
oil, reduction of acidity of, with acti­

vated alumina, 1328
Transition,*heat  of, 637 

points, of hydrates, 480
Translation velocities, and crystallization, 

1772
Transmission of power, 2494-2524
Transparent attritus, 2332
Transportation, lake, 2840 

ocean, 2840 
as plant location factor, 2835 
river, 2840

Trapezoid, 157
Trapezoidal rule for areas, 235
Traps, in power plant, 2480
Traveling cranes, 2206, 2239
!'raveling mixer, 1546, 1567
Traverse, for mean velocity, 839
Tray conveyors, 2228
Tray dryer, Gordon, 1510 

elevators, 2202 
vacuum, 1513

Traylor, crushers, 1890, 1891
rod mill, 1908
rolls, 1899

Trend method, balance-sheet analysis, 
2849

Trial balances, 2844
Triangle(S), congruent, 156 

construction in circle, 167, 168 
eqiiilateral, 155 
oblique, solution of, 196 
plane, 155

solution of (trigonometry), 194-198 
polar, 163 
right, 155 
similar, 156 
spherical, 163

Triangular diagrams, in extraction, 1220- 
1226, 1231, 1234, 1236, 1239

Triangular graph paper, 254 
Tributary industries, 2832 
Trichloromonofluoromethane, saturated 

vapor of, properties of (table), 2586 
superheated vapor of, properties of 

(table), 2587
Triclinic system, 1759
Triethanolamine solutions, solubility of 

CO2 in, 1133
Trigonal system, 1759
Trigonometric functions, 189 

approximations of, 194 
by curves, 212 
hyperbolic, 202 
and logarithms, 38 
by slide rule, 151

Trigonometric series, algebra, 177 
Trigonometric tables, 191
Trigonometry, 189-204

plane, 189
spherical, 198

Trilinear graph paper, 254 
Tripoli, granulation of, 1949 
Triturator, Day, 1908

TURBINe(S)
Trolley(s), chain, data for (table), 2229 

steel-plate, data for (table), 2237 
systems, 2205

Trommels, 1708-1711 
clearance dimensions of (table), 1709

Tropical year, 124 
Trouton’s rule, 638, 735
Troy units, conversion into metric system 

(table), 2737
Troy weights and measures (table), 113 
Truck(s), classification of, 2207 

electric, data and cost of, 2242 
industrial, data for (table), 2241, 2242 

operating charges for (table), 2244 
hand, data and cost of, 2241 
hand-operated, 2207 

data for (table), 2241
lift, 2241 
power-operated, 2208 
types of, 2207

Truck-dryer costs, 1511 
Trumpet-shaped entrance, 823
Tube(s), banks, heat transfer to fluids 

flowing across, 981, 984 
pressure drop across, 826

flow in, 803 
alignment chart, 805 

gaseous, discharge, 2682 
grid glow, 2087 
impact, 836 
mills, 1902 
Pitot, 836, 2045 
short, 856 
static, 834 
thermionic, 2663 

as rectifiers, 2684 
Thyratron, 2087

Tubing, 869 (see also Pipe) 
aluminum, 895 
bimetallic, 906 
condenser, 896 
copper and copper alloys, 896 
copper water, 896 
glass, 913 

bursting tests of, 2179 
heat exchanger, 896 
laminated phenolic, 919 
Lucite, 916 
nickel and nickel alloy, 905 
non-metallic, 907 
seamless, dimensions (table), 897 
steel, 877 
tin, 905

Tubular air preheaters, 2447 
Tumbling barrel, 1556, 1572, 1574 
Tungar tube, 2684
Tungsten, physical properties of, 2140 

steels, S.A.E. numbers and analyses, 
2147

Tunnel dryer, 1508
Turbidimeter, use in cement analysis, 1960 
Turbine(s), meter, 868, 2047

mixer, 1553, 1554, 1563, 1567 
oil specification, 2462 
steam, 2458

efficiency of (table), 2461
governing of, 2462
impulse type of, 2470
lubrication of, 2460
oil specifications for (table), 2462
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TURBINE(S) VAPOR(S)

Turbine(S), steam (continued)
output of, with multistage feed-water 

heating (table), 2474
reaction type of, 2470 
steam consumption of, 2459 
types of, 2458

water, 2469
impulse type of, 2470 
reaction type of, 2470 
water wheels in, 2470 

Turbo-compressors, 2487 
centrifugal, 2270

Turbo-disperser, 1555, 1564 
Turbo-dryer, vertical, 1511
Turbo-gas absorber, 1555, 1565, 1566 
Turbo-mixer, 1555
Turbulence, 800 

mixer, 1542, 1563
Turbulent motion, in centrifugation, 1812 
Twaddell, degrees, oB6, lb./gal., lb./cu ft., 

sp. gr., 93
Twill fabrics, in filtration, 1659 
Twin-roll drum dryer, 1498 
Tying wire, of bags, 2307 
Tyler, Niagara screen, 1712

S-bends, 1197 
standard screen-scale sieve, 1718 

dimensions of, 1719
Ty-Rock screen, 1712

ŋehling C O2 analyzer, 2077 
Ullmann reaction, 609
Ulmins, in coal, 2331 
Ultimate analysis of coal, 2329, 2330 
Ultramarine, grinding of (table), 1916 
Umbers, grinding of (table), 1910, 1950, 

1951
Unaflow engine, 2455 
Undercut-gate feeder, 2286
Underwood, charts for graphical extrac­

tion calculations, 1245-1247
Unidan mill, 1903 
Uni-Kom mill, 1903
Unimolecular reactions, at constant 

volume, 685
gases, at constant pressure, 686 

Union Special bag-closing machinery and 
sewing heads, 2308

Unit air conditioners, 1098-1103
Unit costs of production in U.S. cities, 

2839
Unit pulverizers for coal, cost vs. capacity, 

2337
United States, cities, cost of production in. 

2839
colloid mill, 1919 
liquid volume equivalents, 102 
production, of alkali, 2837

of coal-tar products, 2838
of coke, 2838
of fertilizer, 2837
of iron ore, 2837
of salt, 2837
of sugar, 2838
of sulfuric acid, 2837 

sieve series, 1720 
standard time belts, 125 
Weather Bureau, weather data, 126 

Units, conversion of, 717
electric and magnetic, 2641

Units (continued)
of energy, 629
heat, types of, 717 
latent heat, 718 
selection of, in stoichiometry, 716 
standard, of formation and combustion, 

718
Univariant system, 673, 675
Universal crusher, 1894 
Unsteady-state heating and cooling, 896 
U-tube, 780

closed, 781 
differential, 781 
inclined, 783 
inverted differential, 781 
two-fluid, 784

V-belt drive, 2516
V-bucket carriers, data on, 2231 
Vacuum, control, 2027 

comparison with liquid-cooled, 1793 
crystallizer, 1786 
filters, 1664

continuous, 1664, 1673
intermittent, 1664, 1672 

multi-vane separation, 1922 
optimum, in evaporation, 1052 
pump, displacement of, 1076

in filtration, 1694, 1696
tray dryer, 1513
use of, in evaporation, 1052

VaUey filter, 1670, 1671
Valve(s), 935

air pilot, 2019
bag packers, 2301, 2302 
balanced, 2022 
butterfly, 2022 
characteristics of control, 2023 
diaphragm, 2023 
electrolytic, 2751 
globe, 2022
liigh-pressure, 2176-2179

check valve, 2178
for high temperatures, 2177 
magnetic control, 2179
Mathieson Alkali, 2178
plate, 2184 

materials for, 936, 2479 
motor, 2024

throttling, 2025 
in power plant, 2479 
sleeve, bags, 2307 
solenoid, 2024 
V-port, 2022 
Vol-U-Meter, 2320

Van der Waal’s equation, 618, 755
Van Stone joints, 922
Vane anemometer, 838
Vane meter, 868
Vanilla beans, pulverization of, 1911 
Vanners, 1727
Vap0r(3), condensation of, in presence of

non-condensable gas, 990 
constants for (table), 2378 
densities, of coal-tar fractions, 2376 
heats of combustion of (table), 2381 
inflammability of (tables), 2398, 2399, 

2401
liquids and, equilibrium relations of,

1359
3025



VAPOR(S)
Vapor(s) (continued) 

mixture of calculation of dewpoint, 
1394,1398

movement of, 2265 
pressure of, 368-406

of aqua ammonia (table), 2544
of aqueous solutions of commercial 

acids (tables), 394-403 
acetic acid (table), 403 
ammonia (table), 404-407 
hydrobromic acid (table), 403 
hydriodic acid (table), 403 
hydrochloric acid (table), 394-395 
nitric acid (table), 401-402 
phosphoric acid (table), 397 
sulfuric acid (table), 398-401 
sulfurous acid (table), 396 

definition of, 1341 
effect of external pressure on, 625 
estimation of, 625
of ether, from sulfuric acid solutions, 

1132
of II2S, from diethanolamine solu­

tions, 1134
from triethanolamine solutions, 

1134
high, of inorganic compounds (table), 

374-376
of organic compounds (table), 

384-389
of ice (table), 390
of liquid mixtures, 679
of liquids, 623

effect of temperature on, 623 
graphs, 1342

low, of inorganic compounds (table), 
368-373

of organic compounds (table), 377- 
383

lower aliphatic hydrocarbons (chart), 
1344

plots of use of, 1344 
saturated, heat capacity of, 634 
of solids, 624 
temperature curves, 252 

pure, condensation of, 988 
effect of superheat in, 990 

saturated, heat capacity of, 634 
specific heats of, petroleum, 1351 
thermal conductivity of (table), 959 
velocities, in packed towers, 1448 

in plate towers, 1448 
in vapor lines, 1451

of water, liquid (table), 390-392 
Va>porization, continuous equilibrium, 

1393-1399
calculations of, 1394—1399

of petroleum fractions, 1337 
efficiency in steam distillation, 1391 
estimation of heats of, 638 
flash, 1394 
heat of, 637 
latent heats of, 1352

of coal-tar fractions, 2376
of elements and inorganic compounds, 

496-509
of organic compounds, 509-514 
of sulfuric acids, 398

fuming, 400 
methods of, 1381 
molar entropies of, 1346

VISC 0SITY(ILS)
Vaporization, (continued)

of solvent from solution, 640 
successive flash, 1394

Variable-speed mechanisms, 2515
Variation, of entropy with pressure, vol­

ume, and temperature, 649
of free energy with pressure and temper­

ature, 651
of heat of reaction with temperature, 

636
Varnish colors, grinding of, 1978, 1980 
Varteressian (and Fenske), methods of 

calculating solvent extraction, 1233, 
1234, 1237, 1239-1242 ⅞

Vector representation, 2646
Vegetable oils, refining, 1308 

and centrifuges, 1840
Vegetables, pulverizing of, 1917, 1942, 

1946
Velocity, acoustic, 798 

of air, in drying, 1482 
of approach, 844 
critical (fluids), 800 
-distance lags, 2013 
distribution of, for circular cross-section

- streamline flow, 818 
equivalents and conversion table, 101 
of light., 128 
linear (fluids), 798 
local, 836 
mass (definition), 798 
measurement of, 2085 
of reaction (see Reaction) 
traverse for mean, 839

Vena contracta, 843 
location of, 2038 
taps for, 852

Ventilating, and air conditioning, summer 
and winter loads for, 1107

safety measures in construction of, 2884 
Venturi, meter, 842, 855

working formulas, 847 
tube, 843, 2044

φ coefficients of discharge, 855 
Verigraph, weight regulator, 2086 
Vernal equinox, 124 
Vertical-beater mill, 1917 
Vertical cylindrical tanks, volumes, 123 
Vessels, for high pressures, reaction, 

closures for, 2181
Vibrating conveyors, 2203 
Vibrating feeder, 2289
Vibrators, for packaging equipment, 2316

Syntron, 2315, 2316
Vibrox, 2317

Vibrox, barrel agitator, 2317
packer, 2317 

Victaulic coupling, 922 
Vinyon fabric, in filtration, 1659 
Virgin consumer territory, 2838 
Viscometer(s), Engler, formula for, 790

Redwood, formula, 790
Saybolt, formula, 790 
types of, 2074

Viscose rayon, hygroscopic moisture of
(graphs), 1089 

Viscosimetei- (see Ulso Viscometer)
Stormer, 1535, 1536, 1538, 1539 

Viscosity(ies), absolute, 788
apparent, 1536
Bradley-Osbourne controller for, 2075
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Viscosity(XES) watek

Viscosity(ies) (continued) 
of coke-oven tars, 2374 
conversion of units for, 789 
conversion chart, 1534 
definition of units, 789 
definitions of, 788, 1533 
dimensions of, 789 
and drop size, 1991 
of gases (alignment chart), 790-791 

effect of pressure, 792 
effect of temperature, 792 
Sutherland’s formula, 792 

index to data in “International Critical 
i, . Tables," 789

kinematic, 790 
of liquids (alignment chart), 794-795 

application of Dühring rule, 796 
effect of pressure, 798 
generalized function of temperature, 

796
measurement and control of, 2074 
of mixtures, 1532-1534, 1537, 1539, 

1563, 1564, 1569, 1571 
of oils, 2345, 2346 
of refrigerating solutions (table), 2616 
relative, 789 
specific, 789 
of steam (table), 793 
of sucrose solutions (table), 797 
of various materials, 1537 
of water, Bingham’s formula, 797 

table, 797
Viscous flow (see also Streamline, flow) 

heat transfer to liquids in, 978
Viscous mixtures, 1563, 1564, 1569, 1571 
Viscous resistance, in centrifugation, 1813 
Vitrain, 2332
Vitreosil absorption equipment, 1197 
Volatility, 1380 

relative, 1380
Volt, box, 2658 

definition of, 2640, 2723
Volt-amperes, apparent power, 2642 

definition of, 2642 
reactive, 2642

Voltage, measurement of, 2082 
requirement of electrical precipitator, 

1874
Voltmeter(θ), ammeter connections, 2655 

types of, 1713
Vol-U-Meter, 2320
Volume(s), additive, 620 

calculations involving for gases, 719,755 
critical, 620, 622 
equivalents and conversion tables, 102 
humid, definition, 1516 
measure, table, 112

English system, 112 
metric system, 113 

molal, 615
of gases at 0oC and 1 atm., 487 

partial, 620 
and pressure, 704 
-pressure diagram, 704 
-pressure-temperature diagram, 704 
saturated, definition of, 1083 
of solids, 161, 162

determination by immersion, 777 
specific, of air, 2486 

definition of, 1516 
of flue gas, 2486

Volume(s), specific (continued)
of mixture, 616
of water, o0-40oC., 431

40o-100oC., 432 
below 0oC., 435 

of water vapor, 2486 
of spheres, diameter by fractions, 87 

by hundredths, 90
segments, 92

of tanks, horizontal cylindrical, 119, 
120, 122

pipes and cylindrical, 118 
rectangular, 117 
vertical cylindrical, 123 

and temperature, 704 
variation of ideal gas, with temperature, 

617
Vol-U-Meter valve, 2320
Volumetric meters, 2036

rotary, 2036 
tank, 2036

Vorce cell, 2795
Vulcanized fiber, properties of (table), 

2164

ViTagner turbidimeter, use in cement 
analysis, 1960

Wall-effect factor, 830
Wallace and Tiernan feeder, 2291
Wanner optical pyrometer, 2068
Wash oil, specific heat of, 2373
Wash water, feeders for, 1651 
Washer(s), gas, 1867

mechanical, 1866
Washing, 1598-1601 (SeeaZsoExtraction) 

calculations, 1600 
classifiers used in, 1598 
equipment used for, 1598 
of granular material, 1598

Waste heat, boilers, 2445 
performance of, 2466

recovery, 2468
Watchman service, safety and fire protec­

tion and, 2922
Water, condenser circulating pump, 2484 

cooling, for Diesel engines, 2467 
density of, 433-435 
ejectors, steam-operated (table), 2264 
evaporation of quantity (table), 1034 
film pipe electrical precipitator, 1874 
flowing inside tubes, heat transfer 

coefficients for, 977
gas-air mixtures, limits of inflamma­

bility, 2401
analyses of (table), 2365 
blue, 2359, 2366 
carbureted, 2360, 2366, 2390 

oil cracking in, 2392 
fractionation analysis, 2366 
manufacture of, 2389 
reversed air-blast process for, 2392 

heat capacity of, 525 
heat of fusion, 2625 
liquid, vapor pressure of, below 0oC. 

(table), 390 
above 0oC. (table), 391

measure (table), 113
mol percentage of, over NHa (table), 407 
Mollier diagram for, 714

3027



WATER WILFLET
Water {continued}

partial pressures of, over aqueous solu­
tions of NH3 (table), 405

over aqueous solutions of SO2 (table), 
396

as plant location factor, 2835 
purification of, by adsorption, 1306 

flow sheet, 1310
rheostats, 2685 
sampling of, 1756 
specific heat of (table), 525 
specific volume of (table), 431-435 
supplies, for fire protection, 2877 
temperature-entropy diagram for, 707, 

708
Jturbines, 2469 
vapor of, air mixed with, properties of, 

1082
coefficient for absorption in sulfuric 

acid, 1176
contents of compressed gases, 392, 

393
dissociation of, 2407, 2408 
emissivity of, 1017 
in gas, 720
heat capacities of, 2407, 2412 
pressures of, over aqueous solutions of 

ammonia, 405 
charts, 392, 393, 397 
over hydrobromic acids, 403 
over nitric acids, 401 
of phosphoric acid, 397 
of sulfur dioxide, 396 
over sulfuric acids, 401 

radiation of heat from, 1017 
specific volume of, 2486 

viscosity of, Bingham’s formula, 797 
table, 797 

wheels, types of, 2470 
impulse wheel, 2470 
reaction turbine, 2470

Watson method, for estimation of critical 
constants, 620

of latent heats of vaporization, 640, 
734

Watt (electric unit), definition of, 2641 
Wattage, measurement of, 2084 
Watthour, definition of, 2641 
Wattmeter, 2084, 2656 

connections of, 2655
“Wave-ring” pressure joint, 2174 
Waxes, grinding of, 1976 

linear expansion of, 483
Weather, conditions, for U.S. and foreign 

countries (table), 1109-1111 
data, 126

Weathering, natural, of gasoline; 1384 
Weber, on plant location, 2832
Weddle’s rule, 236 
Weighing, automatic scales, 2295-2301, 

2304, 2305
automatic into valve bags, 2301-2308 
control of, 2049 
controllers, 2049
equipment, auger packers, 2298 

automatic scales, 2296 
belt packer, 2302 
for hand weighing, 2299 
valve bag packers, 2301 

hand, into bags, 2299-2301 
into slack barrels, 2315-2317

Weighing {continued} 
liquids, 2318-2322 
meters, 2035

Cochrane, 2036
net, 2295

Weight(s), control of, 2049 
density, oBe, oTw., sp. gr. lb./gal., 

Ib./cu. ft., 93 
and masses per unit length, 106 
and measures, of different countries, 114 

English system, 112 
metric system, 113 

w table, 113
Weightometer, of Merrick, 2050 
Weir(s), 861 

broad crested, 861
Cipolletti trapezoidal, 863 
curved sharp-edged, 864 
and downspouts in distillation columns, 

1453
evaporator, heat-transfer coefficients in, 

1038 
formulas, 861 

for gases, 864
Francis formula, 862 
head measurement, 861 
inward flow, 864 
meters, 2045 
rectangular, 861 
sharp-edged, 861 
submerged, 861 
suppressed, 862 
trapezoidal, 863 
triangular, 861 
V-notch, 862 

discharge of, 2045 
Welds, types of, 2173 
Wellner-Jelinek evaporator, 1045 
Westphal balance, 2069 
“Wet” baffle chambers, 1867 
Wet-bulb method, of determining humid­

ity, 1086
Wet-bulb temperature, definition of, 

1083, 1516
Wet condenser, 1073
Wet gas meter, 865, 2036
Wet materials, grinding of, 1913 
Wetted-wall columns, gas absorption in, 

1171
Wetting, as factor in mixing, 1540 

heats of, 641
Weymouth formula, 812
Wheat, grinding of, 1910, 1942 
Wheatstone’s bridge principle, 2658 
Wheel conveyors, 2Í98, 2235 
Wheeler cell, 2795
Whippers, 1548
Whirlwind pulverizer, 1917 
White lead, 2769 

drying of, 1512 
grinding of, 1917

Whiting, classification of, 1616 
grinding of, 1616 
hammer mill, 1964 
paste, drying of, 1481

Whizzer air separation, 1920 
applied to Raymond hammer pulver­

izer, 1921
Wien’s law, 1003 
Wilfiey, tables of, 1726

3028



WILLIAMS

Williams, hammer mills, 1912
hay cutter, 1945 
impact mill, 1925

Williams and Hazen formula, 806 
Wτilliamson reaction, 609 
Wilson-Maeulen, thermocouple system of, 

2065
Window, cylindrical, for high pressures, 

2180
quartz, for high pressures, 2180 

Wire, electric, data on (table), 2689 
size of, 2689

tying, of bags, 2307
Wire and sheet-metal gages, 110
Wiring, electrical, 2688

voltage drop in, 2688 
Witch of Agnesi, 214
Wood(S), absorption of chemicals in 

(table), 2164
for chemical equipment, 2164 
distillation gas, analysis of, 2365 
flour, production of, 1937 
for fuel, data on (table), 2342 
heating of, 966 
life of, in filter presses, 1664 
linear expansion of, 483 
-lined pipe, 922
physical effects of chemicals on (table), 

2164
pipe, 921 
properties of, 2098 
pulp, grinding of, 1909 
resistance to chemicals, 2164 
shredding of, 1914
specific gravities and densities of, 453, 

2329
tanks, makers of, 2166
thermal conductivity of, 953-954

Wool, favorable hygroscopic conditions 
for, 1092

grease recovery, and centrifuges, 1840 
hygroscopic moisture of, 1089

Words, abbreviations of, 3

ZSIGMONDY’S CLASSIFICATION

Work, calculation of, in fluid flow, 800 
in grinding, 1889
and heat and energy, equivalents and 

conversion table, 104
maximum, 650 

useful, 650
Worm reduction gear units, 2513
Woulfe bottles, 1197
Wounds, first aid for, 2932
Writing, report, 2952
Wrought-iron pipe, 872
Wrought-steel pipe, 872
Wulff-Bock crystallizer, 1781
W'urtz reaction, 591, 593

^-connected, three-phase system, 2647
Yaryan evaporator, construction of, 1043, 

1045
heat-transfer coefficient in, 1039

Years, kinds of, 124

⅞zinc, bromide, densities of aqueous solu­
tions of (table), 435

chloride, densities of aqueous solutions 
of (table), 436

materials of construction for, 2105 
dust, particle size of, 1850 
electrolytic (table), 2790 
electro winning, 2789 
nitrate, densities of aqueous solutions ∙ 

of (table), 436
oxide fume, particle size of, 1850 
plating, 2773
stearate, grinding of (table), 1978 
sulfate, densities of aqueous solutions of, 

(table), 436
specific heat of (table), 537 

Zone of unsaturated surface drying, 1484 
Zone, spherical, 199
Zsigmondy’s classification of solid par­

ticles, 1623
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International Atomic Weights, 1941

Substance Sym. At.
Wt.

At.
No. Substance Sym. At. 

Wt.

Ahiminum...................... Al 26.97 13 Molvbdenum......... Mo 95.95
Antimony....................... Sb 121.76 51 N eod vmium.................. Nd 144.27
Argon............................... A 39.944 18 Neon............................... Ne 20.183
Arsenic............................ 74.91 33 Nickel............................. Ni 58.69
Barium............................ Ba 137.36 56 Nitroeen........................ N 14.008
Beryllium....................... Be 9.02 4 Osmium......................................... Os 190.2
Bismuth.......................... Bi 209.00 83 Oxygen........................... O 16.0000
Boron............................... B 10.82 5 Palladium... Pd 106.7
Bromine.......................... Br 79.916 35 Phosphorus... P 30.98
Cadmium........................ Cd 112.41 48 Platinum........................ Pt 195.23
Calcium.......................... Ca 40.08 20 Potassium .. K 39.096
Carbon............................ C 12.010 6 Praseodvmiiim . . Pr 140.92
Cerium............................. Ce 140.13 ,58 Protactiniu m......... Pa 231
Cesium............................ Cs 132.91 55 Radium................... . 226.05
Chlorine.......................... Cl 35.457 17 Radon............................. 222
Chromium...................... Cr 52.01 24 Rhenium........................ 186.31
Cobalt.............................. Co 58.94 27 R,hodium .. Rh 102.91
Columbium.................... Cb 92.91 41 Rubidium............... Rb 85.48
Copper............................ Cu 63.57 29 Ruthenium.................... 101.7
Dysprosium................... Dy 162.46 66 Samarium.................. Sm 150.43
Erbium............................ Er 167.2 68 Scandium................ Sc 45.10
Europium....................... 152.0 63 Selenium... Se 78.96
Fluorine.......... ............... F 19.00 9 Silicon........................... Si 28.06
Gadolinium.................... Gd 156.9 ∙ '64 Silver............................... 107.880
Gallium........................... Ga 69.72 31 Sodium....................... Na 22.997
Germanium.................... Ge 72.60 32 Strontium... Sr 87.63
Gold................................. Au 197.2 79 Sulfur......................... . S 32.06
Hafnium........................ Hf 178.6 72 Tantalum................ Ta 180.88
Helium............................ He 4.003 2 Tellurium . . . Te 127.61
Holmium........................ Ho 164.94 67 Terbium..................................... Tb 159.2
Hydrogen........................ H 1.0080 1 Thallium........ Tl 204.39
Indium............................ 114.76 49 Thorium.. . Th 232.12
Iodine.............................. I 126.92 53 Thulium. . . Trn 169.4
Iridium............................ Ir 193.1 77 Tin... Sn 118.70
Iron.................................. Fe 55.85 26 Titanium .. Ti 47.90
Krypton.......................... Kr 83.7 36 Tungsten... W 183.92
Lanthanum.................... 138.92 57 Uranium..................... u 238.07
Lead................................. Pb 207.21 82 Vanadium V 50.95
Lithium........................... Li 6.940 3 Xfinnn Xe 131.3
Lutecium........................ 174.99 71 Ytterbi urn Yb 173.04
Magnesium................... Mg 24.32 12 Yttrium γ 88.92
Manganese..................... Mn 54.93 25 Zinc Zn 65.38
Mercury.......................... Hg 200.61 80 Zirconium Zr 91.22

At.
No.

42
60
10
28'

7
76

8
46
15
78
19
59
91
88
86
75
45
37
44
62
21
34
14
47
11
38
16
73
52
65
81
90
69
50
22
74
92
23
54
70
39
30
40
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