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DRYING

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, /nd. 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 tha
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 SOLIDSI

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, /nd. Eng. Chem., 13,427 (1921). Sherwood, /nd. Eng. Chem., 21, 12 (1929);
21, 976 (1929); 22,7132 (1930); 24, 307, (1932).
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THE DRYING OF SOLIDS 1481
Bur’sc”p,ra’zafi)@''zAtlOn is suPPlibd only by conduction through the same

wet-b,ilh + m '“rou,dl which the vapor diffuses, the surface assumes the
such as hvern"0r#'ure °f aze a'r' Where heat is supplied in other ways,
solid the la.larlOn' Or by conduction from adjoining dry surfaces of the
and the 1>+8ur i tcniPerature is higher than the wet-bulb temperature,
times of - e © trtang 1s increased. An initial adjustment period is some-
th eaut———nce' during which the wet material is warmed or cooled to
Best tewnperatur<! which is to prevail in the constant rate period,
a hot sol'H rmanatlori through Dry Surfaces. Heat flow from air or from
solid to th t° anj°lnwn’% dry surfaces and thence by conduction through the
tant f, + e surfaces may frequently be an unsuspected but very impor-
Period ° a€ctln= the rate of drying, particularly in the constant rate
faces of V ke CaSe Or1 a block or slab of material, for example, one or more
these ' I'V. - arf covered or otherwise waterproofed, the heat inflow through
i 0 iils IncreaseS the temperature of evaporation of the water and so
meiearses the rate of drying.
arafUS fit/uO ®ase  a sma” O1ab 01 whiting paste having covered edges and
rate 1° ° 0ds0  Wettediace area of 1.6, the rate of drying in the constant
sam "0110a yas [Ourid to be 70 per cent greater than that for a thin slab of the
Chem 1ai 097 (10010 "6 “ry 0d3z0 area was n0”iigible [Sherwood, /nd. Eng.

wa™1arr ‘rom Surroundings. Radiant heat from surroundings
ine 1tlar mrrri *10 we”kulb temperature of the air has a similar effect in increas-
Ib I''r so. .emPerature and consequently increasing the rate of drying,
¢gr I lon is important in practical drying problems because, in a heated
mJ?-1" ma“eria® subject to radiation from steam coils or from other heating

lums 1s found to dry appreciably faster than where surrounded by other
of | materialr Furthermore, radiant heat may be used to increase the rate

Thying an” conse<luently to improve the capacity of a given dryer.
e rate of drying as pounds per hour, from a wet surface of 4 sq. ft., may
e expressed approximately by the equation

2% = KA(Hi — Ha) o)

' Ysie 18 the absolute humidity of the air, /s 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 reia-
ion he/K = s [Lewis, Trans. A.S.M.E., 44, 325 (1922); although this relation
1s now known to have no theoretical basis,! it is found experimentally to hold
Ieasonably well for water vapor in air] and making a heat balance, one obtains

ﬁg(I-I, — Ha) = (Ta — Ty +%C(I'1 -73) (2)
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.uAoF.) (Ib. dry air) =
Ca + CwHa.

where Ca = specific heat of dry air.
Cw = specific heat of water vapor.
Tcar— temperature of air, oF. abs.
7u = temperature solid surface, oF. abs.

1 Mech. Eng., 66, 567 (1933).
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Tr — temperature of surroundings, OF. abs.

P = black-body coefficient of the solid surface (see pp. 1002 to 1029)-
¢ = radiation constant = 1.72 X 10-9.

7% = surface coefficient of heat flow, B.t.u./(hr.)(sq. ft.)(oF.).

Since the rate of drying is proportional to the product ic(Hr — Ha), the
above equation, combined with the relation between H, and 73 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 1040F., having a humidity %0 of 0.017. In the absence of radia-
tion, the sheet will assume the wét-bulb temperature of 80.60F. Now assume that the
wet material is Surroundedby a radiant heater the surface of which is at 3740F. (834°F.
abs.) and let p = 0.9 and /ic = 4.4. B.t.u./(hr.) (sq. ft.) (0F.). The latent heat », will
be in the vicinity of 1060 B.t.u. per Ib. The above equation may then be written:

(H. — 0.017) = (564 — 7.) +P-9.x 172 x 10"1(834> — Ti)
u.z4o 4.4
which may be solved by referring to the saturation curve on the. humidity chart for the
relation between 75 and Hs. The solution is /7, — 0.048, and 75 = 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)« 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; p 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 "Wkle8 arf n°* exact/sr Proportional (ps is the vapor pressure of the
vano d tl. e surdce temperature, and pa is the partial pressure of water
rate 1 fiud - aw,Ae-, 110 vaP°r pressure of water at the dewpoint). Thus the
whewO’ ryiJlgv*n ~nf con=tant rate period may be accurately controlled,
the s Onrri ' Oy cOntrolling the air humidity. It should be noted that in
1one a~°0> A c’nstant rate period the rate of drying remains constant only as
of fl S1 e3 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

Dry Bulb TemperoifureloF
FIG. 1. Rate of drying in the constant rate period. [Shepherd, Hadlockl and Brewerl
Ind. Eng. Chem., 30, 388 (1938).]

oI arranges 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
A apotization 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
1adiation 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 water'
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 diffa"
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 10
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 af
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 femoval
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 relatiOn
between water content and time has been derived and expressed in an infinit0
series for £ in terms of T, where E is the ratio of free (total minus equilibrium)
moisture at time 6 to the initial free moisture, and z 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 £ and 7 as given by this theoretical
relation, are as follows:

z 0.02 005 0.10 0.15 020 030 050 1.00
E 084 075 0.642 0.563 0.496 0.387 0.236 0.069

This relation is of value in the analysis and extrapolation (preferably dome
graphically) of drying data over the range where internal liquid diffusian
controls. The corresponding relations for various other shapes are give#
by Newman /[Trans. Am. Inst. Chem. Engrs., 27, 310 (1931)].
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SIDeef? In order to compare experimental data with the theoretical curve, a

F P 1 rue PaPer may be constructed, using a uniform z scale, but so changing the
scale as to force the thepvetical rolation. 8 ? ging

™ e a ifra’shl line. With this special
LiPer'. since tre 7' scale is uniform, data
» ow’ng the theoretical relation will fall
a§ Sstrai’st line when plotted as £ vs. 7,

infT-fZ2?22 °p.as Evs-0 By compar- Oiickness
wifk+1<0 10 tion of such a straightline K;gz g::

J £~ °f the theoretical line, the val-
0 A may be calculated directly.

8|anguie shows data obtained on two

*0s of poplar wood respectively 1.27
PPland-1'90 cm- thick- Plotted as £ vs.
> 1 oising the special plotting paper
forcrited-  Arbitrarily taking the point
07P2cOlEparison at E = °-60' where

If . A, 2, and the theoretical value
Of T 1s 0.126, WC have

T=0-126 = — = 3.72 X 3600 X K
n;

(irsnce A° ~ 9'4 X 10 § m C-g'S. units

sarams °f water diffusing per second per

aru”le centi[ Jieter per unit concentration

wja lent: per ceOtiineter thickness,

ere the concentrations are expressed
! xp 0:7%%? InHours ; R-Halfslutb Thickness inCm.*

or v%z';u:lvsoo(af)water per cubic centimeter E-Ratio of Free Water at TimeQto initial Free
: Water

1t is important to notice that Fi1G. 2.—Use of special ordinate scale in
.1 ~ese conditions the time of plotting drying data illustrated by data on

0,
o drying poplar wood slabs.

0 yutg 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
I eli'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}<Un water content. Radiationand
conduction of heat from the sur-
0Undings have little effect, except in
1aising 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
1ate 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 g 3.—Examples of rate-of-drying curves.
Ouds to retreat from the surface.
L his probably takes place only in porous or fibrous solids, such as pulp; and
1ot in colloidal 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 4, 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. 1In the first test, £ = 0.40 after 320 min. From the theoretical relation

between £ and 1, 7 = 0.285. In the second case, £ = (5.2 — 1.5)/(17.2 — 1.5) =
0.236, whencet = 0.50. The time for the falling rate period is therefore (0.50/0.285)320
1= 561 min., and for the constant rate period 650 — 561 = 89 min. At 2.6 per cent
water, £ = (2.6 — 1.5)/(17.2 — 1.5) = 0.07 and the corresponding value of 7 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
we — WaB
; (7 ) _ k6 w

g Wy
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njay be used. W 10 the water content (dry basis) at any time 6 after the start
tne tailing rate period, WE is the equilibrium water content, Wt the critical
tin and 's a constant. This equation is based on the assump-
f E &\t t° rate of drying ul the iaming 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, Wt is replaced by TP0, and 6
e ers to the total time from the start of the drying.
A certain material is dried to 10 per eent water in 5 hr., the initial mois-
5 De c°ntOnt aBms 20 per eent, and the equilibrium or hygroscopic moisture content is
A T 'ent' All moisture contents given are expressed as per cent of the dry weight.

Bit-  1™8: 0 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 <-0 — 5) _
K (10 —5 — &5

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

log -fc ~  =10.0955 XS

whence the time required = p = 7.31 hr.
d 'cample 8 A very wet solid is dried from 36 to 8 per cent water under constant
to—3d conditions, the time required being 5 hr. How long would be required to dry
0.5 per cent water under the same drying conditions? The critical moisture is 14
nr cent and the equilibrium moisture 4 per cent (all water contents expressed on the

ar5f basis).
Solution. The assumption that the rate of drying is directly proportional to the free

ater content may be expressed
-W -4
On integration this becomes

logp = kOr = 2.3 Togl) € 4-" 4>
(W — WE) aT — 4)
'vhich is assumed to apply to the falling rate period, OF being the time of drying in the
ailing rate period. The time in the constant rate period may be written

fe ~ fwe ~ Wo — <36 ~ I4>
kOWe — WE) k(14 — 4)

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

dPF
W(constant rate period) = -A(W) — 4) = —;(14 — 4)

adding the time for the two periods,

Total time =5 = 0F + 6c = & loek —1 (36 — 14)
S -4J *(14 — 4)

whence k£ = 0.624, §? = 1.47, and 0c = 3.53.
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To dry to 5.5 per cent water, 0 = 3.53.

oF og U4 =9 _303pr.
(5.5 — 4)

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 the
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 somo'
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 coi%%
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

@u suriOnnded by other similar material and not subject to radiant heat,
ese precautions are particularly important because errors made are in

is 0 dmrfetion: the tests tend to indicate a greater rate of drying than
actually attained under plant conditions.

sh +mu Cail 100 regarding the general mechanism of the drying of

Iweflimateriais by "w® simple “esss These are (a) the drying of one and

'? thicknesses of the material in still air under constant drying conditions;
a'lc ¢, -lile drying 01 a single thickness of the material in a blast of air having
rtfU kient velocitSr to evaporate the water from the surface at a greater
ar 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 11 A8t o, “110 sarnPles should be suspended in a laboratory cabinet main-
tained at constant temperature and constant humidity. They are then
offth a 1a 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
met and on which the sample to be weighed may be hung. The weighings

k0 made quite accurately, since the rate of drying is calculated from

e difference between two successive weights. The samples are finally

u0d 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. Ifsurface evaporation is controlling throughout
1e 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, . 00 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.
-ime, 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
t0 the surface. The sample is held in a stream of air flowing at 30 ft. per
30c. (or more) and weighed frequently, at short intervals of time. For
exawple, 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,
A 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
0f 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.
1n 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 countercurrent, 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
1or 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
2 rate of drying is also proportional to the 0.8 power of the air velocity,
1ohen 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
awr 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
§<>me cases may be throughout the whole of the drying process, it is con-
80quently 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
80rves 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: (a) 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
pr 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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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 |“'A%'/8%-"- —_\ e

end of the dryer- -~/Tru5 FJ;IF “A I '/ Truck f| Truck.

However, when the sys-

tem of recirculating — |-|
part of the waste air and 1/821/81/8 BT

mixing it with fresh air H 1 | " h I ‘ | B | J
is employed, the hu- /o /
midity gradient through TL= - IIZl' .

the dryer is from that of
the mixed feed at one end
to that of the waste at

the other end; when us- Coits.
ing similar amounts of
fresh air, the average
hljlmldlty in the dryer Court&sy of Procfor & SehwarfzjInc.
will therefore be greater . .

. . Fic. 4—Two-track tunnel dryer showing cross circula-
than when recirculation tion within the dryer.

within the dryer is em-

ployed. This may be of no great importance when drying at 1500 to
2000F., 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 %% 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 1700 and 700F., respectively. Assume that the surface
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(sq. ft.) (oF. difference in temperature between inside surface and outside air)

r=A+
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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

2.0 x 70.05
bmoe the temperature drop is proportional to resistance, the drop through

the inner-surface air film is a'®éai® ,—— — 24.50, and the inner-surface
s 2.04
emperature is 1700 — 24.50 — 145.5°F. The maximum safe dewpoint of

0 waste air is consequently 145.50F., and the corresponding maximum
solute humidity of the waste air is 0.181 1b. water per pound of bone-dry

AELA

+A = 2.04
<127°T 2.0

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.

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

4-in. Brick wall

4-in. Concrete wall
7s-in. T. & G. sheathing.

7-in. T. & G. sheathing and sheet steel

Sheet steel, ¥4-in. air cell, sheet steel
Sheet steel, 1-in. improved Asbestocel sheets, sheet steel
Sheet steel, 12-in. improved Asbestocel sheets, sheet steel
Sheet steel, 2-in. improved Asbestocel sheets, sheet steel
Y-in. Transite 2-in. improved Asbestocel sheets, sheet steel
%-in. T. & G. sheathing, builder’s paper, 4-in. air space, builder’s
paper, Ys-in. Transite on 2 % 4-in. studs.
Type A, Special Johns-Manville Special Built-Up.
Type Bt Special Johns-Manville Special Built-Up..

Type C, Special Johns-Manville Special 2-in. panel construction. . .
Transite encased insulating board, %4 in

Transite encased insulating board, 1 in

Johns-Manville Standard lumber dry-kiln housing.............ueennen.
Oven Walls:
Sheet steel, 6-in. 85 % magnesia, 's-in. Transite (temp, diff.
4500F.) '
Sheet steel, 6-in. 85% magnesia, “4-in. Transite (temp, diff.
3500F.)
Sheet steel, 6-in. 85% magnesia, 's-in. Transite (temp, diff.
2500F.)
Sheet steel, 4-in. 85% magnesia, '3-in. Transite (temp, diff.
4500F.).
Sheet steel, 4-in. 85% magnesia, “4-in. Transite (temp, diff.
3500F.).
Sheet steel, 4-in. 85 % magnesia, 7s-in. Transite (temp, diff.
2500F.).
Sheet steel, 2-in. 85% magnesia, 's-in. Transite (temp, diff.
4500F.).
Sheet steel, 2-in. 85% magnesia, 4-in. Transite (temp, diff.
3500F.)
Sheet steel, 2-in. 85% magnesia, “4-in. Transite (temp, diff.
2500F.).

* Courtesy Johns-Manville Corporation.

0.77
0.94
0.73
0.72
0.63
0.44
0.32
0.25
0.25

0.38
0.11
0.22
0.24
0.55
0.32
0.069
0.084
0.082
0.080
0.124
0.121
0.117
0.234
0.228

0.221
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total heat consumption may be divided as follows: (o) 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 e

not subject to variation. -
Furthermore, operation at a

lower temperature usually .

results in an increased heat

loss as sensible heat in the y
waste air, and no net saving 1 SOK, Saturvrte
is accomplished. The heat /8' at7Lv>r
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 Temperature of Saturated Air Leaving-Oeg. F
between 1000 and 1100 B.t.u. Sensible-heat loss in waste air as a function
per lb. water evaporated, the of the waste-air temperature.

““theoretical” heat require-
ment, using low-temperature steam, is in the vicinity of 1.1 1b. 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 | gives values of this coefficient H, as B.t.u./(hr.)(sq. ft.)(oF.),
for a number of typical constructions. The coefficient / 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 %-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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Oat loss. For a given percentage saturation, the absolute humidity increases
as ,er with temperature than does the temperature rise above the fresh-air
t 7kOrature’ 1mnd sensible-heat loss, which is dlrectly proportlonal
o the temperature rise and inversely proportlonal 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— e of the air passing through the dryer; under such conditions the
Ousimi0-n0at 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
© 1 atOr evaporated plotted vs. the temperature of the waste air, for various
conditions of the fresh air entering at 700F. Even in the case of the bone-
1Y 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.
1110 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
sOnsible-heat loss varies approximately inversely as the percentage saturation,
aPproachmg a minimum as the humidity approaches saturation.
1t is important that the sensible-heat loss be calculated above the outdoor
air 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
Eﬁme of the heating be done by the ventilating system, or by radiators in
e 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,
vthen the dewpoint of the waste humid air is high, and the temperature
of the fresh air is IcAv, 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
m connection with a 60-ton sulfite pulp dryer. The fresh-air temperature
varied from 130 to 740F., the waste air from the dryer from 990 to 1280oF.,
and the amount of waste air handled from 203,000 to 236,000 1b. (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 130F.
to 80,000 B.t.u. per hr. when the fresh air was at 740F. The corresponding



1496 DRYING

temperatures oi the entering air after passing through the economizer were
710F. when the fresh air was at 130, and IOlo when the fresh air entered
at 740F. It may be seen that the amount of condensation varied in such a
way as to maintain the air feed to the dryer between 710 and 1010F., although
the fresh-air temperature varied over a 6lo range, i.e., from 130 to 740F.
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
Reve., 20, 201 (1928). Bowen, Ind. Eng. Chem., 30, 1001 (1938). Fogler
and Kleinschmidt, /nd. 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; ecasily 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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inrfYsap matfiials ?ut Is oi particular importance in the food and beverage
tries and for the drying of fruit juices to produce soluble powders.
the 110 'mp® kant! fiteps In the spray-drying process are the atomization of
tvi»» 1 ' t'le cry'"k Process, and the recovery of the product. Several
nm»«  © sprays may be used, (1) a centrifugal bowl or disk atomizer, (2) a
the lure’type ,nozzle, or (3) a two-fluid or atomizing nozzle. In general
den» 8t i°rm hollow spherical particles and the third forms irregular
d 7 partlcleal but auy type may produce a product of varying form and
tie sity dependInS on atomizer design and operation and the physical proper-

s and moisture content of the feed. The centrifugal type of atomizer is
in<l 0 +k°’mm°®n slnce It 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
sk 1s 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
0 edge of the disk. The pressure-type nozzle, usually of the spin-chamber
ype, operates under pressures of 100 to 2,000 1b. 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
Iqurd under low velocity is delivered to the nozzle and there atomized by
an impinging stream of air at pressures up to 100 1b. 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
Occause 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. Ifthe 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
air or gases may range from 2000 to 12000F. 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
1t 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
1uto 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
I~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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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 Ib. 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 8000 to 12000F. 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 2000
to 12000F., 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 (3000F. 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
Progiuctlon since they_do not perform well FiGo 6.—Twin-roll drum dryer with
n s1zes below S.ft' diameter. Space_ TC center feed. (Courtesy Buffalo Foundry
quirements and investment costare high. ;14 Machine Co.)

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 latteris 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
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so that the heating surface is materially increased. Pastes are forced into the
orooves 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
Torizontal conveying screen dryer (Aeroform dryer).

Various methods of feeding drum dryers are employed. In the ““pan”
Oed 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

Tocirculated through pipes past the roll surface. These methods are chiefly
used with single-drum dryers. With double- and twin-drum dryers the
1Quid 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
Only 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 1b. 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 | 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 | to 3 1b.
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 1b.
water per hour per square foot for low-moisture materials carried nearly to
their equilibrium moisture content. Pan dryers are generally loaded to |
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 Ib. steam per pound water evaporated
for high-moisture materials; and for screw conveyor dryers, 1.5 to 2.5 Ib.
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.
The 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 1b. per Ib. water evaporated; and the power used for the agitator,
0.31 hp. per 100 1b. of wet charge.

% water, wet basis
. Charge, Lb. water
Material 1b. evaporated
Initial Final

Minutes

Goal
Sawdust.

Oypsum..

I>T LAY ..vvrsrrsssssssssssssssssssssssssssssssssssssss s
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, /nd. 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
countercurrent 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, 1737t (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. Countercurrent 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
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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 countercurrent 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, /nd. 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 10
Indirect-direct (double-shell) 1.35
Indirect (hot gases) 0.7
Indirect (steam tube). 3.0
Roto-Louvre 1'0

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
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no ™ in™d3 as b 82 P°wer °f the mass velocity of the air (expressed as
vi>iln7% pbl 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.

High temp, Low temp,
Dryer (direct-firing), (steam-heated

% air), %
Direct rotary... 55-75 30-55
Indirect-direct (double shell) 75-85
1otally indirect (hot gases) 50-60
1otally indirect (steam tube).. . 75-85
Koto-Louvre. 60-80

The 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 1b. 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.

in the operation of a rotary dryer the following points are worth consider-
mifft 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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ic of contact of the sheet with the drum is considerably more than a semi-
trrc 0 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
noency of the paper to shrink as it dries stretches the sheet and may cause
yuJury 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
ylea* sPeBd of the sheet as it shrinks and so to overcome this difficulty.
. 0 fi'amework supporting the drive and drum bearings is usually covered
tN a hood from which the humid waste air is exhausted to a stack or moni-
ps on the roof. Condensation on the cool ceiling and consequent drip on to

0 s100t is thus prevented.

Table 3. Operating Costs for Rotary PBryers

Single-shell Single-shell Double-shell

type, air type, direct  type, Indirect
heated heat heat
Data
AimnoniiHn Stone Kaolin
sulfate
-ghal moisture, ¢
1.63 48 24
== 0.16 0.3
Steam coils ou Coal
8=Svs.Ir 3.75 21 5.5
‘/swe_r,hl" I 4 xlgo ft. 5 ><1730 ft. 801n.4;<50ft.
Manufacturer’s price $4700 $3200 $16.500
~ron cost (including foundations, reducers, motors,
$1210 $1490 $2280
FnB"' 8team or fuel, per hr. $0.354 $2.70 $0.85
L°k!" °f,p°wer per hr. $0.18 5S0.357 $1.03
poBor charged to dryer, per hr. $0.25 $0.30 $0.55
TotTa"e” rfpahf cos*' Per hr. $0.045 $0.021 $0.044
Apera”“ng cos” exclusive ofdepreclatlon and interest,
~@tal operating cost, exclusive of depreciation and interest, $0.829 $3.378 $2.474
Per ton of product. $0.221 $0.161 $0.45

Manufacturer’s data, courtesy The Hardinge Company.

The value of the coefficient of heat flow from steam to sheet is determined
Oy the conditions prevailing on the inside and on the surface of the dryers,
Our important causes of low coefficients are: (1) poor removal of air from
Ne steam in the dryers, (2) poor removal of condensate, (3) the accumulation
pf oil or rust on the interior of the dryers, and (4) the accumulation of a fiber
it on the outer surface of the drums. One of the best ways of removing
au 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
Avhieh 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
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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 500F. in each case (the tests were run between November
and March), the calculated heat required to heat the air used from 500F. to
room temperature averaged 437 B.t.u. per Ib. 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 1b. 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 830F ., showing a steam con-
sumption of 1.40 Ib. 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 countercurrent 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 trays 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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nal- The tray loading is from | to 4 1b. of wet material per square foot but

intri*8 co=derabl/ with the difficulty of removing the moisture from the

?110r 01 tbe sobd mass. The trucks are fitted with either flanged wheels
, 1 run on tracks, or with flat swivel wheels so that they may be pushed
ar =1% °n a factor”™ flI°°r-  In the latter case, guide rails of channel iron
1 e.Vlted t° tlIB do®°l 1 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-
ricity or hot products of combustion
Il a~be.used: The dryer may operate
lICiiabatically, the fresh air being pre-
heated and no heat being supplied with- o
n the dryer itself, or steam coils within EjCCfOV

0 dryer may be used to reheat the air spray

y

aHer passage over the material. The
c°mbination of a fresh-air preheater
aNd steam coils within the dryer is com-
mon. The air is caused to pass succes- Heaffnjcoffsj NEffmfnafors
sively over the coils and the material
o be dried by natural convection, by
mechanical' cirf:ulation, by circulation induced by water sprays or gi;. jets, or

a combination of these methods.

In dryers gelying on patubiSRRVEEHION GUREHLS; KA€ air distribution may
H% impreved by thid s BF Youdienwer coils which serve to cool and dehumidify
Apd; igx “elore *t4 passage gver the heating ¢gils: One such dryer [Carrier
f . btacey; /A, Eng. Chem., 13, 483 (4921)] has condenser coils balow 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

¢ 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
m 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,””.
TjIPPincott, 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,

otIzontal 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

F1G. 8.—Tiemann lumber 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 circulation at relatively high velocities is
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 FIG. 9.—Gordon tray dryer.

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 2c¢°°>zo»>ce0cGGG00 0 xX 00M3
first two advantages, baffles must
be provided which force the air Dehumidifzer !
over the material and prevent Py
short-circuiting from inlet to out-
let. A dryer particularly well Elevation Heater
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

coils which reheat the air after Courtesy ofCarrier EngineeringOirp.
each pass over the material. FI1G. 10.—Carrier ejector dryer.

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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1 e MNessure drop of the air in circulating within the dryer is ordinarily much
¢ ss lan through the recirculating ducts and the ejectors themselves in the
yirer 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
1ueks at a point a little farther along the dryer, as illustrated in Fig. 4. This
v itur® sh®ws a modern tunnel-truck dryer holding 10 trucks, being divided
1a o five sections by the ends of the trucks, which act as baffles, and by the
tzcatl0n °f “ub "ans- One fan is placed in each section on alternate sides of
0 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 0s 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
_J7 “rovidOs O more Oven 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
IJ 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 €osts

Data A B

e T — Ej Ej
dumber of truclks ]e;tor ]ezcstor
goduct, .- Pigment Clay producta
1 v Yelsht, °f feed, lb per waﬂl( 13,440 1,120,560
yutial moisture, wet basi Q‘Z;B/u ' 10‘;A:
APproy. first cost of dryer. $1,640 SIXAB

Stimated weekly fixed costs, including repairs. $ ’ 8.77 $ 30.30
"=Umated weekly power costs, at 2 cts. per kw.-hr. S 3.80 1 64.00
%r inat®d weekly steam costs, at $1.25 per 1000 Ib. $ 31.70 1 315.00
Weekly attendance. 5.00 10.00
iotal cost per week. $  44.27 § 419.30
Average cost per lb. water evaporated, ct: 0.52 0.38
ljo- steam per lb. water evaporated 2:95 2:25

* Manufacturer’s data, courtesy the Carrier Engineering Corporation.

The vertical turbo dryer (Biittner system) is a continuous tray dryer, with
1'gtating 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.,
30, 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
Of 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 countercurrent 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 | 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:

Pressure

C;[;E(l)(j(l'}:]y, ;b' Airveloc- Particle Depth of drop
T ity, sizerange loading, through

(sq. ft.) steam- " . N
- ft./min. mesh in. material,

heated air .

in. HaO

Horizontal conveyor screen .. 0.2- 3.0 150-250 1-20 1 -4 0.5- 1
Vibrating r -10 250-750 1-20 1 -6 0.5- 5
Crystal 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 Ib. 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 hp
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
utinuous 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;

ua 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
ecluipment includes a vacuum system (steam jet or pump) and suitable
cOndenser. ,

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 I2 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 cFrying cycle consists (1) of a constant rate period wiere 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 1b. 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 1b. 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 dryer 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 miscellancous 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.
C}"hfe sgveral terms employed in connection with the humidity chart are first

efined.

Humidity (7/) 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 SouiewhalL
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 1b. dry air plus the water
vapor which it contains, 1oF.
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FIG. 11.—Humidity chart.
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The humid volume or specific volume is the volume in cubic feet of 1 1b. dry air
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
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
adlal;)atlc cooling lines 1nd}cgte the FIG. 12.—Humidity-temperature relations in-
relation between t_he hpmldlt_y and various types of dryers.
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. 1t 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 &hange.

* 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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| ~+1 convenience, a line for the latent heat of vaporization is also shown

01 0o 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
3¢ ,ween the temperature and the humidity of air passing through a truly
1abatie dryer, i.e., one in which all of the sensible heat given up by the air
m cooling goes to evaporate water from the wet stock. Referring to the
tagrammatic humidity chart shown in Fig. 12, where 4B is one adiabatic
«00 mg linB, fonowg tjiaf. air enferjng an adiabatic dryer at a temperature
Vai annonar™ & will cool following this cooling line toward the point A4.
b1Veav'ng with a humidity At will consequently have cooled to #, 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[[xperature is somewhat lower than ;2, so that the true humidity-temperature
re ation is represented by the line 9, having a smaller slope than the adiabatic
¢?? . =1pnb- The ratio (it — ;2)/(;] — ¢3) then gives a measure of the heat
ei.clOncy O1 hhe dryer. For the case of dryers containing steam coils and
meh are maintained at a constant temperature, the humidity-temperature
re atibu is obviously represented by the vertical line ¢, 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.

Bxample 6. A dryer is to be designed to produce 1000 1b. per hr. of product containing
,\rocea” water from a wet feed containing 42 per cent water (wet basis). Fresh air
at 700 with a relative humidity of 40 per cent will be preheated to 2000F. before entering
he dryer, and will leave the dryer with a relative humidity of 60 per cent. Assuming
10a dryer operate adiabatically, calculate: (a) the cubic feet per minute fresh air at
*0gk- dle heat supplied the preheater as B.t.u. per hour.
00%f%07i. The humidity of air at 700F. with a relative humidity of 40 per cent is
ouud from the humidity chart to be 0.006. This air is preheated to 2000 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) — (%P)l = 080 Ib. 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
<00oF., 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 x 60 x (200 — 70) = 941,000 B.t.u. per hr.

Lhe 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
ar 1440 B.t.u. per lb. water evaporated.

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.
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Example 7. Repeat the calculations of Example 6 for a similar dryer, but assuming
the air to enter the dryer at 1500F., and sufficient heat to be supplied within the dryer
itself to maintain the air temperature at 1500F., 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 1500F. 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 x< 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 700F., the heat required for evaporation is equivalent to
that required to heat the water to 1500F., plus that required to evaporate it at 1500F.,
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

-)= 1272 Bl‘]til per Ib, water evaporated

Example 8. A dryer is to produce 800 1b. 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 2120F. with a dewpoint
of 1110F., and leave at 1540F. with relative humidity of 50 per cent. Part of the waste
humid air will be recirculated and mixed with fresh air entering at 700F. 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 > [(6040) — (1%0)J =a
1000 Ib. per hr. From the chart, air having a dewpoint of 111oF. is seen to have a
humidity of 0.060, and the air leaving at 1540F. 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

0.100rc = 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 700F. 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 1540F., plus the heat to heat the fresh air from 70° to 1540F., i.e.,

1000(84 + 1005) + 0.243 < 181 %< 60 x (154 — 70) = 1,311,000 B.t.u. per hr.

or 1311 B.t.u. per lb. water evaporated.

Example 9. 6000 1b. 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 1450F. The fresh air will enter
the preheater 50 per cent saturated at 700F., and leave the dryer at an absolute humidity
of 70 per cent. The cake will be placed on trucks on screen-bottom trays, 4 Ib. dry cake
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POr 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 Ib. in the constant rate period
aNd 2 %< (0.10 — 0.03) = 0.14 Ib. 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 — HI) = HUT? — TTi) ®)

Avhere G and R are the pounds per hour of bone-dry air and of bone-dry stock, respec-
tively, / is the air humidity, /¥ 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 / and W is illus- 0-20

*rated in Fig. 13, which

shows the air temperature

f*1d humidity plotted against

the water content of the 0.15

material. The humidity at
the critical point (10 per cent
Water) is found from this I=

Plot to be 0.044, and the cor- = 0.10

responding wet-bulb temper-

ature at 1450F. is found from

the humidity chart to be nA_

107.70F. The wet-bulb tem-

perature at any other point

m 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 F1G. 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 1450 — 107.70 = 37.30F. and at the air exit 1450 —
134.70 = 10.30F.; the logarithmic mean temperature difference is 21.00F. Assuming a
latent heat of 1020 B.t.u. perlb., the time required in the constant rate period is

PN

(0.32X_1020) = 6 2 hf.
(2.5 x 21)

1The rate of drying at the critical point is
(2,5 % 37.3 x 100) = 10N/<=A __ 4 53 per cent per h,ur
(1030 % 2) <h/

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

100(~) = —100C(W — We) = -C(10 — 0) = 4.53
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Consequently C = —0.453, and Eq. (4) may be written
log. ("° ~ 0) — 0.4536
-0

from which 0, 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 = - 134-><Jc00> = 45 ft.
(1.26 x 4 X 240)

Table 6. Approximate Critical Moisture Contents Obtained on the
Air-drying of Various Materials, Expressed as Percentage Water
on the Dry Basis

Critical
. . moisture, %
Material Thickness,
in. water,. dry
basis
Sulfite pump (pulp lap) 0.039 110
Sulfite pulp. 0.25-0.75 60-80
Paper, white eggshell 0.0075 41
Fine book 0.005 33
Coated 0.004 34
Newsprint 60-70
Beaverboard 0.17
Celote: 0.44 160
Poplar wood 0.165 120
Wool fabric, worsted 31
Wool, undyed serge. 8
Sole leather. 0.25
Chrome leather. 0.04 125
Sand, 50-150 mesh 2.0 5
Sand, 200-325 mesh 2.0 10
Sand, through 325 mesh 2.0 21
Sea sand (on trays) 0.25 3
0.5 4.7
0.75 5.5
1.0 5.9
2.0 6.0
Brick clay:. 0.62 14
Plastic clay brick mi 2.0 19
Flint clay refractory brick mi 2.0 13
Silica brick mi 2.0 8
English china clay. 1 16
14

Kaolin
Subsoil, clay fraction 55.49 21

Subsoil, much higher clay conten 35
Barium, nitrate crystals, on trays. 1.0 7
Carbon pigment. 1 40
Copper carbonate, (on trays). 1 -1.5 60
Iron blue pigment, (on trays) 0.25-0.75 110
Lithol red 1 50
Lithopone press cake (in trays) 0.25 6.4
0.50 8.0
0.75 12.0
1.0 16.0
Niter cake fines, on tray:
Prussian blue. 40
Pulp lead, initially 140% water. N
Rock salt (in trays), 1.0 7
Stannic tetrachloride sludge 1 180
‘White lead. 1
‘Whiting. 0.25-1.5 6-9
Gelatine, initially 400% water. 0.1 -0.2 (wet) 300
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Table 7. Approximate Temperature and Time of Drying of Various

Materials
Material Temp., 4T Time
Apples, sliced 175 6.5 hr.
Beans. o 140 18 hr.
Blanket: A 120 40 min.
Brick, commor 170 30 hr.
Cabbage, raw. 150 4.5 hr.
Candied peel 165 2 hr.
Carrots, raw. 140 5 hr.
Casein, on trays in tunnel dryer.. 140 8 hr.
Cement sack: 120 1 hr.
Coconut. 145-155 4-6 hr.
Cocoa-fiber mat: 170-210 10 hr.
Coffee 160-180 24 hr.
Cores, oil sand, for molding ¥%2-i in. thick.. 300 30 min.
3 in. thick. 480 2.5 hr.
16 in. thick. 700 10hr.
Cotton linter: 180
Feather: 150-180
Films, motion picture, on drum 80 20 min.
Fur: 110
Clue, bone, thin sheets on wire trays... 70-90 6-9 days
Clue, skin 70-90 2 days
Clue size on furniture 130 4 hr.
Gut.... 150
350 1 hr.
190
Hanks, on pole 120 2 hr.
Hides, thin 90 2-4 hr.
Hides, heavy. 70-90 4-6 days
Hop. 130 12 hr.
Leather, thick sole. 90 2-6 days
Lumber, 1%;-in. oak. 90-125 8 days
2-3-in. oak. 90-125 3-4 weeks
green hardwood 100-180 3-180 days
green softwood 160-220 2-14 days
softwood, 1 in. thick. 175 3-5 days
Macaroni R ETT 90-110
Matche: 140-180
Millboard sheet: 95 10 hr.
Molds, green sand, cast-iron flasks, one surface only exposed,
8 in. thick. 600 6 hr.
13 in 700 13 hr.
Nut: 75-140 24 hr.
Peache: 135 25 hr.
Pear: 140 24 hr.
Pea 150 6 hr.
Potatoes, sliced 85 4 hr.
Potatoes, steamed 170 6.5 hr.
Pottery. 120
Rag; 180
Ramie fiber. 140 10hr.
Rubber. 80-90 6-12 hr.
Sand, loose, 1 in. deep. 300 10-15 min.
Shade cloth 240 1-2 hr.
Shirt: 120 20 min.
Soap. 100-125 12-72 hr.
Stains and varnish on wood 110 7 hr.
Starch 180-200 1-12 hr.
Stock feed, mixed 180-220 20-30 min.
Sugar. 150-200 20-30 min.

250-300 Instantaneous
150-220 12-96 hr.

Tannin and other chemicals, spray dried.
Terra cotta

Tobacco, leaf. 85-130 12 hr.
Tobacco, stem 180-200 12 hr.
Wallboard 200-250 12-24 hr.

340 5 hr.

Wool 105
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NoOTE. Inthesolution 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
<, 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.

[I. THE DRYING OF &ASES

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
250C. (““International Critical Tables,” vol. 3, p. 385, McGraw-Hill, 1928).

* See Sects. 9, 10, and 11.



THE DRYING OF GASES 1523

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,
efe Sec. 6, p. 771, and Sec. 10, p. 1119). Lump absorbents, such as fused

i/t 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 as.

Table 8. Milligrams Water Vapor per Liter of Gas Dried at 250C.

Approximately equal to the equilibrium vapor pressure of water in millimeters mercury.

A filter at —1940C.. .. 1.6 = 10-23 CaO. 0.2
<2 X I0-s Granulated CaCls 0.14 to 0.25
0.002 95.1% H2S04... 0.3
0.003 0.36
0.003 0.8
0.008 1.4
0.16

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
m 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 62.50 to 270F.,
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 680F., 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,

Pressure, Atm. Lb. Water per Lb. Dry Air
1 0.0147
2 0072
5 .0029
10 .00144
50 .000287
200 .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 11oF. is only about 10 per cent, and at —200F. is less than 2 per cent
of that at 680F. 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 Si02, 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
P205 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.



THE DRYING OF GASES 1525

A 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
filx 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™®

Absolute humidity

Capacity, Operating costs
cu. ft. per min., PressL.lre,lb. per 1000 cu. ft. free
free measure Sq. In. gage measure, cte.

Initial Final
3,000 air 0 0.0114 0.0009 3.9
7,000 air 0 0.0114 0.0009 3.3
16,000 air 0 0.0114 0.0009 3.1
100 air 100 0.0028 0.00007 1.05
300 air 300 0.001 0.00007 0.35
150 CO2 1000 0.00026 0.00005 0.30

* Manufacturer’s data, courtesy The Silica Gel Corporation.

The gel requirements are approximately 2 1b. 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, /nd. 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
—700C. 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, /nd. Eng. Chem., 31,
866 (1939)].
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MIXING OF MATERIAL

tinen® fu™ect 61 wmnp has been one of the most difficult of the unit opera-

cJenPcal 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 ew ~esPecve coworkers and more recently by Biiche and by Brothman
*na Kaplan.
It is sometimes said that the power input to a mixer alone gives a true
1ieasure of the thoroughness of mixing because a definite amount of work is
Oquured to mix the particles of material within the container. However, this
an never be true in practice, because of the immeasurable interference
mutents, eddies, etc.—which are set up (even in the mixing of plastics and
s) within the container. Consequently, a tremendous amount of power
mig 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 f,ood and some are poor, but
ere are few standards. Each industry has developed mixers peculiarly
ot 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
velllr 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: /n all cases,
two or more materials existing either separately or in an unevenly mixed condition
Jftre by mixing, to be put into such a condition that each particle of any one
Uluiterial Ues as nearly adjacent as possible to a particle of each of'the other mate-
rais (see Fig. 4.). In practice these perfect results are never obtained, and
1t 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
m preparing cod-liver oil emulsion (with water), the most intimate mixture
1s 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 o0
differing rate is produced either by 0000X

. . *x XXO00 X > OXO>O)]
dlrept physical contact between OXXXXOx oS RYom
the ingredients of the mixture and xxRXX<OO oxoxoxoxox
the mixer itself (of which the con- xxxo000 S omoxorox
tainer must always be considered COBOOX000 P E PV
a part), or by the state of motion OXXXXXX X OX 0XO0XO0X0O
. . Oo XX XX
imparted to the materials by the Oxxx
mixing element, or by both of xx
these. Shear, either directly or UHMIXED MIXED

h >h the i > t diat Y f Two Materials Showing Two Moiferioils Showing
through the 1n ermediate SFepS 0! Uneven Particle Distribution  Even Particle Distribution
momentum and impact, is the F1G. A.—The effect of mixing.

most important factor in translate

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:

«. 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 vege-
table 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. El’lg ChemA, 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.

() (*>)
FIG. B.—Ice-cream mix before and after homogenizing, (a) Rough dispersion; (0)
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
= Ip = 0.00lmm.) So-called suspensions or emulsions have a particle
diameter greater than 0.lju. Colloidal solutions have particle diameters
between 0.1p and 0.001p,

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:

a. 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.

/. 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 (a) 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 (B) 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: (o) 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
% 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, 1, 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
mmist also be explained.

The curves in H were obtained on the Gardner mobilometer, illustrated
m Fig. F. The other curves were obtained by hanging
certain weights in grams on the driving cord of the modi-
hod Stormer viscometer illustrated in Fig. £ 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 Stress
the opposite to viscosity. The c.g.s. unit for measuring FiG. C.—Typical
tiscosity is the poise, which is defined as follows: A pois© consistency curves.
1s that force which, when exerted tangentially on | sq. cm. I. True viscosity.
surface of either of two horizontal planes 1 cm. apart, will II- Pseudoplastic-
move one plane at the rate of | cm. per sec. in reference to ity. & Plastic-
the other plane, the space between the two planes being ltl);sti(fi‘t] - Inverted
filled with viscous liquid. P Y.

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
Or 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 J). 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 that there is 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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Alustrates so"ca”e” pseudoplasticity [Williamson, /nd. Eng. Chem., 21, 1108

(1929); Williamson and Heckert, loc. cit. .
the curve for a pseudoplastic shows a
vOry 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
i1s evident. In Fig. G, the curves for (o)
00 per cent lithopone in linseed oil, ()
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
give pastes of high consistencies. The
types of curves in both Fig. G and Fig.
H are much the same, indicating similar

Though starting from the origin,

F1G. E.—Modified Stormer viscometer.

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.

The 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 0

apparent viscosity at zero rate of
shear, and %o = 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
mloeked 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.

-Weight

Guided
rod

ASurface
of

materia!
Cylinder

/Changeable
forated

F1G. F.—Gardner mobilometer.

Inverted plasticity is illustrated by curve IV, and represents the opposite

€ase.

These materials are of thin consistency at low stresses but become
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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.p., 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.

MIXING OF MATERIAL

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 740 Brix glucose solution.

ture ca plastic) at the pia. jji—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- iky°+t A-n?’ and at p°int B by cOtb°d- 1t shuld also be n°ted that
IXTOT*1 [1"* J aye the same apparent viscosity as a 40 per cent aluminum
trr-t 0"+ m “Mrteei* 011 (a pseudoplastic), and as a 740 Brix glucose solution (a

y viscous material) OA4, because the lines cross at this point.
viso”everf, point B’ which represents 2%z r.p.s. of the stirrer, the apparent
tha mbat r ke © pbr cen* asbestine-linseed-oil mixture is now far greater
n at of the 740 Brix glucose solution O4, when stirred at the same number
r-p.s., since cot BOD is far greater than cot 4OD. Also, the apparent

Load in Grams on Stirring Device
&—1G' J- 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 7 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 t6 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. 7 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.

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. 7 because
the comparatively high rates
of flow under which they operate
would reduce the apparent vis-
cosity and thus produce a freer *Inverted plasticity illustrated by
flowing mixture. For practical starch suspensions (modified Stormer viscom-

. ter).
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, 7, 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. /4. 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. Hercules Powder Co.
Cornstarch Corn Products Refining Co.
alueose Corn Products Refining Co.
Idthopone. Krebs Pigment & Color Corp.
Asbestine..... LW Commercial

Linseed oil..

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
laised until the surface of the paint in the container rises to the marks on the

Fi1G. K,—Standard curves for use in classifying paints (modified Stormer viscometer).

8Patula-like 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. 1. duPont de Nemours & Co.
for the data from which the curves in Figs. G, /, 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. f.
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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. Ker 10

4. Medium motor 0il, S.A.E.10......ieeicnencnencncnenes 100

5. Glycerin or castor oil 1,000

6. Blue Label Karo corn syrup. 10,000

7. Mol 100,000

8. Confectioners’ glucose, 1,000,000 (or more)

Pastes and Plastics
(In order of increasing consistency)
. Thickened gravy.
Cream sauce.
. Tomato catsup.
. Butter at 720F.
. Vaseline.
Mayonnaise.
. Modeling clay.
. Road asphalt.

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

() 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%or 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,
1n dissolving, ,fine particles will go into solution more rapidly. Then, again,
1t is more difficult to keep large particles in suspension in liquids because of
their greater 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
b0 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 dccupies 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.

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

FIG. 1.—Jet mixers.

mixing of immiscible liquids, are all ex-
amples of this type. Either gas or liquid . /‘A‘XQ g%agﬁl)l’{
may be the main ingredient. In some cases ~OPeNing -SP

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 B %
the main pipe. This may be material re- T .o

circulated from the tank itself by means of 36 R~_the njector mrer:

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 4 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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anslation of pressure into turbulent velocity, finding many applications
ere viscosity is low enough, to allow reactions to be completed with the
Ory 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
y large tanks by means of compara-
tively small mixing units. In practi-
cally all of these circulating types a very
small proportion of the material is
nbmg agitated at one time, making
hem unsuitable where continued in-
Tiacy of mix is desired. They are

never useful where rapid, thorough rFie. 3.—Baffle-plate and orifice-column,

mixing is required. Other materials, mixers.

such as gases, liquids, or slurries, may be introduced in the risér 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.

4.—Circulat-
ing mixer.

0. 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
Of 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.

B. Paddlo or Arm M®ixers

Fic. 5.—Centrifugal pump.

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

* Some of the material in this section prepared by H. W. Bellas.
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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 CZ'C" el%’#
laminae (or strata) parallel to the blades with respect to l[j{,wer
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 FIG. 6.—Absorp-
plastics (or doughs) the arm type (Fig. 17) is indispensable. tion tower.
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 Fig. 7.—Simple paddle mixer.
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. QO 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

F1G. 8.—Gate mixer.
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the following equation:

P = CLISNIDI-IWa-3H0lI (1)

svhere P = power input, h.p.

¢ = power coefficient, non-dimensional.
= vessel diameter, ft.
liquid depth, ft.
paddle length, ft.
= paddle speed, r.p.s.
= liquid density, Ib. per cu. ft.
= paddle width, ft.

39 2 = absolute viscosity, 1b. per ft. sec. )
The power coefficient ¢ they found to be related,to a modified, Reynolds

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

Su Z5T0

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 power- 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 ¢ 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
1%%d. Eng. Chem., 29, 927-933 (1937)] and Biiche {Zeit. Ver. deut. Ing., 81,
1065-1069 (1937)].

1n designing a paddle agitator for a given purpose, a procedure is outlined
Yer Biiche (Joe. cit.). The shape and speed of the agitator are first determined
by small scale tests, and the modified Reynolds number (LL)INLSJZ for the
s>hall tank is calculated. The plant-size vessel and agitator are then made
Seometrically 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)INLSJz NPJNL
<1.0 1.0
1.0 - 2000 (LLJLP)0-

>2000 (LLJLP)O-03
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_/~ 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 Biiche’s finding that degree of agitation in similar systems is
dependent upon power input per unit volume ofliquid. Brothman and Kaplan
[Chem. & Met. Eng.] 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 s stationary fingers,
over, and consequent mixing of these materials. ji

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.

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.

horizontal tank.
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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. Itis 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. FI1G. 11.—Travelingpaddlemixer.

FIG. 120.—Pony mixer, ro- Fi1G. 12t—Rotating pan mixer.
tating pan with offset blades.

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

13. 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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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
cyclmdal paths, thereby produc-
ing intermixing. This type is
widely used for pastes and doughs,
particularly in the food industries,
in the manufgcture of cake bat- FIG. 13.—Double-motion paddle mixer in
ters, mayonnaise, etc. kettle.
15. Whipper or Emulsifier.
A familiar example of this type is an egg beater. The device, whatever its
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 ria. u._ Double motion paddl
trough division, simultaneously effect trans- mixer (baker’s type),
portatlou kneadmg, tearing, stretching, fold-
ing. (See pp. 1572 to 1574 for fuller description of the action.) These blades
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FIG. 15.—Whipper or emul- Fie. 16.—Air-lift- agitator with scrapers.

sifier.

Or amis are sometimes toothed or serrated to intensify the tearing action,

as in pulp shredders. In certain cases the
Wades may be more like figure 8’s than
eigmas in order to double the action per
revolution. The two blades are often made
s 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-

FIG. 17a.—Kneader.

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. 'For
greater heat trans-
1Or, hollow blades
are used.

Because of the
difficulty of dis-
charging plastic ma-
terials, the majority
of kneaders are
made to empty by
tilting, the tilt being
either hand- or
power - operated.

Othermachinesemp- jVs. 17%—Non-tilting vacuum kneader,

ty through a large

door at the side of one trough. In cases where the mixture is sufficiently
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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. Thisis akneader 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 mastia
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.

Fic. 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.
Sinced 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 _ 18.—Propel-
22 illustrates how a container may be shaped and a draft ler-type fan.
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
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4000 centipoises. With heavier solids, in flat-bottom containers especially,
oine difficulty is experienced in preventing settling, since
y? is practically impossible to direct the stream from the
i tO.a” Parts ot ttie ank in any simple manner.
e location of propellers within the tank influences the
1a uie of the mixing, and the following types illustrate these
various positions.
Figure > makes it possible to calculate the approximate

and8 1fitbh 6" consumPt'on ot anY propeller, given size, speed,

f 18/ *1"0pbubr as a Gas Mixer. A propeller, disk, or
an (practically the same as the ordinary window ventilator
ari) is used within a mixing chamber to give circulation
anc mixing of gases. It is also used for mixing gases under
continuous-flow conditions. Fie. 19.—Pro-
19. Propeller with Vertical Shaft. These are used in peller mixer,
combinations of one, two, or more propellers on the shaft, push-pull type.
hey may all thrust upward or downward to meet special (Buffalo Foundry
conditions; however, the push-pull combination is usually the & Machine Co)
mOst <lOsirable for small tanks.
550- Portable-type Propeller—Clamped to Side.
us type is compact and satisfactory and is very useful
101 portable work; for viscosities up to 300 centipoises
i 0 direct-connected, full-motor speed type is correct,
rp  *OrtlY%her viscosity the geared machine must be used.
hose units are made in sizes from %4 to 5 h.p.
i ' ~roPP~er 1 Side of Tank. This type is usu-
ally located non-radially. The motion produced is a
swirl which gradually brings the entire tank contents
nito 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 20.—Porta-
L. ble-type propeller
One of the best means of mixing very large tanks of .
1ght 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
Of stock in large stock chests, built with one or more
mid-feathers. The propeller may be freely installed
m one of the aisles, or it may be located in a large
hole in a partition placed across the aisle; somewhat
1ike the fan, Fig. 18.
Side propeller agitators vary in size from %% to
00 h.p., with propellers from 4 to 84 in. A good
stuffing box and strong bearings must be provided. —Propeller
For blending liquids of considerable difference of mixer. Side tank instal-
. . . . . - lation.
specific gravity, a high velocity vertical stream is
desirable, and for this purpose the propeller may be replaced by a centrifugal
impeller.
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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 ydb>. |
cylinder, usually enclosed to withstand heavy pressure, 8 |
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
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. Itis
also useful for other pasty or fibrous
materials. Huge mixers of this type
are used in the paper industry for
the bleaching of paper pulp at 16 to 18 per cent consistency. When operated
at high speeds, a high rate of circulation and a vigorous mixing action are pro-
duced. Without the .draft

FI1G. 22.—Propeller in
draft tube.

FIG. 23.—Pug mill. FI1G. 24.—Soap
crutcher.

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

J>
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. Hi 1ama screw, so that the material is moved back and forth from one end

10Ontainer  “ub o™er' and also lifted vertically. The ribbon blades

e 1 Al narrow because the mixing of solids requires constant slippage off

e blades to promote local turnover (eddies) to prevent packing of the

1a emal 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-
mig in a tank against practically no back pressure. As is evident from Figs,

and 28, material enters the impeller axially through ) )

0 central opening. The material is accelerated by X, ./-Dactia/stream

A 2 L vIEK?< Impeth

e vanes and is discharged more or less tangentially
1om 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
1s thus accomplished smoothly with the smallest possible Deflecting bladering

loss of kinetic energy, and, as a result, the radial currents (stationary)
are still traveling at high velocity when they reach the ., typical
remote parts of the container. Thus, Rule 2 (p. 1530) "turbine mixer.

is especially well fulfilled by the turbine type. Rule |

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 ell-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 Horsepower
Clrculatlng qentrlfugal FIG. N.—Power requirement for turbine mixer.
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.
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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

in the tank. Itis 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 Viscosdy in Centipoises

mix on a continuous basis. § . . )

Where an impeller is used at o Effect of. viscosity of t!ne m.aterlal on

) e power requirement of turbine mixers.

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.

FI1G. 28.—Turbine
mixer with station-
ary deflecting blades.
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ype 28 is better than any other mixer for use in irregularly shaped con-
awers, %.., rectangular tanks, horizontal cylindrical tanks, etc., because

0 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
jmple mixers and homogenizers or colloid mills. It
viOfkien8 °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-

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

30. The continuous F1G. 29.—Turbo-disperser. Continuous-
turbo-mixer has all the 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
1or 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
00 compartment to the next, thus

eliminating short circuiting. The tre- ¥

[liendous circulation through the cen- L r

trifugal impellers assures the greatest |_| Batf <K\j1/27/
contact between the materials, so that 0a'S n- p

the resultant rates of reacting, dis- /Hflet £ ~Liquidlevel
solving, or contacting are very high. Ve

The type of impeller and stator used /Alternate
mn each stage is determined by the type gasinlet

af work to be done. A 200-gal. size

will dissolve 100 tons of salt per day

practically to saturation, while a 100- IDrain

gal. machine is capable of mixing 15,000 e

gal. asphalt and naphtha per hour. FIG. 31.—Turbo-gas absorber.

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 'klixers

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. Fic. 32.—Tumbling barrel.

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 1. 33— Double-cone mixer.
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
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against the conical walls, much material is deflected toward the center and
thence upward through the remainder of the
mass. Because no two particles take parallel
5%ls 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
ally 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 Ib. Inleh --WalerJacket
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,
1heir 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.

Mushroom mixer.

F. Miscellaneous Types

35. The colloid mill is used where :‘]I;Vglt(ee;;
extremely fine dispersions are required.
Most colloid mills are the same in prin- Motor

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
m. or less. The rotor may or may not
b0 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

F1G. 35.—Colloid mill.
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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 1b. 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 Fie. 37.—Bake mixer (Her-
attached to a central shaft. It is used to give a 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

Fic. 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
evetal 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.
ofre [fduf scrubber Or spray type operates by throwing a thin screen
quio 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
wquid. It is built up of several superimposed elements. Each of these
e hinfn”s, as s™own 11 Fig- 38» consists essentially of a tray of liquid, around
x ich the gas passes, and a rotating conical frustum. Liquid travels from
ute 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.
-lnis type consists of two
rOms> usually turning at
Uifferent speeds, between

Jen the materials to be
Mixed are passed. A
Kneading, tearing, stretch-
ing, folding, and shearing T-, oIl T. . n
action 1s produced. They ' 39 Mmng rolls
",6 ,used m certain cases where an exceptionally intimate mixture of a

0 id with a liquid is desired, e/, 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. phe 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
1s widely used for the manufacture of putty,
1-0-, whiting mixed with linseed oil, for clay
mixtures, and for other similar operations on
Plastic and on semidry materials, such as

Oundry sand. Itis 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. -
nguilt on an ancient grinding principle, having
one or more large wheels (or mullers) rolling
around in a pan, together with scraper blades
or plows, it combines a kneading, grinding,
mid mixing action, giving thereby very intimate mixtures, As the speed of
rotation is usually slow, the power required is not excessive. The rollers are
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

FI1G. 40.—Pan mixer.
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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 Ib. 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 F1G. Q.—Power consumed vs. r.p.m. for 4 ft. 6 in.
believed that the types listed paddle in a 5- by 5-ft. tank. Low viscosity liquid.
are usually preferable. (See Badger, Wood, and Whittemore, Chem. & Met.

Limits of size of batch, par- Eng., 27, 1176.)
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 lime of Complete Stirring, Seconds
by general cases, but by each FIiG. R.—Effect of r.p.m. on mixing speed.
individual case. Figures N (p. Conditions as in Fig. Q. (Badger, Wood and
1553), 0 and P (p. 1554), Q Whittemore, Chem. Met. Eng., 27, 1176.)
(above), R, S, and T offer some general information along these lines.

In using Fig. 0 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.

Watts (for CurveslandH)

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
angr - Neawdr tu1 'ixing of gase8 i8 done as a continuous process by

uv o1 the above-mentioned types, but more especially by types | and 2,
Wliicn are the simplest forms.

Theoretical Hp. at Sp.G.=l
required by propellers
at 100cTo slip

Actual Hprriay be
only 60-/0 70 of these
100vo slip figures

ijto. 3,—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

m 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 | 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.
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Fi1G. 7.—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' 1vj "il0 pumP3 are usually already present for other purposes and
pnoddlo available without extra cost. This kind of mixing is always slow,
a r?S wn gtve ‘siaw mixing and comparatively coarse break-up in all
-eses °!'ba’cb liquid-and-liquid mixing. Paddles do not give good mixing
rpendicular to the blades, and, therefore, they are unusually slow mixers
igh viscosities as they permit stratification either vertically or horizontally
aa consequently neglect some portion of the container. Of course, paddles
1O usually adequate for mixing non-viscous, miscible liquids. Wood,
nadger, and Whittemore [Chem. & Met. Eng., 27, 1176-1179 (1922)], employ-
ing salt solutions, showed complete mixing in a 600-gal. tank in less than |
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 s d of ti Medium, N . :
peed OLOPEration  hin, to 100 c.p. to 2500 c.p. High viscosity,

. to 200,000 c.p.
Example: blending Example: blending Ex:mple' blef,gmg

gasoline lube fuel, or Diesel .
. pyroxylin bases
oils
Slow Air As for thin Paddles (9, 10, 12)
Thin and medium, Outside circulation Turbines (28)
15 min.

Small batch
iYsh viscosity, to
5000 gal.

1Qin and medium,

(4)

Paddles (9)
Propellers (20, 21)
Turbines (28)

High viscosity, 1 hr.

to 20,000 gal. Fast As above Propellers (20, 21)  Turbines (28)
Thin and medium, Turbines (27, 28)
30 sec.
High viscosity, 10
min.
Slow As above As for thin
Zaige batch Thin and medium,
migh viscosity, to 15 min.to 3 hr.
20,000 gal. High viscosity
Thin and medium P I 1) s £ hi
Fast ropellers s for thin
to 200,000 gal. N
° 8a Thin and medium, Turbines (27, 28)
2 to 30 min.
Slow Air (special design)
Up to 6 hr. as in Paddles (7, 9) .
sewage treatment Turbines (28)
Continuous
Any desired gallon- Fast Injectors (2) Pumps (5) Turbines (30)
age through-put 1 to 60 sec. Orifice column (3) Tiwbines (30)

The least desirable mixer is listed first.

Pumps (5)
Propellers (22)
Turbines (30)
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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 | &nd 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 Eiquids
Preferable Types of Mixers for Immiscible Liquids

Consistency
Thin, to 100 c.p. Viscous, to 200,000 c.p.
Degree of dispersion Degree of dispersion

Coarse (visi- Fine (invisible Finest (Brow- Coarse (visi- Fine (invisible Finest (Brow-

Basis of  ble droplets) droplets) nian move-  ble droplets) droplets) nian move-
operation ment) ment)
Example: Example: Example: Unusual case Example: Example:
causticwash  acid treat- ice-cream HaSOd, treat- malt extract
of gasoline ment of mix ment of  with cod-
gasoline Commercial heavy lube liver oil
emulsions oil
Paddles (9, Whippers (15) Whippere (15) Paddies (13, Turbines (28)
10) Propellers (20, Propellers (20, 14) Paddles (13,
Small Outside circu-  21,22) 21, 22) Turbines (28)  14)
lation (4) Turbines (28) Turbines (28) Turbo-dis-
Upto 1000
Air perser (29)
gal. Propellers (19,
20
Turbines (28)
Outside circu- Propellers (20, Propellers (20, Turbines (28)
Large lation (4) 21 20 Paddles (13,
Air Turbines (28) Turbines (28) 14)
Up to Propellers (19,
20,000 gal. D ’
Turbines (28)
Continu- Nozzle (2) Orifice (3) Colloid mill Pumps (5) Turbines (30)
ous, Orifice (3) Nozzle (2) (35) Turbines (30) Turbo-dis-
Any desired Propellers Pumps (5) Homogeiuzer perser (29)
gallonage (22) Propellers (22)  (36) Colloid  mill
through-  Turbines (30) Turbines (30) (35)
put

* The least desirable mixer is listed first.
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at one capacity and the results obtained are variable when this is changed.
The 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
1epresent the apparatus which will produce the smallest particle size on most
Tuaterials. 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

FITTING THE MIXER TO THE OPERATION

Turbo-absorber (31)
Rolling bomb

High pressure, up to 2000 lb.
per sq. in.
Example: hydrogenation

Batch (both
liquid and gas)

Bubbling gas through tank
Recirculation through towers (6)
Recirculation through nozzles (2)
Turbo-absorber (31)

Low pressure or open, up to 50
1b. per sq. in.
One or more liquid Example: chlorination
phases and one
gas, with or with-
out solids present Continuous (both High pressure (as above)
liquid and gas) Example: washing sulfur out of
natural gas

Injector (2)

Towers (6)

Bubble columns

Continuous turbo-mixer (30)

Low pressure or open (as above) Cascades

Liquid-batch (gas

continuous)

One or more liquid

phases and two
or more gases,
with or without
solids present

Both continuous

Example: sulfite liquor prepara-
tion

Pressure or open
Example: removing CO2 from air

Pressure or open
Example: washing illuminating
gas with water

Tbe least desirable mixer is listed first.

Injector (2)
Continuous turbo-mixer (30)
Towers (6)

Bubbling gas through tank
Turbo-absorber (31)
Recirculation through towers (6)
Recirculation through nozzles (2)
Recirculation over cascades
Scrubbers (38)

Cascades
Injector (2)
Towers (6)
Bubble columns
Scrubbers (38)
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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 40-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 HCI 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 | centipoise 25,000 gal. and 100,000 centipoises 2500 gal., and
interpolate.
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1110 sPOpific gravity of solids plays an important part in determining

tbO 0f mixer- 1110 8pec™c gravity of the liquid also must be considered,

fifl”1 18 110" SO imPortant bOeause it usually varies much less than that

0 a0 s%i<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 (o) 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 11l 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
aNk 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
Paddle 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.
They 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
Of 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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The least desirable mixer Js Hsted first.
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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 (pBeudoplasticity, 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, o1’ 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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tious, dough, putty, and countless others. In evaluating their consistency, a

taraner Mobilometer may be used.
tIV .ueIn®st drdipruf %ask i 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 0-f0j, (akbs praa®- For the same reason, the flow of these materials is
united, and the mixing is achieved through a stretching, afolding, a kneading,
or a tearing action, or the most desirable combination of these actions. The
th"iec" 01 “Nese acti®ns is stated exactly in Rules | and 2 on p. 1530. Since
cio is little flow, the particles of one constituent must e 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-
more, 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
gieater, 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,
l}{pes. The following types are arranged in the order of the consistencies
they are capable of handling 7, 9, 25, 12a, 13, 14, 126, 40, 23, 17a, 17c, 39.

In comparison with mixers for more fluid mixtures, the sizes of these
eavy-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 17a, designed to mix 300
Bal. of a plastic, modeling clay, requires 75 h.p. and an hour to do the
avork. 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 17a. 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 fransport 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



1574 MIXING OF MATERIAL

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 of
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

harmaceutical industries. The usual blending requires 1.0 to 1.5 h.p. per
1000 1b. 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 traris-
* 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
ow cost, may be made. Individual drives, therefore, are heartily recom-
mieti ed wherever working conditions permit. The use of totally enclosed
an explosion-proof motors makes this possible today in places where formerly
| was not to be considered because of dirt, water, or flammable materials.
1 nany 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
1p?8 Om3r winr b0 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, 17a, 21, 22).
0- Connected through multi-V-belt (30).
4. Connected through chain (12a).
-+ Connected through flat belt with pulley (10, 15).

Of all these methods the gear reduction unit has gained the widest popu-
TRl - 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,
owever, 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 Bvice between motor and mixer.

T he above considerations apply to cases where the mixing clements 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
|Utormation necessary for translating to full commercial operation. This
Information will involve such points as

- I'he allowable materials of construction.

- I he unit operations involved,

Ahe limitations on batch size; or

The possibility of conti flow operation.

The requirements to be met by the commercial mixing equipment.
1he necessity for and the extent of heating or cooling.

N R0 or

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 /nd. Eng. Cheni., 30, 489 (1938) through
Ourtesy of the publishers and coauthor E. J. Lyons of the Turbomixer Corp.



1576 MIXING OF MATFRIAL

. Chemical reaction.

. Blending.

. Dissolution or washing.
. Physical change.
Dispersion.

. Adsorption.

. Heat transfer.

NONEWN=

Mixing
unit
operation

rs 5

Physical
DroDerties
Speed or
Cost of
operation
Cost of

material
S

Yield or
thorouah
completion

Catalytic processes. Hydrogénation and

other gas-liquid _reactions.Neutraliza- Chemical

tion, PrecipitationEsterificationzSulfona- | forctichs I 2 3
tipn, Nitration, etc.

Autoclave feeds. Blending successive

batches for uniformity of product. .

Uniform heating durln% Continuousflow. 2 Blending I 2 4 3 24
Flash mixing,Large tank blending,

Dilutions,ere.

Of Salts-NitrocoftonjCellulgse acetate, . .

Pigment pastes,Sugar.etc.,Washing of ~ 3 Dissolution, | 4 2 3 23
acids,Alkalies, Salts or organic materials washing

outof solids, Leachinq

Rocculation:Breaking up of sinter, Break-

ing down or development of plasticity, 4 Physical 2 1 4 3 7
C,han%epf Viscosity-Cellylose acetate pre- change

cipitation.Crystdllization, Repulping

[
EN
[9%)
[v8)

Emulsificaijon-Tneating of oils,

Tinting of lacquers_ana paints, . . 4 6
Asphalt filling, Air fluffing of 5 Dispersion 23 5
mayonnaise, Soap, etc.

Fllotation,t Decoltorilz{ing carlbofn é)lr "
clay treatments, Removal of cdloids i
Witﬁ immiscible liquids or gases 6 Adsorption b4 3 205

With coils,jacketed kettles, Heat
or by means of vacuum etc. T transfer I3 2 2

Yield or Thoroughness. Usually the main aim ofthe oper-l]_j
afion; Consequently the No-"point, Secondary to none

Physical properties. Usually refers to product So is highly im- |
portant. It covers size of crystals, Type of precipitate, Viscosity,de [

Speed or completion. Small unit, Quick cycle VsJarge unit, lon cycle?)H
C%ntmuous ow with small tank and short holding timé VsJarge
tank and long holding time

Costof-operation. Efficient Vs. inefficient mixers,Covering hp.-hours, §
Amortization et Mc’n+enance' f,00y sPa<’s Auxiliary equipment

%I n9r'a ~Secondarﬁr to thoroughness and physical properties, |
but of first importance when sales prices are low and competition keen” _J~

FIG. U—Evaluation chart. Starting with a series of typical industrial flow sheets,
the mixing operations are placed in seven classes of unit operations, Five mixing factors
are then arbitrarily evaluated with respect to each unit operation. (See Table I.)
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The physical characteristics of the materials such as viscosity, and specific
nlav: an w1 “ubn variations should be available. The mixers in the pilot
an, silOuld have sufficient flexibility for the determination of the factors
fl Ve 1 “he ultimate choice of the type of mixing equipment. This
cxt illty will allow the determination of the importance of

R' recircu”~ion 1ate of entire tank contents per minute 1.6
. At least one point of high shear. 1,2,5,6
* General high level of velocity throughout tank.................... 1,2, 3, 6, 7 (coils)
~{ Violent scrubbing effect. 1,3,5,6
+ * {n=tantanOous blending or dispersion of added material
trough large volume of tank contents. 1,2,3,5,6

*' High velocity over tank walls

2, 3 (viscous), 5
(viscous), 7 (jack-

eted)
G. High velocity over entire tank bottom 1-4. 6. 7
U. High-volume low-velocity. 15
L. Uniform overflow (continuous operation).. . 1, 2, 4-7
J- Uow short-circuiting (continuous operation) 1-6
K. Selective overflow (continuous operation)... 1,3
L. Horse power per unit of volume...........ccueueee 1-6
M. Freedom from swirl 1-6

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

To get such flexibility requires the availability of variable speed on the
miirer shaft; ease of disassembly for changing mixer units; excess tank volume
so that points 4t C, Dt and H can be settled; provision for baffling; and means

or making power readings. This latter provision in conjunction with the
va[ Jable-speed feature allows the determination of the lowest power per unit
ar vOume 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.

All 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.

1t 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
irdém 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
ot 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

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.
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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 %0 in. of film than to force
it through %% 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.y(hr.).

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

An improved product because of prevention of local Overheating-
. Longer life of equipment for same reason.

. A faster process (see Figs. V" and W).

. Less square feet of heat transfer surface.

. Saving of fuel due to reduction of heat losses.

. Less medium to circulate, with consequent saving of power.

G\UI-BWNL—t

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,
Sluggish action at the wall means an insulating layer of viscous liquid or
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 1010
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,
1n 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
1s 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, asin 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 2500F. to the top temperature of 5500F. In this case the temperature
on the outside of the kettle was around 7000 to 7500F. 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 lilustrateB the cooling of a chocolate mixture in 1000-gal. batches from 1500
to 900F. with non-scraper and with scraper type of stirrer. With a jacket
cooling water of 700 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 3000F. Lowest first cost Fire hazard
Easy to install Local overheat of product
Compact Cannot cool quickly
Low operating cost Short life

High maintenance
Lag on heating and cooling
Constant supervision

Indirect fired, above 300aF. Some control of outside kettle-shell Fire hazard
temperature Cannot cool quickly
First cost less than Dowtherm, hot Elaborate setting construction
oil, and mercury, but more than Lag on heating and cooling
electricity Constant supervision
Lowest operating cost

Hot oil, from 3000 to 6000F. Good temperature control High first cost
Fairly quick cooling Much auxiliary equipment
Decomposition of oil and inflam-
mability

No higher heat efficiency than direct
or indirect, * 50%

Constant supervision

Liquid system only

Dowtherm (see Fig. 1\/), Excellent temperature control Higher first cost
from 3000 to 7000F. Fairly quick cooling Much auxiliary equipment
Moderate operating cost Steady loads—60 to 65%? inter-
Reasonable maintenance mittent loads— = 50%
Combustible but non-flammable Periodical inspection only with good
Liquid or vapor system controls
Mercury vapor, from 6000 Reasonable temperature control Highest first cost
to 1200°F. Moderate operating cost Much auxiliary equipment

Expense of mercury
Constant supervision
High maintenance

Electricity (see Fig. Y), Most accurate temperature control First cost higher than direct
above 3000F. Quick cooling Operating cost usually high
First cost lower than hot oil, Dow-
therm, or indirect fired
Clean, compact, instantaneous
Highest over-all heat efficiency
Lowest fire hazard
No danger from leaks or collapsing
of jacket or coils
Easiest and cheapest to install and
easily movable
Least attention while running
Lowest maintenance cost
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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.
Tieat 1s 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
“nNo6rs' Tile elements themselves may be heated to any temperature from
OvO to 13000F., producing temperatures approximately 500 to 100° lower

Vaporline
Vent Hne
Vent
condenser Heated
Steam Dowtherm
loreceiver
ejector Kettle Yz
7
Sevpera: Coolg
A owtherm
controller Dowhe
Condensate )
returnline c%jé Coolei
CondensateHne
toboiler.
-Dowt
return
Dowthermboiler
FiHconnection™.

- , "'~ Dowtherm fillfine toboHer
Atrn = Ner ‘e Xmmmmmmee BN Levelomerer ¢¥nection
Storage tank' 'Steam heating coil

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
In the chilling of lubricating oil through the addition of liquid propane and
its 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
DRAINING

Definition. Draining may be defined as the dewatering action taking
ace when moist particles of a granular substance are placed on, or advanced
yOr, a flat or inclined surface. Dewatering by centrifugal machines and by
ers accomplishes the same purpose but is discussed separately under
centrifugation and Filtration.
jo urPOse. TItis the purpose of draining to separate, in so far as is possible
gravitational force alone, the two constituents of the mixture—the solid
tor® |2 tand "0 n*mid pOrtidn-—so that each may subsequently be subjected
such further more complete and generally more expensive separation
treatment as may be re-
quired, such as, in the case of
fil0 “omds, centrifugation,
Itration, or drying and, in
the case of the liquid, clari-
ncation or filtration.
Draining, by itself, is sel-
om a complete treatment,
aa it does not result in the
Production of a crystal-clear —Drag conveyor.
sOrvirlll and a bone-dry
w. Due, however, to its relative cheapness, it is an approved preliminary
unit operation, preparing the two constituents of the mixture so as to meet
0 requirements of the additional unit operations which follow.
Equipment Used. a. The Drag Conveyor. The simplest type of
Ophanical apparatus for draining is the drag conveyor shown in Fig. 1.
his device consists of a shallow, inclined, rectangular box, equipped with an
Onaless 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.
tpVIh6 rnixture of solids and liquids enters through a trough at the lower end.
hO 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
1seharged 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.
The 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
=olds, 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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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 | 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 | ft. per min. belt

speed. FIG. 2.—Salt i 3
. 5. 20— grainer. (Courtesy of Badger and Baker,
tl).78€1)1e %’alnir. A(See “Inorganic Chemical Technology,” McGraw-Hill.)
p- . e 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 crystale
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



CLASSIFICATION

1591

w ich carry the quick-settling granular material to the point of discharge at
® oPOn Ond. 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 handfeedentry
X ,Feec‘ﬁ trough

g

/ Kake blades —Lifting device
~Hme overflow
PLAN
Motor—J i
Rakehanger® Yoke  Reachrod:
1Slime overflow
i LiguidJevef

JOwP'Pe

'‘Adjustable

ELEVATION

Quickdump gqte  Heeloftank

FI1G. 3.—The Dorr classifier.

Inspection door

Maingear
,Connecting

ahe rakes are lifted and lowered vertically by the hangers by the action
°f the head motion, transmitted through eccentrics and cranks.
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 Classiflers

Type of mechanism

1fae Dorr FR—Ilight duty
Hfor small open-circuit operation where the sand is small
compared to the overflow

1% ~O0rr  —intermediate duty
for small closed-circuit operations with relatively light
circulating loads
the Dorr F—normal duty
For the average or normal closed-circuit operation—the
general run-of-mill classification job

rhe Dorr FX—heavy duty
For the heavy and really tough closed-circuit operation,
where the circulating load is high, the sands are heavy,
and the service is exacting

Width

16"
2'0"
3'0"
4'0"
4'0"
5'0"

6'0"
8'0"
12'0"
16'0"
5'0"
6'0"
7'0"
8'0"
12'0"
14'0"
16'0"

Max.
length
18'4"
234"
234"
23'4"
30'0"
300"

30'0"
30'0"
30'0"
30'0"

Min.
length
120"
150"
150"
150"
18'4"
18'4"

18'4"
18'4"
18'4"
18'4"
24'0"
24'0"
24'0"
24'0"
24'0"
24'0"
24'0"

The hori-

Aver,
conn, h.p.

1%

aw wN

7Y
7Y
10
15

10
10
15
15
20
25
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.
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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 2% to 2% 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 3% 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
Oneet of reducing the capacity.

pnScompze 2' .when draining quartz of 2.7 sp. gr. from a solution of 1.0 sp. gr., making
can_ 'Y 80Paration that the finest particle in the discharge is 20 mesh, the draining
for 10 r+Is 7-j0 t°n8 per 24 hr' for a 3*ft- wit e simPlex heavy Dorr Classifier, 1500 tons
maol ** wa0 DupleX heavy machin6. and 2000 tons for an 8-ft. wide Duplex heavy
fine flInp - j merl draining the same materials, but making such a separation that the
dro8 - partlcte im ilive discharge is 100 mesh, slope and speed must be reduced, giving
o ftlnir!’% caPacities of 400, 800, and 1050 tons per 24 hr. for, respectively, 3-, 6-, and
°-it. wide classifiers.

Drive shafts iDrive shaft

Yhrmshaft

Wx3%'T&L.

pulley

E—"Tosuclion box v> Z=z
End Elevation
F1G. 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
p1 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 productis desiyed, Jupersfrucfurex jOverflow launder

where the overflow product is to

be of extremely fine size, and y Bow!
discharge

where the solution overflow
capacity is large in comparison
with the raking capacity.
It consists essentially of a
strg]i)ggt Dorr cl?ssiﬁer, as tdhe— Blades!
scribed previously, upon the Rak
tank of which there is super- Discharae aarnT 9
imposed a shallow circular bowl opening
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 Drum ,/*ar housing
in the center of the bowl, and Disiribuior
gravitate through this opening plaie /I'-'ee.dwe// y
into the reciprocating-rake com- Disfribufor baff’s
partment below.
The coarse solids are ad-
vanced up the sloping bottom of
the classifier and on to the drain- Blades -
ing deck lfronc;_ W}Illich (tihte)y aﬁe Dump gaie  ~"Rakes
t t!
proesent y discharged oy e SECTIONAL ELEVATION

reciprocating rakes. Wash
water. introduced near the cen- FIG. 6.—The Dorr bowl classifier.

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.

Worm
gear

T



CLASSIFICATION 1595

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 %% h-P- fir 110 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,
Jor 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
1arge bowls with narrow classifiers, and the lower figure covering cases where
the bowl diameter is only slightly greater than the classifier width.

0. 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 Tow-weir
type> m 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

Low weir High weir
Spiral, diam.

Width Length Width Length
127 14" 56" 14" 66"
16" 18" Yy 18" 8'6"
24" 2 3" 96" 2" 3" HO"
30" 2o 11 0" 2" 9" 13" 0"
36" 33" 130" 34" 150"
45" 4' 0" 14'0" 4' 0" 17' 3"
54" 4' 9" 18' 0" 4' 9" 20,.6"
6G" Yy, 19' 6" 55" 22" 0"
72" 6' 8" 21' 0" 6' 8" 24" 0"
78" 72 22' " 70 om 24' 0"

Submerged-spiral Types
Single Duplex
Spiral, dram.

Width Length Width Length
12" 14" 10' 0" 26%" 10'0"
36" 3" 4" 22' 8" 6 515" 22' 8"
48" 24 5" 26' 0" 8 615" 26' 0"
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JjUe overAow 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
Oravaus™ance. 01 fr°m 2 to 5 ft., depending upon operating conditions.
Ql/ - nS classifier= 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 ¥& r.p.m.
no 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.
. 1he sales prices of Akins classifiers vary materially according to type,
siz0, and length. For rough and very preliminary estimating purposes, it
maV be considered that heavy-duty Akins classifiers of the submerged type,
tnini0™0 wth steel tanks and lifting devices, f.o.b. factory, cost from (500
®750 per ft. spiral diameter.

FIG. 8.—Principle of operation of the Hardinge countercurrent classifier.

age Countercurrent Classifier. The Hardinge cOuntercurrent
classifier (Fig. 8) is a slowly rotating drum, on the inner surface of which is
located 1. 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
retates, the coarser particles that settle out are moved forward by the spiral
aN<l are repeatedly turned over in a forward motion, releasing any fines
r[Jixed 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
aBwatered and elevated by buckets to a higher elevation, so that the classifier
10ay 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
fOur 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 and steel construction, 1t
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.
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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
€0 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

°w) in individual compartments of a single machine, external pipes or

Oirghs are used for transferring the product between the different units,

operation. The mixture of a solid substance and a solution is introduced
a e 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-
AarmOnt. 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.

11 a similar manner the solids, being advanced toward the last compart-
mO1l”™ come 11 contact with wash solutions progressively less concentrated.

he mild agitation caused by the reciprocating rakes in each compartment

Fic. 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
0XI the inclined deck assures the removal of the bulk of the solution before the
80lids 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- Feed )

rent decantation 1705;3{’7: ﬁ:(l)f_l 25T
abbr. C.C.D.). Wash

( ) Wtons water wafer

The over-all wash-
ing efficiency, Shronc/
concentration of so-
lutions in all com-
partments, and . . .

. F1G. 11.—Washing classifier flow sheet.
purity of final prod-
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.

solution

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
thO 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.

T°=n’s 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 7 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:

I00W + 25 = 35A' + 10 X 2000 1
35X + 25X = 25W + 35F. Ez;
35F + 25F = 25.Y + 35Z 3)
35Z + 15Z =25F +25 %0 )

Solving: By substitution:
W — 194.51 1b. NaOH per ton water
X — 123.39 Ib. NaOH per ton water
Y = 72.58 Ib. NaOH per ton water
Z = 36.29 Ib. NaOH per ton water

Summarizing.

Compartment Solution Strength, % NaOH

% 8.86

5.81
3 3.50
4 1.78

100 > 194.51
P f NaOH = =
veeovery of INa 10 X 2000 > 100 = 97.26 per cent
15 < 36.29

NaOH i hed salt =
al in washed sal (75 = 2000) + (15 x 36.29) 100 = 0.36 per cent

* Salt in saturated brine-wash solution neglected.
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of wym "1ub PrOcOding example, it should be obvious that the same method
Caculation may be applied for finding other unknowns, w'..
o 10 find 71i0 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
Oy 6jit to which product will drain with and without suction box.
to 1° imd in® nmmmlllll number of washing compartments required
, gwe .a specified percentage of soluble impurities in the washed product,
en given the maximum permissible amount of wash solution and the
moisture 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.
¢' 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
I=readily soluble in the solvent applied. In this article, the leaching of coarse,
ge 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

a handled by the succeeding extraction process, such as precipitation of
' soluble materials or evaporation and crystallization.
mEquipment Used. As is true in the case of washing, the Dorr multideck
classifier is the only standard self-contained unit applying the principle
1 _continuous-countercurrent flow of the substance to be leached and the
solvent, to the leaching of granular substances. Discontinuous methods
melude 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,
1he 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
10aching 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
Onriehed in the soluble constituent of the treated substance until it finally
overflows from the first compartment in a relatively concentrated form.

i 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
Onriched 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 1b.) 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.

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

al.
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 £

o 1000

Solids raked = 95.5 — = 95 tons

‘Water in raked solids = 31.66 tons
Compartment

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- 51soluble ~pper water
lation at that point. ,gg; ’c’vz"t’é’f’eca’ane

Water enters at two points: o A

100 to] 3 with the calcine in Overflow

the first compartment, and

50 tons as wash water in 6507  64.90T" 64.90T

the last compartment. . - : s .

The balance of the water FIG. 12.—Flow sheet oglazgipﬁ};il: leaching in multideck

in circulationis either over-
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 setup 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 133.24A = 32.33A = 65.57B + 6000
Compartment B 65.57B + 31.83# = 32.334 + 65.07# + 3000
Compartment C 65.07C + 31.66C = 31.83# + 64.90# + 1000
Compartment D 64.90# + 31.66# = 31.66# + 64.90#
Compartment £ 64.90# + 31.66# = 31.66# + 64.90#
Compartment F 64.90# +— 16.76# = 31.66#

Simplifying,

165.57A
97.40#
96.73#

65.57# + 6000

32.33A + 65.07# + 3000
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 1b. copper per ton water
# = 96.10 lb. copper per ton water
C = 61.05 Ib. copper per ton water
# = 28.60 1b. copper per ton water
# = 12.70 1b. copper per ton water
# = 4.92 Ib. copper per ton water
Checking calculations,
Total copper in classifier overflow = 133.24 x 74.25 = 9890 1b.
Total copper in classifier discard = 16.76 < 4.92 = 825
9972.5 1b.
Error due to neglected decimals in slide-rule computations =  27.5
=~ 10,00 1b.

Total copper in feed to classifier
T 16.76 x 4.92
Recovery of copper = 100 — J5JJ4 74 25 + 16 7p' ¢ 4.92 X 100

82.5 100 = 99.173%
100 = g9y 5 X 100 = 99.173%

16.76 < 4.92
€ 95 x 2000 + 16.76 < 4.92

Copper content of leached residue x 100 = 0.043%
The same method of calculation may be used to find the minimum #mour»
°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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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. Rake-product is the comparatively coarser>
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. Itis 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 ?lt maximum g, 13.—Relation between rate of feed and work
efficiency. As will be shown done in a rotary mill.
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
siven time or by the more refined methods of Kick and of Rittinger, described
ater (see p. 1605).

Table 3. Relation between Rate of Feed to Ball Mill, Work Done, and
Unit Power Consumption™®

Finished prod-

Feed rate, . N % Finished

Ib. per hr. of “fg in d‘ShChafge' A)material Rittinger’s Kicics work | Kw.-hr. per ton

Yo-in. lime- A in mill work units units (E.U.) of 65-mesh
stone li mes discharge (s.u) limestone

imestone

1,000 600 60 40 000.000 900 000 133
2,000 970 48.5 60 000,000 1,500,000 8.25
3,000 1,200 40 90 000 000 2,100,000 6.67
4,000 1,400 35 100,000,000 2,250,000 5.70
5.000 1,650 33 170,000.000 2,350.000 4.85

* Courtesy University of Minnesota.



CLASSIFICATION 1605

11s relationship is brought out in Table 3 and the accompanying graph
f1% 13) ba=ed upon studies conducted at the Mines Experimental Station
0t 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 thmmmqthomwﬁ@mmgtmg the work done in cylindrical mills. Rit-
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
m volume of the particle, a function
pf the cube of the diameter, and the
Arek unit of measurement is known
as an “‘energy unit” (E.U.). Practi-
cal plant operators prefer to measure
wOrk 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.

Open- vs. Closed-circuit Grinding. The fact that capacity increases
wtithout 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

FiGg. 14.—Relation between circulating
load and work done in cylindrical mill.

unes to act as a cushion, damping Ba//mH/dzvchmge
the effective impact of the balls /o/ubemtllfe 1
Upon the unfinished material. Raw
m closed-circuit grinding, the feed 8_
classifier builds up the feed to the BallmH! Tube mi/!

mill to the optimum Val.ue by re- gy, 15.—Two-stage open-circuit grinding.
turning unfinished oversize to the

mill for further comminution. Furthermeore, it iprades-the-mill-discharge so
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 represent-
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.
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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 18

equipped with a . o, .
spiral scoop feeder, Prlmmyctrcm{ovqﬂow iBowf
which picks up the fo secondary circui! CiassiFer
new feed and the  Circy- Classifier
classifier discharge  /4/ing ’
from its feed box ioacR
and introduces them
into the mill through R4
the hollow feed g ' .
trunnion. Water is Jeed A - LR Discharge
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

Finished

Ballmill’ Discharge 'Circulaling '"Tube mill
load

Fic. 16.—Two-stage closed-circuit grinding.

Fie. 17—Closed-Circuited ball mill.

large in diameter and short in length) loaded with balls ranging in size romn
d 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 34 in. Bowl 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
¢ 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
| gi*ndmig 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
rel/a aif .~ass™Ner 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 1j1 eYery grinding unit there is available an effective volume through which
Oeq will pass, which, if properly utilized, will lead to maximum capacity.
owever, if the tonnage of total feed becomes excessive for the total volume,
nen 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

alcBo beV°nd capacity, and the stoppage is due to overloading.

thus, as data from actual practice have proved, the total tonnage of
e0d through the mill and not the circulating load ratio is the important
co[[suderation in obtaining best efficiency from closed-circuit grinding. Con-
cerning actual mill loadings, a review of several important grinding applica-
-10ns which used the heavy-duty Dorr classifier in the circuit has shown that

e 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.

bize 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
siiply 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 prOperiy 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
cxaniple, if we wish to grind a 7-in. feed to 97 per cent minus 200, open-cir-
c[[ut 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
0 POr 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 . Comparison of Size Distribution

h Open circuit, Closed circuit,
Mes % -+ % cum. % + % cum.
Sieve No.:

1 20 1.0 1.0

2 28 0.25 1.25

3 35 0.50 1.75

4 48 0.50 2.25

5 65 0.75 3.00

6 100 2.00 5.00

7 200 6.00 11.00 2.6 2.6

8 325 (Not recorded) 8.4 11.0
Elutriation jar:

340 10.7 21.7 16.6 27.6

2 540 7.8 295 5.9 33.5

3 820 3.4 329 6.7 40.2

4 1400 8.4 413 8.0 48.2

58.7 .... 51.8

Overflow.

* 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 0.32
208 65 0.68
147 wo 2.18 0.08
104 150 4.10 0.38
74 200 7.85 3.75
53 325 dry 13.8 15.6
42 325 wet 15.9 19.15
40 19.3 23.3
30 235 31.0
25 27.6 34.7
20 33.1 39.4
15 39.9 44.9
10 48.5 51.7
75 53.4 57.0

6.0 57.6 60.5
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th™v[n/ st Mle cemen” pramt 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.-hr
binary media, Ib... 5-586 3.01 45.3
*secondary media, Ib - 0.057 33.7
0.321 0.112 65.1

tr arr*Omatie Control. A point worth noting is that in closed-circuit
miraing the classifier gives a control that automatically takes care of such

Feed bin>
cwr =T —

C.L.MiU

LoosepuUey-
Tighipulley -
. GZ, DorrbowL
classifier
APy

Classifier
overflow

o*  Pulley for
bowldruni-

Ploin "C L Bowf
CLMiL
Oufsiae o
FeedEndEfevortion Side Elevoition Dischoirge End Elevation

MiU of Mill
Fic. 18.—Closed-Circuited tube mill.

sflall 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
I[Tdl 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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Percentage increase in capacity = 66.
—Taggart, “Handbook of Ore Dressing,” p. 455, Wiley, New York.

1927.
Example 2. 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.
Example 3. Phelps-Dodge Corporation, Morenci, N. M.:
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. M.:

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. 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.
Example 2. 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.

Example 3. 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.

betti0”0a Oi'am™ig 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.

zample 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 = 5/.
Jxample 2.  Chino Copper Company, Hurley, N. M.:
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 Ib. per ton of finished product.
Percentage reduction in steel loss = 53.
The Higher the Circulating L.oad the Lower the Unit Grinding Cost,
riereasing the circulating load of a closed-circuit mill has the same effect
Ou the efficiency of grinding as increasing the new feed to an open-circuit
* Capacity increases and all unit costs decrease throughout the entire
1ange 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 (2Vans. 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. M.: “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.”

(NoOTE: 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
0f 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 7% to %% 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*

Kw.-hr. Kw.-hr.
Plant per ton, per ton,
100 mesh 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 11.69
AVerage..mn. 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

Pr_\ma_ry Sec.cmd_ary Total
circuit circuit
hake Shore Mines, Kirkland Lake, Ont. 3.2 Ib. per ton
Chino Copper Company, Hurley, N. M 3.2-1.5
Cananea Consolidated Copper Co., Sonora, Me: 0.459 1.283 1.742
3.72

Phelps-Dodge Corporation, Bisbee, Ariz...

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 Ib., 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
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il is lelde_d Into tWO ortions by a vertical, slotted grid, the primary com-
ll)a"rtmebnh belnlg 103‘16‘1 with 2- to 5-in. balls and the secondary with %4- to
-in. balls. ecent-
ly> however, many AMMER STONECRUSHEZTONE
Xet-Process cement SHALE-SAND-ORE ML
nulls have adopt_ed BELTSCALE,
two-stage _closec_l—mr— ey — % T3 s
cuit grinding, either- scug Yeg % Ve
using the existing %0 % st
cOmbinations or eom-  BELT
. SCALE "<

Partmont mills or
Preferably separate
gall mills.  Foupmil} KILN TANKS A DORR
f this type are in A T " CLASSIFIER-"
operation and several U U U ”?LTER BALL MILL—"
more under consider- 0o REUSE;
ation. The following ladad ORR BOWL CLASSIFIER

. . = /] A,
aBseription relates to ~ASUMP
thd min of Universal —r
Atlas Cement Com- h SUMP -

pany at Leeds, Ala. DORR THICKENERS'
a=s reported by’Coun: F1G. 19.—Two-stage closed circuit cement grinding

sOmman in Tech. Pub. 1096, Am. Inst. Mining Met. Engrs., 1939.

CONVEYOR.

FEEDERS

CLOSED-CIRCUIT GRINDING CEMENT RAW MATERIALS

AT LEEDS

itgA~er several 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 2(E?"Stage’ ~ospr 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
-A condary mills of exactly the same size, so that all parts would be interchangeable.
|- Or study of the grindability tests, mills were specified to be 9 ft. diameter inside the
mers 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 75 in. wide inside, tapering to 1 in. outside,
and the plates are 1% in. thick. On the secondary mills the tapered slots are % in. wide
mside by % in. wide outside, same plate thickness. These slots extend inward for 13 in.
1om 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]6 18 n? spinbaek through the slots. The mills have water-cooled, babbitted bearings,
1he primary mills rotate at 19 r.p.m. and are fed heat-treated steel balls 4 in. in
arameter, 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 400C. temperature

rise.

The discharges from the primary mills flow by gravity at a slope of 1%o 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 7% h.p. motors.
The overflows of the primary classifiers go by gravity, in a launder having a slope of
—.In- POr 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,% h.p.

The rake products of these classifiers are elevated by 12 ft. diameter sand wheels,
rotating at 92 r.p.m., driven by 10-h.p. motors, and flow down a slope of 4% 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 173 in. per foot.

The overflows of the two bowl classifiers flow by fwravity 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. ¥.  %-in. Wide Slots in Primary Mill Grates

Pri- Sec- N Sec-
Pri- r:;:' mary ond- Bowl c?;’s\’;,il r::::y ond-
mary 4 . -
. New- . | classi- ary classi- ) P ary
Opening fed Ml classi Tan g her  fler dven gy
}(ihs— le; over- dis- sands flow loadg lating
charge  sands flow charge load
351
340
202 342
210 351
Specific surface. Best
Tons per hour.. avg.
203

H20, per cent..

Unit No. 2.  %-in. Wide Slots in Primary Mill Grates

Specific surface....

Tons per hou
H20, per cent

Approximately 6000 lb. less ball load than No. 2 unit.
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follnwaia a,rp Pun”POd 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 ®ethod

Particle size Unit No. | Unit No. 2
Mesh- - "
:230205..-.. 13.0 10. {
Microns: 224 19.2
-60 +55. 23.4 20.1
+50.. 25.5 22.6
+45.. 28.8 25.6
+40.. 31.2 28.3
+35.. 33.2 31.2
+30.. 37.3 33.2
+25.. 40.9 37.4
+20. 44.8 40.7
+55.. 49.6 45.7
+10... 56.6 52.4
+ 7.5. 61.5 58.0

acl ¥ Vg +sumed’ f°r specific surface calculations, that the average diameter of the minus 7.5u par-
heles is 2.6p.

Table 11. Tonnages and Power Consumptions

Test data, Power readings, kw.
tons per
hr. UnitNoJ Unit No.2
Belt.—scale settings: Primary ball mills. . ~"290
Bimestone. 91.0 Secondary ball mills. 305
bhale.. 15.0 Primary classifiers. 9
2.2 Bowl-classifier rakes. 10
Bowl-classifier bowls 3.8
Thickener, rotatio 1.5 for both units
Kw-hr. per barrel 3.58 | 4.0

Table 12. Power Consumptions per Barrel of Cement

Equipment Kw. KW":)‘};- per

]rlmarymll?.... 200 )
Secondary mill.. 305 3.44
Primary classifier 9 f
Bowl classifier:

Rakes.. 0 > 014

Bowl... 3.81
Thickener. 1.5)

Total power. 3.58

* 625 1b. 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 mesh'
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

Ilimmum slope orscoop '<-Yi-—as#,
bm3im.perft. Torraste- 7 .

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

Screen analysis—Cumuhtive 25
Dilution of

water to
lid

ot +65 +100 +150 +200 +325 -325
Bowl-Classifier feed. 6.1:1 0.9 17 35 5.0 78 922
o clsitr et RO I B
mmekener dischar ’ 1:1 U.7 224 41.6 584 733 268
. arge o 1.07:1 05 25 975
Vacuum-filter discharge 0.33:1 05 25 975

Table 14. Plant B. 40 Tons Whiting per Day

Screen analysis—cumulative per cent

Dilution
water to
solid

+65 +100 +150 +200 +325 -325
~classifier feed 12.6:1 14 1.8 23 48 897
g0w -classifier overflow. 16.7:1 " 0.6 4.1 959
- - 242 503 709 864 13.6
thickener discharge 1.1:1 0.6 4.1 95.9

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 mueh finer degree.

Since discoloration of the pigment must be avoided at all cost, the classify-
mg 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
10 use a standard classifier of wood construction in direct-closed circuit with
¢he tube mill and a hydroseparator (an undersized thickener) also constructed
oi 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.

the 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
pt the lithopone, overflows the finest material, and discharges a pulp contain-
ing intermediate-sized lithopone which is pumped back to the tube mill for
rOgrinding 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 1400 to 1500F. 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:
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Table 15. Making 350-meslt Lithopone

Dilution
water to % + 350 M
solids
Feed to tube mill 1.5:1 7.0
Tube-mill discharg 3.5:1 4.5
Classifier overflow.. 10 1 2.6
Hydroseparator 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

Approximate distribution of grain sizes in mm.*

Drjr

%
Product sampled solids Ib per 0.06 Finer
and 0.06-0.05 0.05-0.025 0.025-0.005 than
coarse 0.005
No. 1 bowl classifier: % % % % %
Feed 41.5 870 25 35 20 10 10
Overflow. 6.9 317 3 47 30 15 5
Rake produc 70.0 553 80 20
No. 2 bowl classifier:
1.16 144
Rakeproductt. 70.0 173 15 50 20 10

* Made by microscopic examination,
t Finished product.



SEDIMENTATION
BY ANTHONY ANABLE

CONTINUOUS THICKENING
fmpr o™ 0, J1'0 term “‘sedimentation” or “‘thickening” generally
It 13 'es Frav~ational settling of solid particles that are suspended in a liquid,
anda”™' “ivided into two general classes, sedimentation of sandy material
1 .2ec“men-tati°n of slimes. Usually the term sedimentation or thickening
P 1es the removal of the bulk of the liquor or water from the slime by
settling.
~Bahanies of Clarification (Deane, Settling Problems, 7rans. Am.
OrefZ°c"e,ii- 8°¢"” P+ 030< 1920). In all clarification problems, dilution ratio,
he weight ratio of liquids to solids, has a most important bearing. If,
inf example' a thin puip, say a greatly diluted metallurgical slime, is poured
FiOfa ~ass OVlinder and is allowed to settle, the following is observed:
11?7 we see “zat a classification takes place, in which the coarsest particles
setfl’ t° tfhe bottom at a comparatif Iy rapid rate, while the finest particles,
tling at a slower rate, remain on top, with gradations in size ranging
etween these limits. All the particles have free movement and, excepting
oee 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 18n
Tbere u = terminal velocity; D = diameter of the sphere; g = acceleration
ne ho gravity or 981 cm. per sec.; pi = density of sphere; p = density of
, 0 fluid; # = coefficient of viscosity of the fluid; the quantities all being
exPressed in c.g.s. units.
vor water at 200C.
1, p =1, and n = 0.010
xPressing # in millimeters per second and D in millimeters, the Stokes
formula becomes:

u = 981 (p, — D/z=>y
10 18 0.010 10/

Simplifying,
U = 545(p, — DHZU

Later we see that a gradual clarification takes place, relatively slow in the
*apt stages if very fine particles are present, and that there is an absence of
?oy_ (}ine of demarcation between the settling solids and the supernatant
iquid.

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 concentratioll
is reached where there is a marked decrease of the rate of settling. This 13
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

Character of

T f pul ipti
'ype of pulp subsidence Description Examples
Clarification free Dilute Independentpar- Particles or flocs settle inde- Turbid water, seW'
settling zone ticle subsidence  pendently. No definite line age, and trad®
of subsidence. Settling un- wastes

hindered and dependent upon
size of particle or floc

Intermediate Phase subsidence XTpper zone ofindependentpar- Chemical and met-
0'Ofcle subsidence.. Lower zone  allurgical pulps
of collective subsidence. Line
of demarcation not sharp

Pointof compres- Concentrated Collective subsid- Definite line of subsidence. Chemical and met-
sion ence Settling rate decreases with allurgical pulps
increasing concentrations of
Bolids. Settling rate retarded
by particle or floc interference

Thickening com- Compact Compact subsid- Flocs and particles in intimate All pulps by sedi-
pression zone ence contact. Subsidence due to  mentation pass
compression into this zone

The following is an abstract from Coe and Clevenger’s paper, Methods for
Determining the Capacities of Slime-thickening Tanks (7rans. 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-
ough mixture, at least momen-
tarily, it forms a homogeneous
mass as shown in Fig. /E. After
a short time, however, it assumes
a flocculent structure which, after
settling a brief period of time,
forms four distinct zones, 4, B, C,
and D as in Fig. /F.

The first particles that reach the
bottom of the cylinder are the
coarser granular sands which may
be present in the pulp. Immedi- ., 1__Six phases of sedimentation illustrating
ately following this and somewhat intermittent thickening.
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 ey above zone D is a transition zone C. The pulp in zone C decreases in
consistent 80f¢u rrorft the bottom, where the flocs enter zone D, to the top, where the
of Aocculat d | nocciated puiP is the same as that of the original pulp. In speaking
of she en . + plnp, 1t 1s intended to eliminate from consideration the coarser portion
AboveL .Ilned 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 | r noccnlated pulp in the feed pulp. Zone A, overlying zone B, is clear
stages m LLh 10n' ‘ 11 tbe °ase a very raPidly settling slime, zone 4 in the earlier
vOry 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 tiineOu 1ze bquid contains very little electrolyte, where it remains turbid for a

Wwaternt © sil0ws a cylinder freshly filled with pulp of a consistency of about 10 parts
H of F? pait °re, 1u tllis mnstfation zone B occupies the total depth. F, G, and
deeper 1 8pO.w progressive stages of settling in wrhich zones 4 and D are growing
ParticulZOnei 18 decreasing in depth, and zone C remains constant, a feature of this
/) and ar pulp'. -zisnr@ xf shows the condition when all of the pulp has entered zone
settl’ coJnpression oi the slime flocs is going on. Figure U shows the final stage of
aWith’ . eyond which the pulp will not thicken further.
nrmAu  mitOrmittent operation, any one of the stages described may represent the
nanalt*On m the thickener depending
k_ .tne ien=th of time that the pulp L'
onL allowed to settle. In the X
f_ ,afi°L °f- eantinitous thickeners, the
far>i *L  tilin puip at the center of the
rLri Vhp Overflow °f clear liquid at the Clear solution
of +k 1!? a tile tank, and the discharge ~rgyerflow
eon EH lckent?d pulp at the bott(fm are  mimtigmeler.  Ascreen
thi f{Ja y continuous. In a continuous
dp ° .mer, the four zones previously ~
rJfIbed in discussing intermittent éJJrJEZ‘Z:
in F,Ing are generally Present as shown N
« lg' 2+ At the top there is a zone of CEN T g
L ar wOter, A. Beneath this is a zone | I]F 7 A]
» consisting of flocculated pulp of uni-
Orwn consistency. Directly beneath this
a transition zone C, and at the bottom
zone D of pulp which is undergoing . . .
mpression. 11 ma%jng tests, tue set- Thick slime discharge
Ing rates of thin pulps are determined topurmp
y readings taken at the juncture of FIG. 2.—Four zones of settling pulp illustrat-
ones 4 and B, i.e. where the pulp ing continuous thickening.
Onrface 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.

1.333(F — B)
R > sp. gr.

where 4 = square feet per ton of dry solids per 24 hr.; R = settling rate in
Oet 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-

471(ff — sp. gr.)
3G(S — sp. gr.)

where 7 = volume in cubic feet required for thickening per ton of solids
per24 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; 7 = 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. Furo. 3.—Settling behavior of different types of pulps.

Figure 3 illus-
trates the phases of the mechanics of clarification and thickening of different

ty]])gs of . . . .
estal 1112at10n 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 agency which will effect an increase in settling rare will bring about
% the sjj,°. g reduction in tank area required. As the rate of subsidence
rates ofXke lazf3 °’ “he s'owest settling particles, the control of the settling
finer th th6 fmest Particles is extremely important. As the particles become
by th fp eflect of gravity is gradually reduced and is eventually overbalanced
% reabhada68-™ surlaOe enerSY and Brownian movement, and a colloidal state
thf lio ,d where the dispersed particles remain in permanent suspension in
cOlloicM ' 1 om a state of coarse suspension, through finer suspensions and
°fPa .a o . 10ns to true solutions, there exists a perfect continuity in change
Inr 1a' s'if ant' lhe cllan=e from one state to another is not sharply defined.
coarse6+!,™ metallnrgical practice sands are considered to be particles
Y4eshOr A an 20° mesh, 6-0"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:
CtpP0O jSlon3' Particles coarser than 0.0001 mm. in mean diameter.
diameter>’81 3olutionS: Particles under 0.0001 mm. and over 0.000001 mm. in mean

Ue solutions. Particles under 0.000001 mm. in mean diameter.

fine<6 melallurfEicjl and chemical pulps encountered in practice vary from
Proh°blOaruer susPenslons with relatively small amounts of colloidal material,
and 1y the lilrKpSt content of colloidal material is found in certain clays
n m sewage and trade wastes.
colloid mosl widely accepted theory in explanation of the stability of the
asu 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
sigim 1Vu 1°ns. XOm dissociation of compounds. Particles, charged with like
Pers d +i 1,0slllve or. all n=Sative, will be mutually repelled and remain dis-
ea through the liquid medium in permanent suspension.
Mece °rder t° destroy this condition of stability and induce clarification, it is
of anSSary neutralize the charge on the particle by introducing a charge
Acc 1 PpPoslte s'sn> by the addition of either an electrolyte or another colloid.
Dosttr | g¥%& neSatively charged colloids are precipitated by positive ions, and
th tively oharged colloids by negative ions, and
e neUtralized particles agglomerate into flocs, . . .. e
1 Oducing the condition known as flocculation. fimp!—~="Vededlevelf!

e use of lime in cyaniding is a good illustra- /
On °f such an effect of flocculation.
...tWipment Used. Intermittent Set- Wakerlevl Decanfed
1IMf Tanks. This is the simplest and oldest  €mPly ) Hquor
evice for thickening. Sfﬁfc@l?

v he |Ptermittent settling tank is of any con-
. Sludgedischarge
fient shape or size, rectangular tanks, how- B ;
. . . atch SettlingTank
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[lhed 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= 1s 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).
Tho supernatant layer of clarified solution is thereupon removed, by either
gradually lowering the swing siphon or opening the draw-off connections

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 apOy
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. 4,
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 7 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 Sizes

Depth, Inlet

Diameter to Spigot
316" 5pn
4'6" 62"
6'0" 718
80" 911"

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.

2'9 2'0

yy Te

Yo 3'0’
f__f, Z,. Y 0" and 4' 0"
L2 27" and 5' 0"
g, ;’// 5' 5" and 6'0"
T 5" and 8' 0"

(diam, overflow weir)

Depth (tank top to Overflow capacities

top, and fitted with an adjustable strip of belting to insure uniform overflow

across the entire periphery.
The thickene(F mgterlgl is dis-
P arged from the bottom of the tank
V a4, bushing, a plug valve, or by an
a Justable gooseneck siphon. The
Purpose of the gooseneck siphon is
0 control the discharge density.
ne greater the elevation of the
8JPhon discharge above the apex of
0 cone, the greater is the density
© ivrif dischat'gf a[[d vice versa.
Meehanieal Continuous
Hickeners. The Dorr thickener,
0 which there are several different
ypes, consists essentially of a
8 allow, cylindrical settling tank,
ecluipped with a central feed well,
Peripheral overflow-collection
rough, pump-regulated sludge-dis-
c[Jarge 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
erudgh outlet. Distinctive features
are the use of shallow cylindrical
auks, mechanical methods for the
collection of the settled solids, and
A Olumetric regulation of discharge
ub[[stty by means of a diaphragm
Pump with variable displacement.
The Single-compartment
porr Thickener. This type is
8hown in Fig. 7. The tank is cylin-
drical and flat bottomed, construct-
ed of steel, concrete, or wood, and
if steel, may be rubber lined, or, if

bottom spigot) g.p.m.
3 4"
y 9
3 2"
Y ow" 6-8
6 0" 10-12
§ 1w 14-18
v 25-30
m-1 .
>am aun er
Rubberbelt Float
"Cementgrouhng '
m corner "p/pe
' "~ bose
Connectto
high-press.,
Wrtbermain

Callow Setflina Cone

Ccillow Slime Cone.
Plan

Fic. 6.—The Callow settling cone,

"v°od, lead lined for acid-resisting duty. An overflow-collection trough.
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
Lifting device® ;  Wormgearhousing
I/ Feed launder,

Gearmotor ,
I ! Overflow launder

Mechanism support j

Woodtank Feedwell. ,'Tie rodspider
Vertical shaft /Brace
-Blades
. ) | ~~Centerscraper |
Adjustable pipe spreader Discharge cone
Dorrco valves, * Steel tank

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-
e0r' the presence and degree of overload. Should the overload increase to
the danger point threatening a mechanical breakage, an electrical contact
1s 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.

4 Position ofarms
n during an overload

Fic. 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-ge, 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 | or 1% in. per ft.
But, during overloads, they may take a position many times as steeply
inclined as this.

1f 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.



1628 MECHANICAL SEPARATIONS

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

F1G. 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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sohitio0™ 6f effoctively 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
10gulation of the volume of solution clarified in each compartment and assist
ia the maintenance of the correct depth of sludge bed in each. All sludge
eventually reaches the lowermost compartment from which it is continuously
lemoved 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
[Ink approximately 100 per cent. Several other types of Dorr tray thickeners

i ? tonduits C.L. Launder trusspier®
CL.Machine—J
(Solutionlevel |
Center N ~NNixCenter scraper " t
column- 7% = L oy , 8 Overflowgiees

==\ \/r,prrmim 1
F1G. 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
Ioorreo 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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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 loads.

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—circular 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.

It may be furnished

Effluent

Blades

.Radlal blaae

walkway with - " Internal gear

floor plate x -Influent well
Effluent Infuent
channel Arm hmge
Sludge

Blades'

"Effuent we/r

Influent Orive  /Turntable base

HantJraiK well., unit> |/nternalgear Water
Centerdrum-
Center column Armhmge uRakearm
Sludge pipe’ "Bfacfes
| "liniuent pipe
Sludgepocket  Centerpler

SECTIONAL ELEVATION
F1G. 11.—Dorr Sifeed clarifier.

Skimming devices may be furnished, if desired, for continuously

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.
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> D'slr%oltion continues throughout the tank on the same radial diverging
es, Jhe 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-
vided just inside the weir.
T'he clarifier mecha-
*H8m consists of two ra-
dial trussed arms, driven
by a motor on the station-
ary central column, and
OQnipped with plow
blades that just clear the
sottom and sweep settled Effluentpipe
solids to the central dis- _ mlumiable base?
charge hopper in the )~TITr: Lot f 7o 'w.s7Internalgear ¢ /Jnp

bottom. The rake arms g1 Ejjiifiucni vud/-j ¥

0-1e attached to a central | Guide platel Centerdrum * JenrArHobJJJJ
drum, concentric with the
central column. a3
Sludge is removed con- Sfuctge pipt - ABlades
tinuously by a diaphragm Influentpipe
Pump. Where scum and Sludge pocket,’ Centerpier
Uoating solids tend to ac- SECTIONAL ELEVATION
cumulate on the surface FIG. 12.—Dorr Sauarex clarifier.

°f the tank, positive

m”™Nanjcai means are provided for its removal.

It f n6 D°rr Squarex clarifier is installed in square sedimentation tanks,

ti °VuWS e10sds “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-
01 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 100 pipgkOa up by the regular mechanism. The action of the corner
-aae 1s 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
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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.

ThO 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

iﬁznﬁflegﬁlzgigs r(l)lf Auio raise mechanism ¢=[f;a  MNiNr
: andenclosedgearing 1 Byi o or

when they occuris runningin oii- g=
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 . . . .

FIG. 13.—Hardinge Auto-Raise thickener.

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. 131
A support structure of I-beam or low-truss construction spans the top of the
tank and supports the rotating mechanism.
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ArivinS mifehanism is compact and includes fully enclosed oil-lubricated

Mjais and overload protection devices.
e rotating mechanism is supported on
tn In"~"Pe 1all bearing which is designed
. any sway °f the mechanism
%o which operates in an oil bath. The
i1 I"*2 18 suPPlied m sizes from 6- to
wou-ft. diameter, with full double spiral
/capers, with segmental scrapers and
r 1ia scraPers  wood, stainless steel, or
Ubber-coyered 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
ot the removal and control of sludge
?5. Pulp as underflow from Hardinge
Ickeners. The general arrangement
°l 1% pumP js shown in Fig. ld.

T WE owitsiiaildiik feature of the Fic.

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-
oie 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

8mall 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

I

Handwhei)
Jorvarying
capacity

EccenMc

shaft
/

w u U
14—Hardinge Simplex diaphragm
pump.

The Dorrco suction pump

Fi1G. 16.—The Dorrco pressure pump.
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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. Dot
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 %%
h.p. for the smallest to
7Yz 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
Bdp. 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 %% 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
While 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
o] eQUipped with individual drive motors and double-reduction gears, or silent
C TR8 an” sproc”ets f°r giving the required reduction in speed.

1he 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
te whil® the pump is in operation. Change in stroke from ¥ to 3 in.

effected by a small handwheel and the stroke setting recorded on a dial,
his 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

Usual

Usual moisture Unit area,
Type of pulp Chemical composition d?lutlon content & ft. per
thickener o ton per
feed 1SChATES 24 hr.
%
%omde-procesa  slime old-
O‘Learinp ores) & 1 % sodium cyanide solution and 2- 51 45-60 5- B
liead-fl tgt' . rat —200-mesh quartz
Jead-lotation concentrates......... Alkaline water and —65-mesh - 4:1 20-40 7- 18
1-line-soda-proeess lime mud....... PbS
15-20% NaOH solution and 8-10:1 50-70 16- 30
Water-floated whiting.......... precipitated CaCO3
i Water and —300-mesh CaCO3 20-25:1 50-70 45- 175
ABxut0. residue, after HISO! 30, pa. AI2(SO#)3 and fine silica  10-20:1 20-40  75-150
.digestion.
Water-floated clay. Water and 300-325-mesh clay  30-60:1 1260 50225

hv /1-%e v3lres a”ove are general averages for illustrative purposes only, as each material must be checked

y tests before selection of size of machine required.

un” s0 g area required for thickening pulp varies greatly, not only

tween pulps of different composition but also between pulps of seemingly
Ontical composition. In general, pulps prepared from metal-bearing ores
ry 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
Oowm unit areas. Pulps prepared from non-imnetallie 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 hanisms $70 per ton

Erection of thickener superstructure $30 perton

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.

$30 per cu. yd.
$50 per 1000 ft. b.m.
$120 per ton

Concrete in place
Beams and joists (wood) in place..
Columns and beams (steel) in place.

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.
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onerat e,ave”™ e phemieal plant operating four to six thickeners, one man and a helper
in aririb+- e “>c”eners' as well as other equipment such as agitators, filters, etc., and,
3 p1 1°n, car§y ou} routine analyses for chemical control.

Pri pwVr' “ee A=ures given on p. 1634 under Dorr Thickener Types, Sizes, and
shoaki 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 continu-

ous operation.

.~ePa*rs and Supplies. Owing to slow speed of rotation and location of all
e arwng parts above solution level, repairs and supplies are virtually negligible. What-
Jer 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
192; $25.49 $15.16 $ 40.65
192 $81.55 $77.96 $159.51
1926 (6 mo.) $ 8.40 $ 840
Total (2% years) $SM208.56

Table 6. Typical Thickening Costs from Practice

R N Cost per

Plants Daily T‘hlckeners thickener
tonnage installed

per ton.

Lonapah ExtensionMinlng Co...

350 Four 30 > 10 ft  $0.02
250 Six 39 > 12 ft $0.0115
250 Ten 30 < 10ft
Kve 40 < 12 ft  $0.0086
1600 Four 50 =< 10 ft
Ten 30 < I0ft $0.0050
9000 Seven 60 ft

oouth American Development Co.
Torn Reed Gold Mines.

Mclntyre Porcupine Gold Mines, Ltd...

Inspiration Copper Co. (copper tailings)..

One 80 ft

Three 100 ft

One 200 ft. 0.0014
Inspiration Copper Co. (flotation concentrates) 400 Two 80 ft. $

One 60 ft. $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
Orie 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. Asshown 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

6"l-beam trackag

Tube-frame™.
.lifftecl—S r

Automatic’
Crirvalve " ».2 airline

mgéizzlrﬁsm Frame connecting damp
Tube-frame manifold

Annular overflow launder

valve body- Cut-out
valve

§ 9

Nt

Foundation

% oftiming mechanism Sectionoil Elovcition

F1G. 17.—Genter filter thickener.

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 1b. 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
1s 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 | to 10 min., or even more, according
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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
aNd 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 m Olwer"Bl°rden thickener.

Operation of the Sweetland thickener is effected by a reversible electric
SO1°lr connectdd to a geared rotary pump. During the period of thickening
with foation of cake, the rotary pump causes suction on the tube and
removes the filtrate
produced, while at reg-
ular intervals the motor
Overses quickly and
causes back pressure on
toe tube to effect dis-
charge of cake from the
tube surface. A second
leversal of the motor
1ienews 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 FIG. 20.—Oliver-Borden filter thickener.

Is desired.

1 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[Jechanism which consists of a central, vertical shaft suspended and operated
fI'Om 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; 3s0 gal.
Per sq. ft. filter surface per minute is obtained on 500Be. caustic liquor;
Y% 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

Main shaft—>
~Hand lifting device
Gear bushing--
P np.m.
Worm wheel-n=z  AAAAt~AdJustable worm shaft
Bearingplate’ 3&y1s]] bearing

6in.Cbed’  worm>

Jpporl
Lower
bearing
H _ dbolt
‘3in. Wellcufterbracket/ Wellc(jrrer
overflow pj'ne spacer
Sandbed
+ A . Discharge cone -
%t2x2x2m.  Emulsifier-" Filtrate screen
< x Emulsifier shaft PiP% Filtratedischarae
/in. dear water highpressure! ‘Discharge

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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CONTINUOUS COUNTERCURRENT DECANTATION
Definition. Continuous countercurrent decantation (abbr., C.C.D.) is
e term applied to a. continuous system of washing finely divided solids,
neh ag ground ore, chemical precipitates, residues from leaching operations,
. ¢, to free them from liquids containing dissolved substances. In practice,
1t consists of the operation of a series of continuous thickeners so that the
O1d3 100 washed pass through them in series, being diluted after each
Otthng 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
L%Or °f decantations and

th the use of minimum, Rew  Weaksolution Washwater
amount of wash liquid. In

N . . Washeaf
Piactice, the desirable portion e

. solids
oi the pulp fed to the C.C.D. Reaction
system may be the solids, the agitators ja O-R=Diaphragm
solution, or infrequently both. Strongsolution  Thickeners Pump

The 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
}Oeults 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, 1., F,
“ia 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
fita emdge and are removed by a diaphragm pump.

the 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
nr 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
[Z0rn 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
wesh water. Similarly, the wash water flowing in a direction opposite to
that of the solids, becomes progressively enriched in soluble salts by coming

In contact with solids containing greater and greater amounts of soluble
salts.

Fic. 22.—Simple C.C.D. flow sheet.
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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 AIRRO3, 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 (CaCOj):
C.C.D. treatment of this pulp yields a strong caustic soda solution and a washed calcium
carbonate.

Phosphoric Acid. Phosphate rock, containing P205, digested with sulfuric acid,
yields a solution of phosphoric acid in which there is suspended finely divided calcium
sulfate (CaSO4.2H20) 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.

C.C.D. Calculations. The washing efficiency, purity of washed solids,

and concentrations of solu- Feed

tions may be determined by 50 tons soluble

simple calculations, if relia- 50tons insoluble 14251
4

ble data are available on the
character of the pulp to be I 425 .
handled, the amount of wash [
water available, and the Y ‘ |
number of thickeners to be 75T
used. The diagrammatic 3507 ] 75T 75T
flow sheet (Fig. 23) and the
accompanying calculations
will serve to illustrate the method of procedure.
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.

FIG. 23.—Flow sheet set up for C.C.D. calculations

Calculation for Flowsheet Tonnages.

Solids with sludge from each thickener = 50 tons (given)
Water with sludge from each thickener = 50 ><6J%0 = 75 tons
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OVerfiow 3d thickener —425 + 75 — 75 425 tons
. H20

Overflow 2d thickener — 425 + 75 — 75 — 425 tons

im | . H0

*eed 1st thickener = 425 tons

Overflow 1st thickener =425 -- 75 = 350 tons H20

Calculations for Solution Concentrations.
..,a' Let 1, Yl 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,
pOt up the following simultaneous equations:

Thickener 1 350X + 75X = 4251z + 100,000 Ib.
Thickener 2 425y + 75F = 4257 + 75Y
Thickener 3 4257 + 752 =425 x 0 + 75T

¢ Solving by substitution:

X = 282.80 1b. soluble salts per ton
Y = 47.83 Ib. soluble salts per ton
Z = 7.17 lb. soluble salts per ton

d- Solution strength:
Thickener 1 = 282.80 Ib. per 2000 1b. water 12.4 per cent

Thickener 2 = 74.83 Ib. per 2000 1b. water = 3.6 per cent
Thickener 3 =  7.17 Ib. per 2000 Ib. water = 0.36 per cent

e Washing efficiency:
salt recovered

T . .
“Washing efficiency = i feed = 100

= < 100 = 98-98 per cent

/. Percentage of soluble material in washed sludge:

Water with sludge = 75 tons
Soluble salts with sludge = 75 x 7.17 = 537.75 lb.
Solids with sludge =50 x 2000 = 100,000 Ib.

160 99§§7L|ﬁ?)37~7'5 < 100 = 0-330 Per cen’

Various Types of C.C.D. Flow Sheets. While the flow sheet described
above is the one most gen- Kh Weak soluti
erally used in C.C.D. oper- i eafisolution Wash wafer
ations, various types of
r'Olated flow sheets have  Przrnary
been developed for special agtafifbn Sludge

Soluble salt content

cases. P.rima.ry Sec.ond.ary “-Sludge’
1. The Double-reac- g thickenors
tion Flow Sheet (Fig. 24). D.P. = Diaphragm pump

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

Fic. 24.—Double-stage reaction flow sheet.
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of finished solution and subjects the incompletely treated solids to addition®l
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 materials Weaksolution
out in repulping troughs,
does not result in the usual

, aR..A WaslrwerferLnf>

displacement of soluble ma- Peactiorr 71 _Shudge ~"

terials. In such cases, small agrrti>Fors  pikonong andmixing
agitators are placed between agitators

all thickeners so that longer  D.P.=Diaphragm pump

and more violent repulping Fic. 25.—Intermediate-agitation flow sheet.

may release the soluble ma-

terials adsorbed by the solid Filter wash TFtrvrtei

constituent of the sludge Faw Weak Filtrate® -~
being washed. materials solution
3. Continuous - coun- Washed
tercurrent-decantation Yoo PG * soli
> A im* solids
Flow Sl_leet with Filter at Reaction Lgrto.” filter
Hnd (Fig. 26). When the agitators T~ ~ichhe
J Tnzckeners  D.P.wDwphrewjrn pumP

solids are of value and are
to be delivered in as mois-
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

Fic. 26.—Flow sheet with filter at end.
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Possible otherwise. The advantages may be subdivided into two classifica-
tions, tangible and intangible.

I~ Tangible Advantages:
a- Less operating labor.
,» Less steam for heating.
¢/ w¥spr washing efficiency> Le., extraction and recovery.
* 77-u pr temPeraturf °f finished liquor.
P ngnor concentration finished liquor.
(6] 1he 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
1ollewing order:

Table 7

C.C.D plant Batch plant  Annual saving

Labo

Steam in reaction . 1 man per shift 3 men per shift $ 7,776
i . . i 3
vver-all recovery, available A1203. 97.5% 90% 13,406
sTeamiture ar n*uor and saving of evaporator
i i 900C. 300C. 6.660
£Basteamaarn liquor and saving evaporator
350B6. 300B6. 9,000
Total. $42.602

10ata used in above comparison were as follows:

(1) Capacity, 100 tons ““alum” (17 per cent Al203) per day.
(2) Labor, 48 cts. per hr.

(3) Bauxite, 50 per cent available AI2O3 at $14.25 per ton.
(4) Steam at 37 cts. per 1000 Ib.

Intangible Advantages:

®- Less tanks and less floor area occupied.

6.Reduction of human factor in efficient operation.

¢ 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
ROw materials

Ca(OH)2 Phosphate rock

500B6. H2SO4 500Be. H2S04
Extraction in agitator: 98.5% 91.5% causticity 97%
Strength of finished solutio: 350B6., hot 15.80B6., hot 30°Be. (22% PsOs)
temperature of finished solution, 900C. 740C.

i 4 3 3

3 3 6

Washing efficiency... 999, 99.3% 99%

Over-all recovery.. 96% of available

Al203 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.

Overflow from 2ndcompartment

toprocess or/st compartment— W;zshing
solution
N .FeedweH or water
Overflow}
/o/rzueass

Toportst -FPrppdrinieptr. Ap5eafgpron’;
compart-
ment -3rd..washing/.—

/.CorppartmentEl 3% -Mixing we//

AthjNgshing-,
-compartment-. wjFeedweH-
pvertow

Sthwashing
.CompdfTmenf.

Underflin— =  High pressure waterandair

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 4 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
1s 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 multithickener 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:

Saving,

C.C.D. plant  Tray thickener
per cent

Floor area.
Exposed radiating surface.
Building volume..
Diaphragm pump:
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,



1650 MECHANICAL SEPARATIONS

is only %% 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, 0z. Au per ton

Thickener unit Tray unit
Overflow solution I 0.0344 0.0340
Overflow solution 2 0147 .0146
Overflow solution 3 .0084 0077
Overflow solution 4. .0033 .0036
Underflow residue 4. .0196 .0200
Underflow solution 4. .0037 .0046

Table 10. Comparative Efficiencies of the Two Units
C.C.D. Thickeners and Repulpers

Washed tails No. 4 thickener. 0.0196 oz. = $0.686 per ton ore
Underflow solution No. 4 thickener. 0.0037 0z. = 0.1295
Soluble loss per ton of ore. 1.26 % 0.0037 = 0.163
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) x
$35 0.119
Total dissolved $4,914
Soluble loss 0.163
Total dissolved gold recovered per ton................... $4,751
Percentage recovered 4,751
. ‘A4 > 100 = 96.6 per cent
Washing Tray Thickener
Washed tails No. 4 compartment. - 0.020 oz. = $0,700
Underflow solution No. 4 compartment. 0.0046 oz. = 0.161
Soluble loss per ton of ore. 1.19 x 0.0046 = 0.1916
Total gold dissolved per ton:
Agitators. $4,795
Dissolved in washing thickener (0.023-0.02)
< $35 0.105
Total dissolved $4,900
Soluble loss 0.1916
Total dissolved gold recovered per ton............... $4.7084
$4.7084
Percentage recovered -4 9Q00 < 100 =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 rin wbrt-t3rpe 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
°pper. The drive pulley is connected to a constant speed motor. The
Oelt passes over rollers balanced
y an adjustable weighing ele-
ment, whiehrin turn actuates the
s iding gate at the hopper open-
mig through which the loaded
Olt issues. Once the weights
O 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 moie
¢ 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
0 accurate to within 0.25 per cent.
ther feeders of reliability and fair accuracy are the belt feeder, apron
1 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-

Adjustingscrewtolevelscalebeam
Headpulley—v « Chute ,~ i [Firedfulcrum
Worm
reduction-.
Motor . ™

J weight
fertical yok%o! Weighthanger
Scaleplatform— 71

"Conveyorbelt
ameyorbe pf dilpulley

Il 1
_framef Meﬁ.;lurmg Levers-  'Weighingroller
roller
Fic. 28.—Belt-type weigh meter.
Schaffer Poidometer Co.)

{Courtesy of

pump type, revolving bucket-wheel type, and

?eir (or V-notch) type, many of which may Siphonadjustment

0 supplied in materials resistant to corrosive * (eveladjustedby
solutirc;gl s Screwincpup ordown) Dur

N uriron

The arrangement shown in Fig. 27 is simple % i acid-proof
m construction and operation and is suffi- ) sl plungerpup
ciently accurate for feeding acid or other '1222%“
chemicals to a C.C.D. plant.
| ~serr'ng to Fig. 29, acid, stored in a Leadi

ead-iined tank, is continuously kept in circu-
atl°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

1M

J

Fic. 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

0 a calibration scale for the use ofjthe operator.
Some engineers prefer either adjustable speed or adjustable stroke-plunger

oyuips 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

tVeun”®

was” wa,tOr 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 7% in. per ft. instead of the %4 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.

For 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
aaleined 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
epoken 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
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.

* This brief treatment of the theory of filtration is included to provide a basis for the
study of theory in relation to practice.

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:

AdO  pal(W/A)+r] '

[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 4, and time 0. The pressure P is the total drop through the
filter medium and the cake upon it. The viscosity u 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
x1 — 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=apP

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 » 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:

0 wua’W ur

(FM) 2P L p 2)
0 poiiv/FX
~2P.4) (2a)

(FM) P
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For a given constant-pressure filtration, these may be simplified to

w> = A(i)4c = M(S)H o

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 cons’znt pressure to be deducted from the rising total pressure
'Ruth, /nd. Eng. Chem., 27, 717 (1935)]:

0 = 1 = ua /Wz
(V/Aj  (rate per unit areca) (P —P1) A) (3)
which may also be written:
o _ 1 pnaw 3
(V/A) (rate per unit area) (P —Pi) Ga)
i these equations Pi is the pressure drop through the filter medium.
— 11
A = (1%
i"or a given constant rate run, the equations may be simplified to
. P
= rate per unitarea = — + C (35)

AU AT
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 [[. 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
mutual 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

av _ AP

do  ua,(W/A4)
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
again neglecting the filter medium, reduces to

av _ A
do ~ ua W/A}
For very compressible cakes, therefore, the rate is independent of pressure.



1656 MECHANICAL SEPARATIONS

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 «, in the equation for cake
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resistance, a = a’P§, 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.

1t 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
pu 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
1 predicting filter capacities.

The effect of solid content of the slurry on the rate of filtration is shown in
Egs. (2a) and (3a), 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.
Fi1Gs. 1 and 2.—Typical plots of filtration data.

m 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 &(7/4) can be calculated for various
values of (V/A) which, when plotted with &@(¥774) as the ordinate and
(V/A) as the abscissa (Fig. 1), result in a straight line having the slope
wnaw/2P, and an intercept on the vertical axis of p#/P. Since p, w, and P
are known, (L and » can be calculated from

2P
a = “—W x (slope)

and

P
r = — x (vertical intercept)

The effect of a change in any variable except P (which affects o) 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 @ 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 (0l and r at any reasonable pressure (Fig. 2). In
many cases it has been found that » 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
&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 ao in the equation

6l = ol + a'(P —PD)

and plotting (« — aa) 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



FILTRATION 1659

Over 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
angle 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.
Usually a few preliminary tests will indicate the time range. Careful
tests may then be
miade and, in these,
variations in temper-
ature, dilution, con-
ditioning agents, etc.,
should be tried, and
capacities and clarity
°f filtrate noted.
Pressure Tests,
Jor plate-and-frame
Press work, tests are
best made with a
*aboratory-size mod- FIG. 3.—Small-scale vacuum-filtration testing unit. (OZ%er
0 This will give United Filters, Inc.)

representative ‘‘vake paoking,” gte. The apparatus shown in Fig. 4 is used
101 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
arranged accordingly. After determinijrig the cake-building or filling time,
displacement washing and drying thg cake with compressed air should be
tried. For wet discharge it is

advisable to open the cell and airintet  Jk
Oxperiment upon washing the cake Compressedairfor Tt
away with a jet of water. Foi- leafdischarge -Za.
dry discharge the effect of a gentle Vacuumx. tests'
air blast in the test leaf should be -gage !
tried. T~

Filtrcrle' . Monte-

In both vacuum and pressure
tests the daily filter capacity is
determined by the dry weight of
cake per unit area of test leaf  fiyermedium®
Inultiplied by cycles per 24 hr. Eoweriirg
and multiplied by the filter area. pressure leaf
Capacity in solids is usually ex-
pressed in pounds per square foot . .o, re[]
per day and filtrate in gallons pel-  forwash wateres
square foot per minute or per andcake drying
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.

outlet c % jus
|

HI

Feedpipe
'Drain
FIG. 4—Small-scale pressure-filtration testing
unit.  {Oliver United Filters, Inc.}
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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
mwidely 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 canf
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 industrial 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.
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:lempef”:]t“r“ °°C0' 200C. 400C. 600C.
ate of floW...ncenceeneenenenennes I 1.8 2.7 3.7

rMSlus, *1u0 rate of flow is doubled by raising the temperature from 200 to

C. In practice there are many cases where the filter capacity is materially
nereased by heating the filter feed, as when filtering cement slurry, clays,
some flotation concentrates, syrups, oils, etc. The economy of heating a
81"wk firtdr f00d may be determined by tests and computations.

When a concentrated solution is filtered, its viscosity may be high and
sive 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
Oss than for the smaller bulk of the more viscous strong solution.

Tf “eMler dilution can be adopted depends upon the purpose of filtration,
fl> 0 €Brv™MOu rs required at high concentration for subsequent treatment,
his may preclude dilution, but if it is to be discharged afterwards or if it
rmay be reconcentrated by evaporation, then dilution may be allowable.

TYPES OF FILTERS
Eilters may be conveniently grouped under four heads:

L Gravity filters.
2. Pressure filters.
3. Intermittent vacuum filters.
4. 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
hi0dium and are used for clarifying solutions or water. To be effective such
a filter medium must be comparatively thick and the amount of solution
lar'ge compared with the amount of removable solids. Strainers and sand
arid charcoal filter beds, used for water purification, are good illustrations
pf gravity filters. Gravity filters are often useful for small-batch operations
m 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
18 applied at the bottom of the filter medium, or, in some cases, by pressure,
11l which case the filter is placed in a pressure case and the material pumped
mrto 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
ui 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
1eaves 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[]!
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 i1l
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 g 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 tho
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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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-

hmi 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
.¢ mounted on two parallel
OHzontal bars and clamped
'°gether. Figure 5 illustrates a
vhriver press. Each plate and
u.ame is accurately machined to
?ve a tight joint when clamped
LCgether with a cloth between
hem, and the faces of the plate
&e ribbed and channeled or
A a pyramid surface to pro-

(i- f°r drainage of the filtrate
' Y% 6). A filter cloth is laid Fie. 5.—Shriver plate-and-frame filter press.

0vOr 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

nbus is formed. Each cell consists of the empty frame bounded on both sides
A filter cloth behind which are the plates.

One 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,
A ratchet gear and pinion or hydraulic closing device may be used to obtain
“rOater force. The feed channel is

rmied by a hole in each plate and ‘ Q i Filler
,ame, these holes registering to- IQBEIQQ Mmecfiofft
other. In each frame there is an ’
OPening from this channel that ad- Ryrafnid Corrugated
i“ita feed into the frame, and at the =urfocp Su™Ce I,
oattom.of each plate there is an I xe. 6.-Mter plate;
0Utlet for the filtrate. If the filtrate from a plate becomes turbid, that par-
1eurar plate is removed from service by closing the outlet cock. The filter
1aths are examined after each run and any defective ones are replaced.

When necessary to wash the filter cake two methods are used depending
OPon the type of plates. In one of these, the wash water is forced through
ub 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 1b. per sq. in.), feed is continued until the frames are completely
pued, 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
Is 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
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and the cloth on the opposite side and issues through the drain cock shown
in Fig. 7a. Air blow may again be given to displace the wash and to obtanl
as dry a cake as possible. Dryness of cake is an advantage of plate-and-fraw0
resses.

P Center Filling. In this method the feed is stopped while there is still %
space down the center of each frame thus dividing the cake into two halve9
(Fig. 70). Wash solution is forced in behind the feed without allowing tho
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  Fig. 7.—Cross sections of plate-ana’
channel inside the press similar to the frame filter presses, showing operation a'
feed channel. solid (a) and center (&) filling.

The advantages of plate-and-frame presses are simple construction, o™
cost, simplicity of operation, and dryness of cake. They may be used fbr
high pressures, and for acid filtrates the plates and frames may be made of
wood.

The disadvantages are high labor charges when handling large tonnag®s
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 in
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 i
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 pipe
with nozzles, one projecting into each compartment. This pipe is slowly
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totated 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.

JdIPultaneously water under pressure issues from the nozzles and plays upon
[le 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

Is Permissible. It was originally developed to handle a large daily tonnage

slime in which the treatment with cyanide took place (at least partially)
10side the press. Its success marked an advance in slime filtration by plate-
ond-frame presses since manual labor was reduced and cloth life lengthened,
nowever, 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-
ormed 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
01 a centrifugal pump and are at all times submerged in barren solution which
Passes outward through the
rioth bags. To clean up
%o bags, the solution is
drained from the tank, the
pags are blown with com-
pressed air, and the inner
pag liners are then removed
*rom fluxing and melting.

Kelly Filter. The
Kelly filter consists prima-
niy 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[Ipported 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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Tiected 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,0 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 1b. 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 Ib. 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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the 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 (Fig. 10) consists of a series of
cltcular filter disks suspended inside a
cV]jMrical cast-iron shell transversely
v i-f axis. The shell is divided along
he horizontal center line into two
halves, hinged together along the back,
the 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
Talf (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
aidng the top half of
%o filter body, and
Jioles are drilled
through to receive the
Ulter-Ieaf outlet nip-
pies. Each hole is
POUnterbored on the
*aside to receive a
Iilter-Ieaf rubber
dasher and, on the
putside, 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

10.—Sweetland niter (closed).
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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 plaad
in the filter and also carries away the filtrate.

For bottom drainage the outlet sleeve is welded into a flattened tube whiail
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 Dra’4t,3e Lerf EoHom Dr<'sge Lerf
This is provided by a special - a
peripheral member (in place of Fig' 12, 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

Spmypge N ) ©,

WWﬂ Inspection

Couplinp

FHtrateJ
outlet"

e JScrew Inletconnection™
£ conveyer 1

Fic. 13a.—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
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bi0 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.
cvia??2 ® er 1l "ub Valiez filter (Fig. 13a), the leaves rotate inside a
frummar mer Pressure $u0il  The leaves are annular screen disks covered with

er medium and assembled in parallel at regular intervals
eit¥an a *10rizOnta” hollow shaft which rests in bearings at
cK. 1 Oud of tfle stie** This shaft serves as a filtrate
is 21101 anc* 18 rOtated by worm-gear drive. The shell
th ~lvictet* 1to halves at the horizontal center line and
) e gp er half is provided with inspection doors opposite
ue S.

h if° rep*ace a disk, it is necessary to unbolt the upper
alt of the shell and remove it with an overhead crane,
na, as the disks are not sectored, the shaft is next ralsed
M the disks removed until the defective one can be taken

pi m its turn.

r'eed is forced in from a manifold pipe having openings

the bottom of the shell. For discharge, a sluicing
IPe is located at the extreme inside top of the shell with
10les 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

; [}nlcled solids through an opening in the bottom of the

ell.

The Valiez filter was designed for certain phases of
§Ugar-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

A'hieh is rotated like a cement klln It has a hollow
1Unnion at the feed end, and a tire and rollers toward the

Other end. It is revolved by a pinion drive, and its speed

j8 varied according to the nature of the material being
itered. 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

ci°sed by a cast-iron door equipped with a quick-opening
0Utlet for discharge.

Operation. The material to be filtered is fed through . Fle 13&—Val-
010 hollow trunnion at the head end, as the filter revolves. ;:; ;;lltel" (section of
" hen the required charge has been introduced, the ’
efd 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
[Uedium is submerged by the feed. The cake is homogeneous because
°l rotation. Any cracks which form are sealed when the cake reenters
the 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, sincO
which time it has been
used to some extent in
handling zinc sulfate
liquors in electrolytic
zinc refineries.

Intermittent
Vacuum Filters

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
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 in
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, Fhe capacity of which is directly Crane runway
proportional to the number of leaves g connection to vacuum'
multiplied by the area of the two sides  andcompressedair tanks"
of a leaf.

F1G. 14.—Burt filter.

When a sufficiently thick cake has Filter geaves’”
1 J

formed, the basket is raised out of the ! n J

feed tank and transported to another Iwafafﬁf [“[ %’r'f
tank containing wash water, vacuum

being continued meanwhile by means

of a flexible hose connection. After conveyor
sufficient washing, the basket is again
raised and transported to the discharge FIG. 15— Moore filter.

point, -where the vacuum is shut off and

air pressure is, applied. The pressure distends the bags and discharges thf
cake. The moisture that remained on the inside walls of the filter cloth is
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 i
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
" aiffif 110 ca kO 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°rtion 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

elleaves 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 fila  When the required load of cake has formed, the remaining feed
OrpumiPed imto a stock tank, the discharge valve is closed, and wash solution

| 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
tOning the discharge valve of the tank, shutting off the vacuum, and apply-
'Ysan' pressure, when the cake falls off and is sluiced away.
miall-seale operations require only one filter and one tank, whereas the
°°re arrangement requires two or three tanks. For large-scale work,
vOral tanks and baskets are needed in each method.
in th tlmes "ai@ wash solution has been pumped on to the surface of the charge
|, ne firter while drawing off excess charge. While this caused some diffusion,

6 saving in time and the continued submersion of leaves were thought to
lu'4fy the practice.

oafh the Moore and the Butter filters have been widely used in filtering
AVaiiide slimes, but their use has now been generally supplanted by continuous
BLcuym filters and they no longer have the major importance in modern

Oring practice which they once had.

Continuous Vacuum Filters
a Oliver Filter. TheOliverfilter (Figs. 16a, 166, 16c) Consistsessentiallyof
"3dindrieal drum supported in an open-top tank or vat and in such a manner
n 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
',Ilj? - 18 c®nfived within the tank walls, while the upper portion is exposed
above.
1he ends of the drum are either open spiders or closed heads which carry the
81l AAa’n trunnions by means of which the drum is supported. The drum
e | is composed of a number of shallow compartments over which is secured
h m”ering °l filter cloth. The cloth is supported by a drainage grid and is
a in place by a spiral winding of wire uniformly spaced.
0f j-Ince ~10 Pnlps handled on the Oliver filter differ widely in the percentage
o., 1", ifi content and hence in the filtering rate also, the nature of the drainage
~1id is determined by the use of the filter.
7z .or the simpler types of.minerals and chemical products, the screen grid is
fip-ln, deOP- handling moderate amounts of filtrate. If built for various free-
terjinS material (sulfite pulp as an example), the filtrate passages must be
rTfénanIE “rainaSe grids are therefore deeper, %.e., 1% to 1% in.
fill 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
[, Ui fi*rate; hence, sharp separation with the least dilution occurs with
® shallow grid (less than % in. deep).
he screen support for the filter medium is a specially milled cedar grille
| most neutral or acid filtrates, but, with caustic filtrate, perforated steel
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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 compartment communicates through a separate con-
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 The earliest designs of automatic valves f°l
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 barrifr
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 m
some uses of the filter just as the cake begins to form. This small amount

Fie. 16a.—Oliver filter, discharge side.



FILTRATION 1675

filtrate is returned to the filter feed and thus the remaining filtrate is kept
Quite clear.
1 The 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
%o outside of the filter valve, the handwheel allowing exact adjustment

vithout removal of the valve for setting the bridges. This is a patented
1eature.

Other valve bridges, also externally controllable, permit modifying the
afJount of vacuum without altering the peripheral location of the bridges.

1'a- ifc—Oliver filter with concentric-type agitator with independent drives for filter

drum and agitator.
PARTS LIST

1 Filter drum 31. Automatic valve 87. Connecting-rod pin
2 Filter tank 32. Vacuum connection 121. Rear bearing
7 Drum arms 39. Felt washer 123. Scraper plate
9 Drum shaft 41. Valve-adjusting pivot 125. Feed-screw sprocket
19 Housed bearing 42. Valve-adjusting rod 136. Filter cover support
12 Worm-drive gear 45. Wiring sprocket 148. Type A drum drive
13 ‘Worm shaft 47. Worm 149. Type A agitator drive
21 Wood staves 48. Agitator rakes 151. Shaft coupling link
22 pivision strips 51. Agitator crank 154. Wiring center dolly box
23 Filter medium 55. Scraper bearing 155. Shaft coupling
24 Wire winding 61. Pipe plate 158. Diaphragm vacuum con-
25 Scraper blade 63. Crank shaft nections
26 Scraper adjuster 66. Center spider 159. Saddle clips
28 Drum piping 71. Handhole cover 161. Drum nipples
29 (Closed drum head  81. Agitator arc 205. Oscillating spider
30 wear plate 82. Automatic valve flange 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
Ysctional 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.

1/nder the drum, barely clearing the bottom of the tank is suspended a
fiamework (81) supporting horizontal rakes (48) which, during operation,
slowly oscillate thus agitating the feed.

ahe filter cake is usually discharged from the drum surface by a scraper
sde which is set in a vertical position, and in the present design the blade
dzes not touch the wire winding of the drum. On the edge of the scraper
*§ 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 fibroa3
materials formed in paper making. For these fibrous sheets, so eallba'
vacuum alone does not reduce the moisture content sufficiently low in sor6
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 10a
rolls in contact with the sheet; the effect is by adhesion to the couch rar
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 effda’
of vacuum applied externally to the sheet at point of discharge. AnothOr
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 #n<
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 altOr"
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 moSt
favored now is a combination of motor directly connected to the worm-g0a,r
speed reducer and thence by V-belts and sheaves to the worm shaft thai
drives the worm gear on the filter drum. The motor and speed reducer ar0
mounted on the ﬁ%ter tank. Roller-chain and sprocket drives are less favored:
though many installations still use them. Speed variations can be made 11
various ways such as changing V-belt sheaves or sprockets. Others may ugf
multispeed motors, or cone-pulley devices like the Reeves or the Link—Bg/\
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 high6!
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 mon61
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 wlu
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 druni-
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 1or
the given conditions
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Through the action of the automatic valve, vacuum is applied to those
cOmpartments of the drum passing through the sludge. The vacuum created
wtthin the compartments causes a flow of filtrate through the filter medium,
conduits, and automatic valve, and a layer of cake solids is deposited upon

10 filter medium covering the submerged portion of the drum.

As 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

watertrough
i :Return roll

i Cake
y i » discharging
Titer. .y, strings®

wooc baffle
F1G. 17.—Feinc filter.

hpper or exposed portion of the drum. It is subjected to washing by water
rom 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
hO 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

HUIWE %7)jiiiip

n)lm)Mi
VIW>//1E>1

FIG. 18.—The Oliver precoat filter

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
@t low pressure is applied. This operation, with or without the action of
Y%he 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”it
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 bp
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 vaeuun!
filter similar to the Oliver already described but differing essentially %3
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 string}
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
‘Mth the filter medium placed on the inner surface of the drum as a series
01 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
laspection.

The drum is supported by a tire and riding rolls at each end. TItis 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
vhver 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
°fthe 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 while 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 tim0
alternately opening the outlet and inlet connections of the blower to th6
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 tho
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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A 10vOr of cake solids forms upon the cloth on both sides of the sectors and the

'l.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
1ast is applied. This causes

he filter bag to inflate as it is
hotheld fast to the sector by any

Srid or wiring. Contact of the

bags with scrapers or with ro-

ating discharge rolls causes the
cakf to drop between the tank
divisions. In some uses, the

,e0d enters the American filter

yom a launder placed along the
r'un 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-
cNanical 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 €onstruction

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 castlead. Rubber
is suitable under severe acid conditions, but it is limited in its applications
by the required temperature.

For filter mediums, wool and woven-wire 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
I[Tdicate 10 to 14 in. mercury.

Cane-sugar mud is so finely divided that the passage of air is restricted
to very small volumes, about %% 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
1s 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 1b. 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 Ib.
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
most 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 1b. per sq. ft. per day are obtained upon material con-
taining considerable gangue and slime; 1400 Ib. 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
SECh 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.



FILTRATION 1687

The output obtained varies with the nature of the work and is from 200 to
1200 1b. per sq. ft. filter area per day, and the water, or solution filtered, will
vary from 1% 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 %% to %% 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 (10%s Ib. 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 1b. 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
“sread 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
m 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 1b. 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
cOment 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 | 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 Ib. molasses per square foot of filter area
Per 24 hr. on tricalcium saccharate.

The filter feed on carbonation-mud-filter units is usually about 400Brix.
Or 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 12.50 Brix. with 6.4
Per cent sugar, and the wash water from the filter contains about 0.70 to
0-75 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.
4 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.

m 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
pils. Usually from | to 3 Ib. clay per barrel of gasoline will suffice, while in
she 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,
m some cases filter-aid material is being used. Shell-type filters are generally
Oniployed as temperatures frequently range as high as 6500F.

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
aNd rates are low and pressures range from 300 to 400 Ib. 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 th©
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 1b. 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 istent results b 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.

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- EFrpate
drink, and vinegar industries supply many other outlet x
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
moisture 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 1b. per sq. ft. per 24 hr., and
the vacuum requirements correspond to about 0 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 1500 to 165°F. require
the use of special corrosion-resisting materials for the
filtration mediums and for the filter proper when
handling 200 to .350Be. acid. Nitrated cotton cloth
and KAl 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 KA 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 Ib. 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 1b. 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 3%
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
100t of filter area (not including wash apparatus or accessories), would, in

Table 1. Range of Filter Sizes

Oliver
Area, Sq. Ft.
1-ft. diam. %< 1-ft. face. 3
3-ft. diam. X< 6-in. face to 4-ft. face......veeesecsnsecnnnincnnnnnns 4-36
4-ft. diam. %< 2-ft. face to 6-ft. face. 25- 75

S5-ft. various in. diam. <  4-ft. face to 12-ft. face.. 65-200
6-ft. diam. X 1-ft. face to 12-ft.face. 18-226
8-ft. diam. < 6-ft. face to 14-ft.face. . 150-350
HY4-ft. diam. x< 10-ft. face to 16-ft.face 360-570
14-ft. diam. %< 14-ft. face to 18-ft.face......eveeeveccccnenenen 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. x 2 disk to 10 disk 185- 925
12-ft. 6-in. diam. X 5 disk to 12 disk 1000-2400
Sweetland

No. 1 8%
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 1-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. facewidth.. 74-345
10-ft. diam. X  4-ft. to 16-ft. facewidth.. 124-494
12-ft. diam. X 5-ft. to 16-ft. facewidth.. 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
m 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.



1694

MECHANICAL SEPARATIONS

All costs mentioned herein are on the basis of quotation f.o.b. point of

manufacture.

Table 2.

Typical materials

Cyanide slime..

Flotation concentrate:

Gravity  concentrates
and sand.

Cement slurry.

Pulp and paper...

Crystals, salt, etc..
Cane-sugar-liquor clari
cation, beverages, etc.

Pigments..

Sewage sludge.

with or

Mineral oils,

without wax.

Corrosion.

of Pulps Handled

Character

Finely ground quartz ores
Minerals, finely ground...
Metallic and non-metallic
minerals almost free from
slime

Finely ground limestone
and shale, or clay, etc.
Free-filtering fibers

Granular, crystalline

Syrups and solution with
small percentage of solids
with filter aid

Smeary, sticky, finely di-
vided, non-crystalline

Colloidal and slimy

Cloudy viscous liquid, filter
aid used for clarification.
Filtered hot

Removal of bleaching clay 50-lb. max.

from petroleum products.
1 to 20 % clay used

Vegetable fiber and cane
juice

In. Hg
vacuum
or lb.
pressure

18-25 in.
18-25 in.
2- 6in.

18-25 in.

6-20 in.

2- 6 in.
40-50 1b.

20-27 in.
40-50 lb.
22-24 in.
15-16 Ib.

pressure

Approx, filter
capacity, Ib. per
sq. ft. per day

400- 2,000
400- 1,800
10,000-70,000

400- 2,000

200-1,200 and 1%2-
20 gal. water per
sq. ft. per min.

3,000-12,000

36-1,400 gal. per sq.

ft. per day

200- 500
Batch operation

25 to 250
5 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)

Factors Affecting Selection of Type of Filter and Character

Type of
filter suitable

Plate Shell

frame P€

X

X

Con-
tinu-
ous

vac-

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.

Pressure Pumps.
plunger pumps and, sometimes, hydrostatic head pumps are used.

Filter Auxiliaries

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.

For supplying feed to pressure filters, centrifugal and
Montejus,
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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, A
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.

\};acuurn 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

Inletport
. Pump
Outletport outlet
Pump
inlet
Inlptport” Vater
F1G. 250.—Nash vacuum pump. 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. 26a). 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
1s 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

Moisture trap ">

iver v m '
" (?ji/tgr acuu A
~Blow connection
-Discharge scraper
5 7
Barometric leg ** o
0
Dry
. vacuum
Vacuum" : P pump

receiver 'd’.’_”t,’;ate 3
ischarge
/ -

| I I |
Oliver centrifugal- s -Ur-Baromefric sealtank
filtrate pump
FIG. 260.—Vacuum filtration unit. {Oliver United Filters, Inc.)
. . Moisfure -
,Oliver vacuum filter
Blow con-
nection
'Discharge
scraper
. Mam
Vacuum receivers filtrate vacuum
. pump
Wash filtrate—
discharge
EZ%PYL L, 1 ILJa_ 41 ~.1
Oliver centrifuga/ in- =" “UILrt-Baromefrk sealtan/<
filtrate pumps Endview ofvacuumpum

showing necessary connections
when exhausting above pump

Fuo. 26fe—Vacuum filtration unit. (OZ%er United Filters, Inc.)
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-
0%0r, and if a vacuum pump is employed to handle the
fir  from the filter there is no danger of water being
drawn into the system.
.,1The vacuum created depends upon the velocity of
the water in the pipe, therefore the pipe diameter and
he height must be adjusted to give the filtrate Suflicient
vOlocity to draw out the entrained air, thus creating a
vacuum at the filter. The leg should be as nearly
vértical as possible.

m pulp and paper mills many filter installations
operate with barometric discharge of the filtrate. Itis
se simplest way to handle filtrate and air collectively L

L . . Air-inject<r-
a[]d avoid installation and operating expense of vacuum plower.  UngW ﬁgse@
‘end filtrate pumps; usually 10 to 20 in. vacuum is ob- Meter CoA}?
*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-injeetor
blower will give this (Fig. 27).

The pulsating air blow used for the Dorrco filter merely requires a rotating
valve 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 through the pores of cloth, thereby
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-

6%ts of a shaft to which are attached . . .

: ) Filter Direction of
two pieces of heavy fabric of such length * cGke-Arn rotcrfion ofefrwh
that they strike the cake a regular .

Fic. 28—FIapper. (OZL%er Uniied

succession of blows when the shaft is Fi
ilters, Inc.)
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.
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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 io
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
°1 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
cOntains 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
.lI)Haktlerial before it is delivered to the screen or after it reaches the screen, or

oth.

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 screenis called
"she 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
1s 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*

Tuargest
Needle diameter
number of head,

in.

Equivalent screen

0.0735 10 mesh

0.0428 16 mesh; No. 3 slot

0.0395 16-18 mesh; No. 3-No. 4 slot

0.0355  20-24 mesh; No. 4-No. 5 slot (nearer the last)
0.0335 20-24 mesh; No. 4-No. 5 slot (nearer the last)
0.0300 24 mesh; No. 5-No. 6 slot

0.0265 24-26 mesh; No. 6-No. 7 slot

0.0230 26 mesh; No. 8 slot

0.0203 29 mesh; No. 9 slot

O oo N LIPI—

* From Taggart, ““Hand Book of Ore Dressing,” p. 506, Wiley, New York, 1927.
1699
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aperture 4, mesh Af, and wire diameter D are interrelated by the following
equation in which P is the percentage of opening:

V,-uvsa = (1 AN

Needle Mesh. Needle mesh is a number indicating the size of needle
which is of the same diameter as that of the opening. Table | 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, 7% 11- =+L% in. = 3% in.

Through, %4 in.on Ysin. =—%in. +%in. = 3%un. x % in.
Through, %% in.on %%6in. =-%% in. +J-f6 in. = 34 in. x %o in.
Undersize =—j-1f; 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 givenin the formula
100 X actual undersize

Per cent efficiency = Toe unbersize

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 e e

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,
o = percentage of coarse in feed to screen.
b = percentage of fines in feed to screen.
¢ = percentage of coarse in oversize after screening.

t 100(c — o)

E = 100A = 10™~—"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:

e

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:
™ = gy ~ %>
Slu - 0)
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,
1if 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 £ =~ 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),
0 = 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- 0.0300 Opening,

tor in the capacity of .
the screen. By blind- 14 Mesh, 0.041 Wire

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 0.0306 Openiv\?
surface exposed, with- 18 MeSh, 0025 Ire
.Out materlally lower- FIG. 1.—Diagram showing effect of wire size in per cent of
ing the capacity. open area.
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 % in. and there is a large proportion
of Ma-in. grains in the material to be screened, the capacity will be much
lower than if most of the material is finer than 42 m- 1 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 | 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



Table 2.

Size of opening, in.

Size of
opening,
mesh

2%,

3%

3%
3%
3%
2%
2%
2%
1%

18

Range in
diameter of
wire, in.

Max. Min.

0.307 -0.072
0.283 -0.063
0.263 -0.047
0.225 -0.041
0.192 -0.035
0.162 -0.032
0.148 -0.032
0.135 -0.028
0.120 -0.025
0.105 -0.023
0.092 -0.020
0.080 -0.018
0.072 -0.017
0.063 -0.016
0.054 -0.015
0.041 -0.010
0.028 -0.009
0.017 -0.009
0.016 -0.009
0.010 -0.008

SCREENING

Steel-wire Screens and Cloths

Heavy Steel-wire Screens

Range in diameter

of wire, in.

_ 1
-0.225
-0.207
-0.192
-0.192
-0.177

M -0.177

Y -0.162

% -0.148

Y -0.148

346-0.105

7iB-0.105

3%46-0.105

MB-0.105

0.225 -0.092

Y8 -0.092

0.192  -0.092

Range in approx,
weight, lb. per sq. ft.

Max. Min.
13.70-2.16

14.44-1.61

15.29-1.72
16.23-1.74
17.35-1.29
18.49-1.40
19.93-1.16
21.67-1.17
23.69-1.14
26.02-1.30
28.92-1.24
20.22-1.47
23.40-1.50

18.97-1.41

20.53-1.63

17.91-1.01

14.08-1.22
9.48-1.37
10.42-1.33
6.87-1.42
8.96-1.66
7.60-2.04

Steel-wire Cloth

Range in width of opening

Min. Max.
0.693 -0.928
0.467 -0.687
0.362 -0.578
0.275 -0.459
0.208 -0.365
0.171 -0.301
0.138 -0.254
0.115 -0.222
0.102 -0.197
0.095 -0.177
0.075 -0.147
0.063 -0.125
0.053 -0.108
0.048 -0.095
0.046 -0.085
0.030 -0.061
0.022 -0.041
0.0187-0.0267
0.0126-0.0196
0.0100-0.0120

0.0075-0.00675 0.0081-0.0089

0.0040

0.0060

Mm.
Min. Max.
17.60 -23.57
11.86 -17.45
9.20 -14.68
6.99 -11.66
5.28 - 9.27
4.34 - 7.65
3.51 - 6.45
292 - 5.64
2.59 - 5.00
2.41 - 4.50
191 - 3.73
1.60 - 3.18
1.35 - 2.74
1.22 - 241
1.17-2.16
0.762- 1.549
0.559- 1.041
0.475- 0.678
0.320- 0.498
0.254- 0.305
0.206- 0.226

0.152

Range in
approx, wt.,
Ib. per sq. ft.

Max. Min.
7.52-0.39
7.75-0.39
8.51-0.31
7.62-0.24
7.02-0.22
5.78-0.23
5.62-0.24
5.03-0.22
4.64-0.20
3.84-0.19
3.49-0.17
3.15-0.16
2.78-0.20
2.52-0.16
1.96-0.16
1.51-0.10
1.07-0.11
0.57-0.15
0.59-0.20

1703

Range in%
open area

Min. Max.
64.0-83.6
62.3-85.2
60.5-84.3
58.5-83.2
56.3-85.2
53.7-84.0
51.0-84.1
47.9-83.8
44.4-83.2
40.5-81.2
36.0-80.0
39.1-76.7
32.6-74.0
34.0-73.5
29.7-69.8
27.7-73.4
28.4-68.3
34.0-65.0
29.7-61.0
33.8-59.6
25.0-53.4
24.4-45.1

Range in
% open area

Min. Max.
48.0-86.1
38.8-83.9
33.5-85.5
30.3-84.3
27.0-83.3
26.3-81.5
23.3-79.0
21.2-78.9
21.1-78.6
22.6-78.3
20.2-77.8
19.5-76.6
18.0-74.6
18.7-73.1
21.2-72.3
17.6-72.9
19.4-67.2
27.4-55.9
19.4-47.1
25.0-36.0
26.9-32.4
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 of
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

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 FIG.
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
ur 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
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pommels and in many cases for stationary screens where the slope of the

screen will permit their use.
of - *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. Standard
Mm. In. Decir_nal of an No. Thickness, in. ‘Weight per
inch sq. ft.
¥ 0.02952 26 0.018 0.765
J 0.03937 24 0.025 1.02
Vo4 0.04687 22 0.031 1.275
e 0.04921 20 0.037 1.53
1% 0.05906 18 0.050 2.04
Y4B 0.06250 18 0.050 2.04
Y4 0.07812 16 0.0625 2.55
2 0.07874 16 0.0625 2.55
2% 0.08858 16 0.0625 2.55
Y2 0.09375 16 0.0625 2.55
2% 0.09843 16 0.0625 2.55
3 011811 14 0.078 3.187
Ya 0.125 14 0.078 3.187
3% 0.12795 14 0.078 3.187
3% 0.1378 12 0.109 4.46
Vo4 0.14062 12 0.109 4.46
4 0.15748 12 0.109 4.46
4Ye 0.17717 10 0.1406 5.737
%A 0.18750 10 0.1406 5.737
5 0.19685 10 0.1406 5.737
5% 0.21654 10 0.1406 5.737
6 0.23622 10 0.1406 5.737
Yo 0.25 8 0.1718 7.012
6%2 0.25591 8 0.1718 7.012
7 0.27559 Me 0.1875 7.65
%2 0.28125 Me 0.1875 7.65
MB 0.3125 M6 0.1875 7.65
8 0.31496 M® 0.1875 7.65
9 0.35433 Me 0.1875 7.65
0.375 Me
10 0.3937 Ya 0.25 10.2
1 0.43307 Yo 0.25 10.2
Me 0.4375 Y 0.25 10.2
12 0.47244 Ya 0.25 10.2
Ve 0.5 ¥ 0.25 10.2
13 0.51181 Ya 0.25 10.2
14 0 55518 Ya 0.25 10.2
15 0.59055 Y 0.25 10.2
1%S 0.59375 Y 0.25 10.2
0.625 - % 0.25 10.2
19 0.74803 v 0.25 10.2
0.75 Y 0.25 10.2
22 0.86614 % 0.25 10.2
% 0.875 Y 0.25 10.2
25 0.98425 Yo 0.25 10.2
[ 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-
1ame 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 ¥ in. in diameter and greater. Woven wire screens are preferred where
the opening is less than %% 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 74.03
000 23 0.0342 61.87
00 29 0.0282 66.40
0 38 0.0204 60.09
1 48 0.0159 58.25
2 54 0.0131 50.04
3 58 0.0124 51.72
4 62 0.0116 51.72
5 66 0.0107 49.87
6 74 0.0096 50.46
7 82 0.0082 45.21
8 86 0.0072 38.34
9 97 0.0068 43.51
w 109 0.0058 39.97
11 116 0.0052 36.38
12 125 0.0049 36.00
<3 129 0.0045 33.70
M 139 0.0039 29.39
15 150 0.0036 29.17
16 157 0.0035 30.20
17 163 0.0031 25.53
18 166 0.0028 21.60
19 169 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 | 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

preees 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 fiich make up the
screen surface.

Table 5. Various Sizes of Grizzlies*

Size, ft.
Openings, in. Weight, 1b.
Width Length
3 8 1 1125
3 8 1% 955
3 8 1 865
4 8 Vs 1950
4 8 1 1505
4 8 1% 1235
4 10 1 1885
4 10 14 1645
4 10 1Y 1540
4 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
On 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 | in. of clear opening may b6
expected to handle 100 to 150 tons of material per square foot per 24 hr.

LRreeeiver'"
1%G. 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 %% in., where high efficiency is not
a necessity, trommels have been found to be satisfactory.

The slopes of trommels vary from %% 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
clothisused. 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

77

VD

where D = diameter of trommel in feet; g = gravitational constant = 32.2;
w = 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),

Max. r.p.m.
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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.

pbaking Screens. Shaking screens and shaking grizzles have been
used to a considerable extent w%en it is desired to make a separation and the
10ad room available is not sufficient to permit the use of a vibrating screen,
the 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 34 in. per ft.

Shaking screens give a fairly high efficiency in sizes coarser than %% in.,
out in the finer sizes the capacity is low if a high efficiency is desired.

The 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.

Vibrating and Oscillating Screens

Where large capacity and high efficiency are desired, the use of vibrating
and oscillating screens is standard practice, The capacity, especially in
the finer sizes, is
so much greater
than any of the
other screens
that they have
practically re-

placed all other 5
types where the / S 3 111
efficiency of the 8 /8 F /8| /8
screen is an im-

portant factor.

An advantage of

these screens is

tl}at the vibra- F1G. 5.—The Selectro screen.

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 %z4-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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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). Vibration is supplied by a horizontal, adjustable,
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 | vibrating screen is the only vibrating screen used for heavy work

(above about l-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 (Ajax Flexi-
ble Coupling Co.)
are available.

For wet screen-
ing the type |
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 | 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.

7esfgap by inserting sheet ofpaper Laminatedfieldcore
between armature andfield core
while vibrator is runnina - — Hendwhpsd

Vibrafing strip iug * ‘Lower vibrating strip
FI1G. 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 %% 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 | have an auxiliary
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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. Itis 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
Copaeiynder i
. Wire N lating Mois-
Mat 1
aterial cloth sq. ft_of load, ture Remarks
screening o
surface °
Cement slurry.... 20-mesh ton- 0.6 ton 100-150 33% Installed in closed circuit with wet
cap ball mill, removing —20-mesh
material from ball-mill dis-
charge, fines to tube mill, tailings
to ball-mill feed
CUnkKer.... 20-mesh ton- 2.5 bbl. 100-150 Dry Installed in closed circuit with
cap preliminary mill, removing -20-
mesh material from preliminary-
mill discharge, fines to tube mill,
tailings to preliminary mill feed
Finished cement.... 4 mesh to 12 20 bbr. Installed ahead of Fuller-Kinyon
mesh pumps or babbing machines for
removal of foreign material
Chemicals
Wire cloth Capacity, tons per hr. per
sq. ft. of screening
face i is-
Material surfacein Mois Remarks
Open- Wire ture
Mesh ing, diam,,
in. in. Feed Oversize

7 0.096 0.047 0.100 15to50% depend- Varies Bulky material

Powdered soap...
ing upon weather

20  0.0320 0.018 0.065 Oversize, Y& Hard to screen;
35 0.0151 0.0135 Intermediates, % Dry therefore low
Fines, % capacity

Trisodium phosphate...
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Table 7. Actual Tonnage Handled per Hour per Square Foot of
Screening Surface Using a Vibrating Screen— (Continued)
Clay "

Capacity, tons Condi-
per hr. per sq.

Material ft. of screen-
ing surface
About 2% of undersize re-
mains in the oversize
3v4% oversize; 6Y8% fines.
A considerable percentage
of undersize remains in
oversize
Varies 0.125 ton per hr. oversize;
0.4 ton per hr. fines. Ap-
proximately. 2% under-
size in oversize
Varies 0.3125 ton per hr. oversize;
0.3125 ton per hr. fines
Varies 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
0.075 ton per hr. tailings
80% product over screen;
20% product through
screen; 3% undersize re-
mains in oversize
Coal and Coke
Maxi Capacity, tons Products
. Kind of Separate Sai);:n(:\fm per hr. per sq.
Material plant made, in. feed, in ft. of screen-
P ing surface % Over % Through
Tipple 1% 3 5.0 30 70
s 2 4.7 35 65
1% 3.0 50 50
Dry-cleaning Y2 2.0 30 70
plant
%6 % 15 40 60
Coke plant 1 2 1.5 60 40
Gas plant B2 1% 13 50 50
" 3 1.0 60 40

.
Coke plant % e 0.5 50 50
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Actual Tonnage Handled per Hour per Square Foot of

Screening Surface Using a Vibrating Screen—(.Continued)

Material

Crushed stone.

Crushed stone....

Limestone...

Hydrated gypsum.

Material

Chrome ore

Concentrated iron ore

Flue dust.

Material

Insulating material:
1st surface.

2d surface..
3d surface...
Powdered enamel..

Talc..

Crushed Stone and Limestone

Wire cloth ) Product, tons per
Ctapaclty, hr. per sq. ft. of
ONS Per  gcreening surface is-
o Wi sq. ft. of I\Zlols Remarks
pen- Wire .. . screening ure
Mesh ing, d{am., cap. surface
in. in. N Over Through
1%  VZrod 7.50 2.5 5.0 Dry 5% undersize
remains ia
oversize
3 0.265 1017 2.50 Oversize, 1.25
10 0.070 740 Intermediates, Dry
0.625
Fines, 0.625
% 0.027 3.75 65% 35% Varies 5% undersize
remains in
oversize
6 0.095 0.072 1.0-1.75 2% 98% Dry
Metallic Ores
Wire cloth . Product, tons per
Ctapaclty, hr. per sq. ft. of
ONS Per  screening surface is-
. sq. ft. of Mois Remarks
O_pen— ere Ton screening ture
Mesh ing, diam.,, surface
. P cap.
in. in. Over Through
10 0.080 38 0.275 0.075 0.2 Varies
0.506 0.244 3.75 1.75 2.0 Dry
lin. 1 1455 2.5 Dry 5 to 1 % under-
size  remains
in oversize
Minerals and Non-metallic Ores
Wire cloth ) Product, tons per
Capacity, . per sq. ft. of
tons per hr. screening surface Mois-
. per sq. ft. Remarks
Open-  Wire ¢ccreening ture
Mesh ing, diam,, surface
in. in. Over Through
10 0.065 0.035 0.15 Varies 3 to 5% under-
size  remains
in oversize
12 0.051 0 032
16  0.0375 0.025
30 0.0198 0.0135 0.4 5% 95% Dry
55 0.0087 0.0095 0.5 0.3 0.2 Dry



SCREENING 1717

Table 7. Actual Tonnage Handled per Hour per Square Foot of

Screening Surface Using a Vibrating Screen—(Concluded)
Sand and Gravel

Wire cloth . Product tons per
Capacity, nr. per sq. ft. of
tons per hr. gcreening surface  Mois-

Material Open- per sq. ft. ture Remarks
) Ton oOfscreening
Mesh ing, cap. surface
in. : Over Through
Sand..., G in. 0.445 1397 2.0 0.75 125  Varies
Sand and gravel. 6 0151 767 0.750  0.15 0.60  Varies
Sand:
1st surface. - 14 0.059 566 0.600  50% 50% Dry
2d surfac 20 0.041 365

Foundry sand 24 0030 520 0.60-0.80 Wet  Less than 1%

of undersize
remains in

oversize
Stock Yards and Packing-house By-products
Wire cloth Capacity,
tons per  Over- Fines,
Material hr. per size, tons Mois- Remarks
Open- Wire . sq. ft..of tons per ture
Mesh ing diam., ON  screening  per hr.
in. in. €apP-  surface hr.
Tankage... 8 0078  0.047 1.00-1.25 0.625- 0.375- Varies
0.815 0.438
Tankage... 9 % AB-in. 0.20-0.25 0.1- 0.I- Varies Approximately
backing 0.125 0. 125 5% undersize
cloth remains in
oversize
Tankage... 4 0.192 1167 0.333 0.133 0.2 Greasy 5 % undersize re-
mains in over-
size
Meatscrap and bone 5 0.120 0.080 0.20 0.15 0.05 Greasy 5% undersizere-
crackling. mains in over-
size
Acld phosphate...... 3 0.253 0.080 1.0-1.5 0.25- 0.75- 5 % undersize re-
0.5 1.0 mains in over-
size
Commercial fertilizer 3 0.0253  0.080 175 3% 97% Varies
Sugar
Wire cloth Capacity, tons  product, tons per
. . per hr. per hr. per sq. ft. of
Material Open- ere sq. ft..of screening surface Remarks
Mesh ing, diam., screening
in. in. surface Over | Through

12 0.060 1 0.023 0.502 20% |1 80%
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vibration of about J-fo m- 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.,

F1G. 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, /nd. 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 sievesin 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-11-39, 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

5 6 7 8 9
standard Every Ever: E For closer
Y very sizing Opening
screen other other 4th sieves from N
scale sieve from  sjeve from sieve from Open- in frac- Diam-
0.0029 to
V2 0.0029 to  0.0041 to  0.0029 to 1.050 in. ings, inch Mesh eter of
0.742 in. 1,050 in.  0.742 in. Catio mm an inch wire, in.
or 1414 ratio of ratio of ratio of ratio (approxi-
openings, V2 mate,)
or 1.189
1.050 26.67 1 0.148
0.883 2243 12 0.135
0.742 18.85 % 0.135
0.624 15.85 % 0.120
0.525 13.33 Ya 0.105
0.441 11.20 %6 0.105
0.371 9.423 % 0.092
0.312 7.925 Me 2% 0.088
0.263 6.680 Ya 3 0.070
0.221 5.613 552 31, 0.065
0 185 4.699 32fB 4 0.065
0.156 3.962 2 5 0.044
0.131 3.327 Yo 6 0.036
0.110 2.794 %ok 7 0.0328
0.093 2.362 8 0.032
0.078 1.981 a4 9 0.033
0.065 1.651 He 10 0.035
0.055 1.397 12 0.028
0.046 0.046 1.168 Y4 14 0.025
0.0390 0.991 16 0.0235
0.0328 0.0328 0.833 %2 20 0.0172
0.0276 0.701 24 0.0141
0.0232 0.0232 0.589 28 0.0125
0.0195 0.495 32 0.0118
0.0164 0.0164 0.417 Vo4 35 0.0122
0.0138 0.351 42 0.0100
0.0116 0.0116 0.295 48 0.0092
0.0097 0.246 60 0.0070
0.0082 0.0082 0.208 65 0.0072
0.0069 0.175 80 0,0056
0.0058 0.0058 0.147 100 0.0042
0.0049 0.124 115 0.0038
0.0041 0.0041 0.104 150 0.0026
0.0035 0.088 170 0.0024
0.0029 0.0029 0.074 200 0.0021

For Coarser Sizing—3 to 1%2-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. M. M. Series*

Mesh Diameter Aperture, Aperture, Ratio of each Screening
wire, in. in. mm. to one beiow area, %
5 0.1 0.1 2.540 161 25.00
8 .063 062 1.574 1.24 24.60
10 .05 .05 1.270 1.20 25.00
12 0417 0416 1.056 24.92
16 .0313 .0312 0.792 1.25 24.92
20 .025 .025 .635 1.25 25.00
25 .02 .02 .508 1.z05 25.00
30 0167 0166 421 117 24.30
35 0143 0142 416 1.135 24.70
40 0125 .0125 317 1.25 25.00
50 .01 .01 254 1.20 25.00
60 .0083 .0083 211 1.17 24.80
70 .0071 .0071 .180 1.145 24.70
80 .0063 .0062 157 1.24 24.60
90 .0055 .0055 139 1.10 24.50
100 .005 .005 127 1.51 25.00
120 .0041 .0042 107 1.273 25.40
150 .0033 .0033 .084 1.32 24.50
200 .0025 .0025 .063 25.00

* The Institute of Mining and Metallurgy, England.

Table 10. U. S. Sieve Series

Meshes per N Sieve opening, Sieve opening, Wire diameter, Wire diameter,
: N Sieve No. N
lineal inch in. mm. In. mm
2.58 2Ys 0.315 8.00 0.073 1.85
3.03 3 0.265 6.73 0.065 1.65
3.57 3% 0.223 5.66 0.057 1.45
4.22 4 0.187 4.76 0.050 1.27
4.98 5 0.157 4.00 0.044 1.12
5.81 6 0.132 3.36 0.040 1.02
6.80 7 0.1H 2.83 0.036 0.92
7.89 8 0.0937 2.38 0.0331 0.84
9.21 10 0.0787 2.00 0.0299 0.76
10.72 12 0.0661 1.68 0.0272 0.69
12.58 14 0.0555 1.4 0.0240 0.61
14.66 16 0.0469 1.19 0.0213 0.54
17.15 18 0.0394 1.00 0.0189 0.48
20.16 20 0.0331 0.84 0.0165 0.42
23.47 25 0.0280 0.71 0.0146 0.37
27.62 30 0.0232 0.59 0.0130 0.33
32.15 35 0.0197 0.50 0.0114 0.29
38.02 40 0.0165 0.42 0.0098 0.25
44.44 45 0.0138 0.35 0.0087 0.22
52.36 50 0.0117 0.297 0.0074 0.188
61.93 60 0.0098 0.250 0.0064 0.162
72.46 70 0.0083 0.210 0.0055 0.140
85.47 80 0.0070 0.177 0.0047 0.119
101.01 100 0.0059 0.149 0.0040 0.102
120.48 120 0.0049 0.125 0.0034 0.086
142.86 140 0.0041 0.105 0.0029 0.074
166 67 170 0.0035 0.088 0.0025 0.063
200 200 0.0029 0.074 0.0021 0.053
238.10 230 0.0024 0.062 0.0018 0.046
270.26 270 0.0021 0.053 0.0016 0.041

323 325 0.0017 0.044 0.0014 0.036
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wanNnOr mbehanieal shaker is the Newark End-shak, made by the Newark

e 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
pu special types of paper which give
simple curves. Logarithmic-probability
Paper is quite commonly used. A number
01 methods are described by Austin /[Ind.
Fng. Chem., anal, ed., 11, 334 (1939)]. To
Ils .list should be added the method of
Weinig [CoZo. School Mines Quart., 28, No.
' (1933)] and that of Roller [Jt. Franklin
/nBi.223, (1937)].

Uiscussions of methods of particle- Longcjitudinal Section Cross-Section
size measurement are given by Heywood § .
AEngineering, 146, 192g(1938)]yandyWork FiG. 9.—Harz jig.

IChem. & 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.
rlardy-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, A generation ago it was used widely for concentrating
base-metal ores and
10r washing coal.

Jigs were simple in

oPeration, could be

constructed locally

with a low first cost

. Water

and low mainte- Trave oyOre
nance. Power and ’
Water consumption

are high and tailings

iosses are in general

higher than in other

Processes, as aresult '
°f which the use of W,
Jigs, except in placer i

gold operations and

ur placer tin and

fringsten deposits, is FIG. 10.—Hancock jig.

being discontinued.  Many-older mills; jparticularly in_the Joplin, Mo.;Iead-
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 | is where the sieve is station-
ary and water is forced up through the screen. One of these types of jigs is
called the Harzjig and is shown in Fig. 9 (Simons, ““Ore Dressing: Principles
and Practice,” McGraw-Hill, New York, 1924).
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A is a tank the upper portion of which is divided in two sections, plunger
and sieve, by the partition marked £. The lower portion of the tank is called

the ““hutch.”
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 7.

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 ¢ combined
horizontal and verti-
cal reciprocating mo-
tion which causes the

B is the screen which supports the mineral,
Cis the plunger which is given a reciprocating motion

K is a wooden

'rDischarge
"“Removable
| screen box
Ball bearing
pillow blocky
t5"x3"rg<L.t....
for ng/t drive i Rotafing valve
V-beltmotor drive Water
15"x3"T.K,L
pulleys for -Wafer
beltdrive
Feed NWa/king-
-"'1 beam
Eccentric", motion
drive

Right-hand
machine
shown

Patents
applied

for
'Hutch gold/
product
11.—Denver mineral jig.

ore to pass rapidly over the screens.

Capacity. For the Harz jig, Wiard (““The Theory and Practice of
Ore Dressing,” McGraw-Hill, New York, 1915) gives the capacity C in
tons per 24 hr. per sq. in. screen area as C = A/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 gar.) 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.



JIGGING

For a one-compartment jig..
For a two-compartment jig..
For a three-compartment jig
For a four-compartment jig.

1723

1-2 h.p.
2 h.p.
2%: h.p.
3 h.p.

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
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. MiningJ., 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
mirrineral 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

BTIgli

handling of a-Scree supportingjig bedding — 0-

unsized feed. b- Grid supporting screen
These units are C- Grid clamping down screen

e-

12.—Southwestern-K raut
Hydromotor jig.

Flexible rubber diaphragm
Valve

easy to operate Fic. 13.—Pan-American jig.
and are built in four sizes to handle practically any tonnage.
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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 ¥ -

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*

Shipping
) ) Capacity, wt,, lb.
Size, in. tons A B C D E F G H Motor
h.p.
Belt Motor
8x 12 15-45 2'11" 2'11" 2'10" 2'7%" 3'3%" 1'6W" 12" 8" 3 900 975
12 > 18 50-200 4' 0" 3' 6" 3' 8%" 3'51" 4'3" 2'1%" 18" 12" | 1500 1625
16 <24 200-500 5' 0" 4' 3" 3'10%" 3'4%" 4'3%" 2'3%" 24" 16" 1% 1950 2050
24 > 36 500-1200 7' L., 6 0" 5' 0" 4'5" 5's" 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'ra. 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
elime.

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
medium-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

Pulleys, WEig.ht'
Cépacr Oper- Water, diam- h?aVIESt
Table ity, ating  Usual gal. eter P 9T gokes, . Type of
No. tons horse  speeds per and pieces in. Size of deck under
25(:“ power min. fs.ice, K;g:l::l structure
n- port, lb.
6 15 -50 Z4- 3, 240-290 5 -20 14 x< 4 835 Y5-1 511" > 14'9" Steel
frame
6 (special) 10 -40 %4- ¥ 240-290 5 -20 14X4 675 Y-l 53" X 12'10%" Steel
frame
9 20 -80 1 -1%2235-250 10 -40 18x4 1130 %-1 5 3" X 12'10%" Steel
frame
11-D 15 -50 14.34 240-290 5 -20 14X 4 850 Ya-1 5'11" > 149" Concrete
(Type 6)
12 -15 14 14240-290 3 -15 14X4 300 Va1 3" 6" X 7 Timber
frame
13 Y- 2 Ya- Jf 300-375  15- 4 6x1 220 Ya- Y4 1 1% < 2'6" Steel
frame
14 15 -50 Y5- %4 240-290 5 -20 14X4 890 Ya-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. Itis 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 %% to | ton per hr. with
finer material. The installed horse power is between | 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 2%& 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.

i1 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

€8 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
01 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 & 1m1- 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-metallic
Minerals, U. S. Bur. Mines, Rept. Investigations 3397, May, 1938, pp. 42-48. Diener,
.pi0mmer, and Cooke, Beneficiating Cement Raw Materials by Agglomeration and
1abhng, U. S. Bur. Mines, Rept. Investigations 3247, 1935, 6 pp. oghill, DeVaney,
yemmer. and Cooke, Concentration of Potash Ores of Carlsbad, N. M., by Ore Dressing
Methods, U. S./Bur. Mines, Rept. Investigations 3271, 1935, 13 pp. Part2, Lawrence and
&, Flotation of Low-grade Phosphate Ores, U. S. Bur. Mines, Rept. Investigations 3105,
T uu 0 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.
mlaboratory Studies of the Trent Process, U. S. Bur. Mines, Rept. Investigations 2263,
Hnn’ 1 Pfl' Ralston- Comparison of Froth with Trent Process, Coal Age, 22, 911-914
v1922). O’Meara, Norman, and Hammond, Froth Flotation and Agglomerate Tabling
a1 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. L. 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. Wafer -from Ke

Three types of elutriation appa- fap  Vrubber tubi<J

ratus are illustrated. X = Glass stopeosk
The Andrews kinetic elutri- GT=Glasstee

ator is slightly more complicated Consfant SG= Sight glass

than the other two but is said to head D= Diameter

be extremely accurate. reservoir GT L= tength
Elutriation is continued for a

number of hours until no par- 56 oo 2.05"

ticles can be seen in the overflow
tubes from one vessel to the S
next. The vessels are then
emptied and the contents filter-
ed, dried, weighed, and then
examined microscopically for
size, using a calibrated grid Over-
ocular or an ocular with an ac- flow
curate scale reading to hun- beaker
dredths of amillimeter. Itmay FIG. 15.—Elutriator designed by V. W. Haedrich-
be unnecessary to describe the E. I. du Pont de Nemours & Co.
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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-600< Mining J., 129, 551-554 (1930)]. Further results of investigations
fo- Yu’r a* on are described by Cooke [Short-column Hydraulic Elutriator
ar bubsieve Sizes, U. S. Bur. Mines, Rept. Investigations 3333, pp. 39-51

eludes a bibliography)]. A description of the Andrews kinetic elutriator
“as given by Andrews Elutriator, Mining Mag. (London) May,

1859 B- 301: Aprik

1936, pp. 232 233) —_Aj ;
2)(1 repeated later Alr veni

&' Curtis (A New -Consfanfhead
Wutriator, Sands, unclassified
laVs % Minerals, feed controlled

by surface tension

sonegyy. 1933 pp- Variable JeF
, An accurate o-- “Airvent-D
sowledge of size Fi . .
aistnbution of sub- ine over- ) /Fine particles
. . flow - carried up by
green sizes is ex- 1 rising water
Wenrely important Unclassifiedfeed’ current
1n the manufacture
01 Pigments, in the Aggregations of / 'H
dressing of clays, particlesdisas- / "Coarse particles
in the flotation Sociafedby high . Projecteddown-
0i ores. velocity impact ward
tl A continuous against station- K —Rubber tube
Orutriator" for ary cone with pinchcock

Commercial use in
w0t tabling of min-
eral products is

Air vent cock-----

nCoarse and

in Fig. 17. intermediate
t is adapted espe- materialclas-
cially for preparing sifying tube
mmdlings produets
rOm wet tables for e-P
urther cleaning but
be used for /Removable
10aning concen- M| ' measuring tube
pates or scavenging
3" mss products. N
he dimensions will =—Water Inlet

according to

e Quantity of feed
to bg handgd.

b

FIG. 16.—Andrews Kinetic elutriator,

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
*Qust be accomplished, which in the Traxler and Baum apparatus is done by
rnBans of an air jet. Temperature and humidity conditions are controlled and
|0aintained constant throughout each test.
Roller Particle-size Analyzer. An instrument very good for free-
owing material in the range 5-80p is the Boiler particle size analyzer, made
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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 10u, 10 to 20y,

20 to 40p, and 40 to 80p. It has been Azx'Flush water
used with success in at least one labora- - —Feed 6'D.
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
onp. 1932. Thesizing 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- Overflow
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. N/pple threaded

Superior concentration results are ob- forreducing Hydraulic
tained on dry tabling with a feed pre- connectionsto’ waterpipe
pared, so that the grains of the heavy 'Spigofdischarge

minerals have the same mass as (%.e., are .
finer than) the grains of the lighter _ F'® 17.—Laboratory elutriator for

. . making two products, using dry or damp
minerals. When the grains fed to the g.q  Designed by J. L. Gillson, E. b
tables are of the same size, complete du Pont de Nemours & Co.
separation is more difficult.

Two methods have been developed recently. The Schramm &yste[]
(Schramm System of Ore Concentration, Byu/l. 22, New York Concentrators»
Ltd.) ernploys a number of vertical columns in which the material fed fall#
against a rising current of air. The material setthng 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.

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
(Fe304) 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 Ib. 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 hi and pr

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

GENERAL 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. Mim‘n§ 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, £ng. Mining J., 135, 152-155 (1934). Giudice, Col-
lection in Flotation, Eng. MiningJ., 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,
? pp. Wark and Cox, An Experimental Study of the Influence of Cyanide, Alkalis and

OPPer Sulfate on the Effect of Sulfur-bearing Collectors at Mineral Surfaces, Am. Inst.

“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& Shg/pard, 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
%n9> Tech. Pub. 414, May, 1931, 23 pp. Bri;hton, Burgener, and Gross, Depression by
Cyanide in Flotation Circuits, Enﬁ}] M[m‘ng ., 133, 276278 (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 EEgA, Tech,
1.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, Uber 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-y64 (1937).
Norman and Ralston, Conditioning Surfaces for Froth Flotation, Am. Inst. Mining Eng.,
'TeYs- ~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, Uber Neuartige Schwimmittel,
Metall Erz, 30 (No. 21), 1-4 (1933) (use of alcohol sulfates). Growing Use of Flotation
10r 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,
10 PP.; Eng. Mining J., 133, 136-137 (1932). Cullen and Lavers, Flotation as Applied
to the Chemical Industry, 7rans. Inst. Chem. Eng. (London), Jan. 15, 1936, reviewed in
Mining J. (London), 192, 65-67, 85-86, 104-105, (1936). Dean and Hersberger, Ne
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-
Lu3g7Agentsdn 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.

a Apatite: Luyken and Bierbrauer, Flotative Recovery of Apatite, Metall Erz, 26, 197-
%?52"282;02-203 (1929): Mitt. Kaiser-Wilhelm Inst. Eisenforsch. Diisseldorf, 10, 317-321

Arsenic: Yasyukevich and Kahn, Experiments on Scorodite Flotation, Tzvetnuie
Metall, 1934, No. 7, p[p. 26-35. 1T
7 Barite: Timm, et al., Barite-bearing Mill Tailing from Kamloops Homestake Mine,
Ltd., Jamieson Creek, B. C., Can. Dept. Mines, Geol. Branch, Rept. g74, pp- 8(U86, 1937.
Lhe Flotative Separation of a Mixture of Barite and Dolomite—the Differential Flota-
tion of Earth Alkali Minerals, Berg- u. Hiittenmdnn. Jahrb., 81, 139—146 (1933). Ham-
mann, Flotation of Heavy Spar—/ Preview, Metall Erz, 30, 455457 (1933). O Meara
a];[d Coe, Froth Flotation of Southern Barite Ores, Am. Inst. Mining En%), 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. Mvavng Eng.,
Tech. Pub. 880, 1938, 13 pp. P t I i

Barite and Dolomite: Ringe and Bierbrauger, The Flotative §pearation of a Mixture of
Barite and Dolomite—the Differential Flotation of Earth Alkali Minerals, Berg- u.
Hiittenmdnn. 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). Polkin 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. Investigation§
3263, 1934, 20 pp. Ergebnisse der selektiven Kohlen flotation auf Kohlenchemischer
Grundlage, Gliickauf, 71, 101-105 (1935). Goette, Grundlage der Steinkohl flotation»
Gliickauf, 70, 293-297 (1934). Why and When to Use a Flotation Process, Coal Ago<
38, 333-334 (1933); 39, 375-379 (1933); 1934, pp. 17-20. Van Iterson, Separation w
Substances by Flotation, Proc. Royal Acad. Amsterdam, 40, Nos. 2 and 3, 1937.
Kuhlwein, Removal of Fusain by Selective Flotation of Coal, Gliickauf, 70, 245-252-
275-277 (1934). Yancey and Taylor, Flotation Processes for Cleaning Fine Coal, V. S
Bur. Mines, Inf. Circ. 6714, May, 1933, 31 (patent list). Brennstoff, The Separation a1
Clay from Coal, Chem., 17, 446-451 (1936). Berthelot, Modern Methods of Washing
Coal, Especially Fine Coal, Prof. 3d Internat. Conference Bituminous Coal, 2, 761 (1931)
also Chimie & Industrie, 30, 770-786 (1933). Brownlie, Mechanical Separation of the
Constituents of Coal, Steam Eng., 3, 5-6, 44 (1933). Chapman, Recent Progress in Cofr!
Cleaning Practice in Great Britain, Prof. 3d Internat. Conference Bituminous Coal, ">
741-758 (1931). Edser and Williams, The Cleaning of Coal by Froth Flotation, 7Trans-
Fuel Conferences World Power Conference, London, 1928, 1, 374-384 (1929). HanoL
Treatment of Slimes Containing Coal and Obtained from Steam Coal of High Asll
Content, Congr. Internat. Metal. Geol. Appl., Tth sess., Paris, October, 1935; Mines, &
459-469.

Feldspar: Gerty, Preparation of German Feldspar Ore by Flotation, Ber. deut, kerarn:
Ges., 17,526-534 (1936). Ziergiebel and Gerth, Feldspar Separated from German Rocks
by Flotation, Ber. deut, keram. Ges., 15, 517 (1934). Iverson, Separation of Feldspfrr
from Quartz, Eng. MiningJ., 133, 227-229, (1932). O’Meara, Norman, and Hammond»
Froth Flotation and Agglomerate Tabling of Feldspars, Bull. Am. Ceram. Soc., 18'
286-292 (1939). 1

Fluorspar: Mitchell, Gross, and Oechler, Froth Flotation of Fluorspar, Am. Inst-
Mining Eng., Tech. Pub. 999, 1939, 12 pp. Anonymous, War Demands for Fluorspfrr
May Test Capacity of New Plant in Colorado, Pit and Quarry, 31, 48-49 (1939). Eigele='
Flotation of Fluorspar of the Solonetchoie District, Mineral Suiree, 10 5N0. la™'
4245 (1935). Anonymous, Trends in Treatment of Fluorspar Ores, Gorno-Obogatitel-
Zhur., 1936, (No. 2) pp. 33-42. Williams and Greeman, Concentrating Fluorspar Ore'
U. S. Patent 1,785,992, Dec. 23, 1930. Gerth, Uber die flotation von Ausspat una
Quartz, ein Beitrag zur flotation polarey- Nichterze, Metall Erz, 35, 314-317 (1938)-
Oxidation Products of Paraffin as Flotation Agents for Fluorite Ores, Mineral Suire «
9, 44-54 (1934). Coghill and Greeman, Flotation of Fluorspar Ores from Acid Spfrr,
U. S. Bur. Mines, Rept. Investigations 2877, 1928, 3 pp. Sinclair, Fluorspar in South
Africa, Mining Mag., 55, 265-270 (1936).

Graphite: Von Schoen, Flotation of Graphite, Metall Erz, 29, 181-182 (1932)-
Menardi, Modern Flotation Plant for Graphite, Rock Products, 31, 74-77 (1928). aan'
rud, Coe, Benefield, and Skelton, The Flotation of Alabama Graphite Ores, U. S. Bnr-
Mines, Rept. Investigations 3225, 1934, 20 pp. Dub and Moses, Mining and Preparing
Domestic Graphite for Crucible Use, U. S. Bur. Mines, Bull. 112, 1920, 80 pp. Bla°k
Donald Graphite Operating New Hydroelectric Plant, and Concentrator, £ng. MimnQ
J., 128, 368 (1929). Parsons, The Concentration of Flake Graphite Ores, Can. Depi-
Mines, Mines Branch, Mem. Ser. 26, 1926.

Gypsum: Keck and Jasberg, A Study of the Flotative Properties of Gypsum,
Inst. Mining Eng., Tech. Pub. 762, 1927. )

Halite: Kguzin, Separation of Halite from Sylvinite by Flotation, J. Applied Chefrn:
(U.S.S.R.), 10, 457-469 (1937).

Hematite: Keck, Eggleston, and Lowry, A Study of the Flotation Properties of Henifr'
tite, Am. Inst. Mining Eng., Tech. Pub. 763, 1937. Adams, Kobey, and Sayres, Flotfr"
tion of Hematite, a Laboratory Success, Entg. Mining J., 132, 53-55 (1931).

Iron Ores: Keck and Jasberg, A Study of the Flotative Properties of Magnetite, Arn-
Inst. Mining Eng., Tech. Pub. 801, 1937, 17 p}). Keck, Eggleston, and Lowry, A Stud3
of the Flotative Properties of Hematite, Am. Inst. Mining Eng., Tech. Pub. 763, 1937.

Kyanite: O’'Meara and Gandrod, Concentration of Georgia Kyanite, Am. Inst. Mimrw
Eng., Contrib. 98, 1936, 3 pp. (see also Tech. Pub. 605). Concentration of Kyanite fraill
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238~i240"ap s, ~an- D<&- Mines, Mines Branch, Bull. 736, Re-pt. 471, 1932, pp.

R”™>rrirst'One 1'00' Flotation of Limestone from Siliceous Gangue, U. S. Bur. Mines,
13J “nveslidations 2744, 1926, 3 pp. Miller and Breerwood, Flotation Processing of
~i=sto[ [e, Am. Inst. Mining E’ng, %echA Pub. 606, 1935.
Orl"zontrtnefe, DeVaney and Clemmer, Floating of Carbonate and Oxide Manganese
j>\/s, ""W0- Mining J., 128, 506-508 (1929). Gaudin and Behrens, A Manganese
Fu2.?Y?ry Problem and Its Solution, Eng. Mining J., 138, 40-42 (1937). Basmanov,
n1 ta-tion of Manganese Slimes at Chiaturi, A Preliminary Communication, Gorno-
0°9citUel. Zhur., 1936 (No. 3), p. 11.
Jnr oSfiesite: Doerner and Harris, Concentration of Low Grade Magnesite Ores by
and %r°n, Wash. State Coll. Mining Expt. Sta., Bull. P-1, June, 1938, 33 pp. Sinkinson
y%0 Michaelson, Flotation of California Magnesites, Am. Inst. Mining Eng., Tech. Pub.
Q>° faeh Gerth and Baumgarten, Pretreatment of Magnesite Deposits at Zobten,
r’)(rigzt°j, 60* 177-178 (1936). See also Tech. Pub, 723. .
;z'c}z l%%a}(t%o?/ﬁwgy of the Flotative Properties of Magnetite, Am. Inst. Mining Eng.,
0r\ e¥4e ne. Nephelite and Vanadium Concentrates from Khibin Apatite-nephelite
Shol |  Ov0s:"' &sr' Gornorudnaya Prom., 193 (No. 18), 9-10. Smirnov and
. ,1 Ovnskii, Concentration Apatite-nephelite Ore of the Khiba i)istrict, Inst. Mekhan-
tieskoi Obrabotko Poleznuikl Meklanubr, 1930, Part 1, pp. 184-236.
Ralston, The Nonmetallics, £ng. Mining J., 138, 93-96 (1937). Tag-
N, Motation—Application to Nonmetallics, £ng. Mining J., 137, 90-91 (1936).
2n . e Ores. Wiegon, Use of Aromatic Amino Compounds, U. S. Patent Reissue No.
v-i>14, Jan. 4, 193§.
[Oments: Merz, Pigment Purification, U. S. Patent 2,144,115, Jan. 17, 1939.
PifhilsPhate: Barr, Development and Application of Phosphate Flotation, /nd. Eng.
T 26, 811-815 (1934).. O’Meara and Pamplin, Selective Oiling and Table Concen-
7 J1%]  Fhosphate Sands in the Land-pebble District of Florida, U. S. Bur. Mines, Rept.
Qr eiitzQations 3195, 1932, 6 pp. Lawrence and Roca, Flotation of Low-grade Phosphate
Fl<u,* Bur- Mines, Rept. Investigations 3105, 1931, 9£p. Lawrence and DeVaney,
4 taJion of Low-grade Phosphate Ores, U. S. Bur. Mines, Rept. Investigations 2860, 192%,
fxrpp Belash, Selective Flotation of Phosphate Minerals, Mineral Suire'e, 11
pi 0. 0> 49-56 (1936); 9 (No. 6), 36-44 (1934). Pamglin, Ore DressingPracticewith
praa Pebble Phosphate, Am. [nst. Mining Eng., Tech. Pub. 881, January, 1938.
jJaosp/ior'ites.- The Flotation of Phosphorites from the Soch Deposits in Baschkir
nePublic, Goruni Zuhr., 110 (No. 5), 58-59 (1934).
Chemistry: Wark, The Physical Chemistry of Flotation: VIL. Trimethylcetyl-
JPOnium Bromide as a Flotation Reagent, J. Phys. Chem., 40, 661-668 (1936).
0/ Otaeh Ores: Coghill, DeVaney, Clemmer, and Cooke, Concentration of the Potash
es °£, Oarlsbad, N. M., by Ore Dressing Methods, U. S. Bur. Mines, Rept. Investiga-
rns: February, 1935, 13 pp. Flotation of Langbeinite from the Potash Field of New
v,exle0 and Texas, U. S. Bur. Mines, Rept. Investigations 3300, 1936, 4 pp. S. A.
pnu*m  Flotation of Solykamsk Sylvinite Ores, Kali (U.S.S.R'), 1937, pp. 17-27.
Rpt$Jan Fato[[t 41,508, Jan. 7, 1934. Preobrajenski, Outline for the Utilization of
Vr8lnues from tn® Working Over of Crude Sylvite, Jour. Inst. Mech. Working Useful
t>Nlerals; Mining Concentrating J., (U.S.S.R), 1933,"(No. 1), pp. 29-30. See Sodium
Otassium Chlorides.
Wiartz: Gerth and Baumgarten, Flotation of Quartz, Metall Erz, 35, 314-317 (1938).
37-3g O0r°d0tsk's The Flotation of Scheelite, Gorno-Obogatitel Zhur, 1937 (No. 4),

Belash, Flotation of Selenium from Sulphuric Acid Plant Slimes, Redkie
Y>> 5 (No. 5), 15-19 (1936).
7y Mitica: Patek, Relative Floatability of the Silica Minerals, Am. Inst. Mining Eng.,
e%l- Pub. 564, 1934; Trans. Am. Inst. Mining Eng., 112, 486, 508 (1934).
"oapFlotation: Col%hill, Soap Flotation, Eng. & Mining J., 135, 125 (1934).
*Sodium Fluoride: Eigeles, Separation of Sodium Fluoride from the Melt by Flotation,
mineral Suire'e, 9 (No. 2), 39-45 (1934).
rij Orft-um an” Potassium Chlorides: Kuzin, Separation of Sodium and Potassium Chlo-
(l'008' Sulphates, and Nitrates by Flotation, J. Applied Chem. (U.S.S.R), 9, 818-833
: (abs. in French on p- 833).
of Q | hur: Hazen, Recovering Sulphur, Eng. Mining J., 127, 830—831 (1929); Recovery
oulphur from Surface Deposit, Mining J. {Phoenix, Arizf), 13,7 (1930).
Af ! ale: Norman, O’Meara, and Baumert, Froth Flotation of Talc Ores from Gouverneur,
P X., Bull. Am. Ceram. Soc., 18 (No. 8), 202-297 (1939). Camochan and Rogers,
Perimental Tests on Madoc Talc for the Separation of Dolomite, Can. ept,
tifies, Mines Branch. Bull. 736, Rept. 469, pp. 231-234, 1932. Trauffer, Froth Flotation
r'°nomically Recovers Valuable Material from Talc Waste, Pit and Quarry, 31, 28-30
* Talc Flotation, Ceram. Age, 27, 41 (1936).
~c-maflnestVe.. Clemmer and éooke, Flotation of Vermont Talc-magnesite Ores.
+ 0. Bur. Mines, Rept. Investigations 3314, 1936, 12 pp.
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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 51935
Tungsten: Gorodetskii, The Flotation of Scheellte, orno-O. ogatltel hur., 1937 (No. 4)»

pp- 37-38.
Wolframtt@ Winkler, Flotation of Tinstone and Wolframite, Metall Erz, 32, 181-183

(1935
ercon 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 onf
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, are
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, wthile 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

one'shat has a stronger charge can be collected away from the other.
T 1/ § 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
1-n-butyl amine is an effective collector of minerals containing 5 per cent
Or more of water. Such minerals are talc, pyrophyllite, sericite, clays, and
Weathered mica. Anhydrous minerals and those with little water require a
Ouger 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
Aa10 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
Osting on the flotation of talc, of quartz from feldspar, of quartz and mica
1om limestone, of quartz and other minerals from magnesite, etc.

Kirby found that an amine hydrochloride with about eight carbon atoms
1s 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
heya-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
alcohols 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
rOagent used in sulfide mineral flotation to raise the pH and sulfuric acid
when an acid circuit is desired, The consumption of lime for this purpose
exceeds 50,000,000 lb. per year, Soda ash is used in the flotation of galena
unless pyrite is present, when lime js-usel, Copper sulfate is added in zinc
sulfide flotation as a promoter. After the lead has been removed, copper
sulfate and an additional collector Wi addwd. In ton-solfide flestation a
1arge 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 Ja

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 1/2|> C‘
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 Tonetted/
“‘conditioners” are used in some mills.

Flotation machines are built in
multiple units and the flow of the pulp S
through various units is adjusted for FIG. 18.—Mineral separation flotation

the best results. Common practice is machine.

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 . coseacur
final concentration.  20-sspress
The tailings from the

cleaner and recleaner

cells are recirculated

back through the sys-

Cleanertatls returned

tem or concentrated RougherCell p Cleoiner Ceff

separately in addi- m___rw

tional cells. Re- _ .
grinding of these v oo Irts SettlingToink
middlings is necessary 1 N !ﬁlg® FilterPress

in many ores. The
concentrate is usually,
but not always, col- Blower
lected in the froth 4lbs pressure
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

F1G. 19.—Callovz flotation. machine.
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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,
Or 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
ot 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.

The 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 tge 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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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 _ FIG. 21.—Section of a Denver
or concentrate discharge side of the machine. Sub-A cell, showing three zones-
The cell action at this point is very quiet, (Denver Equipment Company.)
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,
Bp. 42, 43, 52; December, 1938, pp. 41-45. U. S. Patents 1,020,063, Mar. 12, 1912,

rocess 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
¢ 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
or1 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
ot 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
ar'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
Jetal, 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
Or 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 Feed +

polarity. The Sutton machine hopper .

has two electrodes (Fig. 22), one /Eccenfric

a needle-point electrode that is Vibrating

designed to impress a strong  feed Groundedconductor
charge on the mineral grains and pan .ANeedle point
a second gas-filled glass-tube 2-, spray
electrode having the same polar- Strip

ity as the needle-point electrode heaters- Insulating
that enlarges the electrostatic curtain
field. The third machine Cleaner

marketed by the Feldspathic  brush-~ 36
Research Co. preconditions the as tube
feed by passing it quickly electrode
through a chamber in which it Metallic < )

is exposed to a warm atmosphere cylinder ég#;;%?bfe

of HF of about | 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 1500F.,
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 %0 to %% 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

"

Discharge spou/s

FIG. 22.—Sutton, Steele, and Steele Electro-float
separator.
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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 Ib. per
hr. per ft. of rotor length on material of 100 mesh, and 350 to 500 1b. per hr.
per ft. of rotor length on material of 10 to 20 mesh. The horse power required
is low, running from | 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-
Turgically 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

F1G. 23.—Mascot sink-and-float process.

1. Sized washed feed. 10. Tailing drainage overflow.

2. Differential density cone. 11. Return medium, tailing drainage.
3. Concentrate air lift. 12. Tailing wash screen.

4. Agitator rake. 13. Medium make-up.

5. Concentrate drainage screen. 14. Air to air lifts.

6. Return medium, concentrate drainage. 15. Air for auxiliary agitation.

7. Concentrate wash screen. 16. Washed drained concentrates.

8. Tailing drainage screen. 17. Washed drained tailings.

9. Tailing drainage air lift.

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 ¥s-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 13% in. Approximately
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25 per cent of the mine ore is removed as ¥s-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
Of 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 1% in. and about 25 per cent thereof removed
as fines, and the remainder is thoroughly washed to remove slimes. In
the illustration, | 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;
1t 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 13% in. from %% in.
About 1.6 1b. of galena are added per ton of mine ore treated, of which
50 per cent thereof'is reclaimed, so that the net cost of galena is approximately
0.8 1b. 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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tive 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
made 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
pf 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
1uatters 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
arf 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
1ike, the finer materials tend to settle to the bottom leaving the larger particles
0[] 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 b0
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 fo:
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
Ime 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. Ifthe material is located in cone-shaped piles, portions
arf 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,th 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
Ongth up to the top. The next vertical line is measured four shovel lengths
r°tol ~u@ ~rs™ and 1 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
manner described in the above paragraph. When the grabs have removed
all of the material which can be reached, a second round of portions comprising
Avo-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
amiliar 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
mr' m 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
1ejected. The two quarters taken as a sample are collected together and

0 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. | 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
8? 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 ative 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 sampiini
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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'  amr™ombns Liquid Sampling. Continuous sampling is applied to pipe
Ines, filling lines, transfer lines, etc. A pipe of small bore with a spigot
On 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
plpb, 1t is customary to insert three small pipes each for a different distance
/1 ouin b pipe, Sus obtaining a more uniform sample. A sample amounting
o -l per cent of the material flowing in the pipe should be taken, but the
gross sample should not be over 40 gal.

pper 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

TV AN0'mI 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, 1j'% in. in diameter, and tapered at the
ower end to an opening ¥s in. in diameter. It may be constructed of glass
b metab 111e 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
,pjub  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
3 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.

Al 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
phe 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
aoals) 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 Ib. 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
Jor 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
unpurities 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 Ib. too much or too little of impu-
rities in or from an otherwise representative sample of 100 Ib. would cause the analysis
to show an error in ash content and in heat units of approximately 10 per cent where
for a 1000-1b. 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 tho
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 Ib. may be taken, but, with lump or run-of-the-mine coal,
increments should be at least 10 to 30 I'b. 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 1b. except that for slack coal and small
sizes of anthracite, when impurities are not present in abnormal quantities,
a gross sample of approximately 500 Ib. shall be considered sufficient. Ifthe
coal contains an unusual amount of impurities, a gross sample of 1500 Ib.
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 | shall be carried out according to
the steps which are illustrated in Fig. | (Plate V, U. S. Bur. Mines, Bull-
116).

Table 1
Largest Size of Coal
and Impurities

‘Weight of Sample to Allowable in Sample
Be Divided, Lb. before Division, In.
1000, or over 1
500
250
125 %
60 A
30 246, OF to

pass a 4760-micron
(No. 4) sieve.

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.
As 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.. 7In 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 3%-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 3%-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 %-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 1b. nor more than 1000 Ib.

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
Vessels of’ Horizontal
Sample uniform cylindrical
cross section tanks (full)

I part | part
3 parts 8 parts
I part I part

Individual samples taken with a beaker, bottle, or dipper should amount
to | 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
IS 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 | qt. sample.

Lacquer Solvents. From a tank car, a ‘s-gal. gross sample in small
portions of not over | 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 %% pt. from each drum. Gross
sample should be not less than | 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 1s 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 (% hr. to 24 hr.); and con-
trol, which is taken for less than %% 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.

1f 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
1%snd "or miin-, and then pour the mercury 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-laden 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.

92. 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
1t 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 (%s.c., 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 aresult 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 Haiiy.

Isomorphism. A generalization that for some time seemed at variance
with Haiiy’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 lanar 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
para-azoxybenzoate, ammonium oleate, para-azoxyphenetol, 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 = %100wb — S('H" —
100 — S(A = 1)
where C = weight of crystals in final magma.
molecular weight of hydrated solute
meglecular weight of anhydrous solute

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.

D

<§

Example 1. A 30 per cent solution of Na2CO3 weighing 10,000 1b. is cooled slowly
to 200C. The crystals formed are sal-soda (Na2CO3.10H20). The solubility of
Na2CO3 at 200C. 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.I0H20 formed?

Solution.  Since the molecular weight of Na2CO3.10H20 is 286.2, and that of Na2CO3
is 106, A = 286.2/106.0 = 2.70. Also, wo = (0.30)(10,000) = 3000 Ib. ; the evaporation
is (0.03) (10,000) = 300 lb.; and, therefore, Ho — £ = 10,000 — 3000 — 300 = 6700 Ib.
The weight of the crop is, by Eq. (1)

100 x 3000 — 21.5 x 6700°'I
C — 2.70_ 160 _ 21.52.70 — 1.0) J

= 6540 Ib.

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-
udsr 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
xvul 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
oiah 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
pan be computed by two methods: the individual heat effects, such as sensible
neats, latent heats, and heats of crystallization, can be computed and com-
Pjned 1110 a balance equation, or an enthalpy balance can be taken in which
t[le 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
sqlution and the heat evolved in the formation of the crystalline crop (heat
8% Crystallization) minus the radiation losses and minus the heat of vaporiza-
Tion of solvent evaporated during the process.

Heat of Crystallization. In heat-balance calculations on crystallization
Processes the heat of crystallization is usually important, The heat of
crystallization is the latent heat accompanying the precipitation of crystals
mrom a saturated solution. Ordinarily the heat of crystallization is exother-
mic; it varies with both concentration and temperature. Rigorously the
hOat 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
Avhen 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
The heat of crystallization. This is equivalent to neglecting heats of dilution.
Ordinarily, the heat of dilution is small in comparison with that of solution,
aNd 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 MgS04.7H20 is dissolved isothermally
at, 180C. in a large amount of water is 3180 cal. (p. 1802). What is the heat of crystalliza-
tion of 1 1b. of MgS04.7H20 if heat of solution effects are negligible?

Solution. The molecular weight of MgSO4.7H20 is 246.5. Since 1 cal. per g. mol

, 0 . (3180)(1.8)
= 1.8 B.t.u. per lb.-mol, the heat of crystallization of MgS04.7H20 is ----246 5

fe 23 B.t.u. per Ib.
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Elithalpy-coneentration Chart. The enthalpy method of calculating
heat balances over crystallization processes is facilitated by the use of the
enthalpy-concen-
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.

An enthalpy-
concentration

hart for th - 0.05 010 015 20025 . 030 035 040 045 050
feni Mg0§O4.I?IZS(§I?s Concentr%tlon-Welght fraction Mg 304
shown in Fig. 1. Fic. 1.—Enthalpy-concentration chart for MgSO4.H20.
The wuse of the For remainder of legend see page 1763.

chart in heat-balance calculations involving solutions has been described
[McCabe, Trans. Am. Inst. Chem. Engrs., 31, 129 (1935)]. In Fig. 1 the
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
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from solutions of MgSO<. Point a is the eutectic, and line abcdg is the
solublhty curve of
various hydrates.
Line ab is the solu-
bility curve for
MgS(412H20, be
is the solubility
curve for MgSO4.-
TH20, cd is the
solubility curve
for MgSO4.pH20,
and dg is a portion
of the curve for
MgSO4-H20. The
area aep of Fig. |
represents the en-
thalpies of all
equilibrium  mix-
tures of ice and
MgSO4  solution.
The isothermal
(200F.) triangle
affe gives the en-
thalpies of all com-
binations of ice
and partially so-
lidified eutectic
and of MgSO4.-
12H20 and partially solidified eutectic. Area abfg contains the enthalpy-
concentration coordinates of all magmas consisting of MgSO4.12H20
crystals and its mother- liquor. The isothermal (35.70F.) area bAf repre-
sents the isothermal transformation of MgSO4.7H20 to MgSO4.12H20,
and this area represents mixtures consisting of a saturated solution of con-
centration 21 per cent, solid MgSO4.7H20, and solid MgSO4.12H20. The
area cihb represents all magmas of MgSO4.7H)O (Epsom salt) and its mother
liquor. The isothermal (118.80F.) area c¢ji represents mixtures consisting
°f a saturated solution containing 35 per cent MgSO4, solid MgS0O4.6H20,
and solid MgSO4.7H20. Area dijc represents magmas of MgSO4.6H20 and
1its mother liquor. The isothermal (154.40F.) area dkl represents mixtures
consisting of a saturated solution containing 37 per cent MgSO4, solid MgSO4.-
H20, and solid MgSO4.6H20. Area grkd is a part of the field representing

Legend for Figure 1.

pae = ice + solution

age = ice + eutectic solution, or MgS0O4.12H20 -}- eutectic solution
abfg — MgSO4.i2H20 —+ solution

bhf = solution + MgSO4.7H20 + MgSO4.12H20
bcih = MgSO4.7H20 + solution

cji = solution + MgSO4.6H20 + MgSO04.7H20
dkl = solution + MgSO4.H20 + MgSO04-GH10
= MgS0O4.6H20 + solution
dkrqg = MgSO4-H20 + solution
above pabcdg = solution only
below eg = ice + eutectic, or eutectic + MgSO4.12H20
below /2 = MgSO4.12H20 + MgSO4.7H20
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saturated solutions in equilibrium with MgSO4.H20. 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 4 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 4B
[Merkel, Z. v. deut. Ing., T2, 109 (1928)].

Example 3. 10,000. Ib. of a 32.5 per cent
MgSOi solution at 1200F. is cooled without
appreciable evaporation to 700F. in a crys-
tallizer. How much heat must be removed
from the solution, and what weight of
MgS04.7H20 crystals will form?
Solution.  The crystals and mother liquor
are represented by terminals of the straight
isothermal line for 700F. in the field cihb of
Fig. 1. The initial solution is represented
by the point in the undersaturated solution
field on the 1200F. isotherm at a concentra-
tion of 0.325. The magma must have an
average concentration of 0.325 and a tem- FiG. 3.—Basic construction, enthalpy-
perature of 700F. From Fig. 1, the coordi- concentration chart.
nates of the four points are as follows:

Temp., oF. Cone. Enthalpy
Original solution. 120 0.325 —33.0
CrystalS...... 70 .488 -51.0
Mother liquor... 70 .259 -47.3
Magma...n. 70 .325 -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 ligiior 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.
0325 _ 0.259
Weight of crystals = 10,000 o 488 _ o 259 = 2880 i

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 200C. is 36 parts
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Per 100 parts water, and that of sodium nitrate is 88 parts per 100 parts
S.er, Ou* a solution saturated at 200C. with respect to both of these salts
No c°ntain only 25 parts sodium chloride and 59 parts sodium nitrate per
100 parts water.
1110 mutual solubilities of the above two salts can be shown diagrammati-
caxy asin Ft%g. 4110 The solubilities are plotted for two different temperatures:
r

une DEF is 0°C., at which tem- Coordinoi £ Poinf:
perature the solubility of NaCl is 40 Point OOE\I;ngites ° I(\)II;NSO3
Parts per 100 parts water, and that A 36 0
o NaNO3j is 176 parts per 100 parts B ° ss
nviOA 4 sOr1rt101l saturated at c 25 59
a- with both salts contains 17 D 40 0
NaCl and 160 Parts NaNO?3 per E 17 160
100 parts water. Points D, E, and F F 0 176
are plotted from these data, and, in G 17 68
he absence of more detailed data,
e lines DE and EF are considered
straight. The line ACB is the corre-
sponding solubility curve for 200C.,
and the line £C shows the variation
with temperature of the composition
o a solution saturated with both
components. (Badger and Baker
morganie Chemical Technology,”
P- 82, McGraw-Hill, New York,
1928.) Parts-Na NO3 per 100 pts H20
1f a solution at 1000C. has a com- Fractional crystallization of NaCl
position represented by a point on the and NaNO3.
me f,i10 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 1me EF, the solution is saturated with NaNO3J but not with NaCL (For
a detailed treatment of such solubility relationships, see Blasdale ““Equilibria
mr Saturated Salt Solutions,” Keinhold, New York, 1927.)

nf A8 an illustration of fractional crystallization, consider the separation
NaNO3 and NaCl from a solution saturated at 1000C. with both salts and therefore
by PCiut £. If a basis of 100 Ib. of water is taken, the solution contains 17
+ NaCl and 160 Ib. NaNO3. Suppose the solution is cooled to 200C. 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 200C., if
09uuibrium is reached, the composition of the solution is that represented by point G.
;nﬁ CB is considered straight, the abscissa of G can be calculated from similar triangles

as follows:

Parts NaNO3 = 59 + <88 ~ 59><25 ~ 1) _ 68.3
25

0" =0oling along the line EG, there will separate 160 — 68.3 = 91.7 Ib. NaNO3, and
th t¥% NaCl 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

,il°n wil' akain be represented by point £, 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 1000C. with fresh NaNO3] after
each cooling. The hot solvent will act as a selective solvent for the nitrate, since it is
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impoverished in NaNO3, but saturated with respect to NaCIl. 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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into the category of equipment that operates on unseeded solutions. On
1 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
10 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
1datively 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
1ee 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

Onnite answer cannot be given concerning their ability to stay in super-
saturated solutions indefinitely.

Mierss Theory. Miers and his collaborators, following an earlier sug-
gestion by Ostwald, have eclaborated 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
m 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- . Iempm_""re .
solubility curve but that, whenever the concen- FiG.  5.—Diagrammatic
representation of Miers’

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.

These relationships are shown diagrammatically in Fig. 5 wherein concen-
tration is plotted against temperature. The normal solubility curve is
shown as line 4B, 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

theory.
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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
MgSO4-7HIO are
shown in Fig. 6.
The Zi curves show
where new nuclei
first formed, and
the 12 curves show
where the rate of
formation reaches
a maximum. Su-
persaturated solu-
tions of KC1 show
the same type of
behavior. Curves
of the type shown FiG. Qu.—Supersaturation curves, seeded solutions. Effect of
in the figure are weight of seed crystals. Grams seeds per 1000 g. solution.
quite readily
reproducible, .2.i. t! Curves 6 >32
whereas the super-
saturation curves 4[/5\6 }g Swl;rsvneieeas
of the Miers type 2. 12 mesh seeds
are very difficultto sh ol

3 mesh eeds
reproduce except
under very care-
fully controlled
conditions, as it is
very difficult to /Solubility
prevent the effects
of fortuitous
seeding. The su-
persaturations
obtained in seeded

solutions are defi- T t Dea.C
nitely considera- emperature, Ueg.L.

bly less than those F'e: 6& —Supersaturation curves, seeded solutions. Effect of

found in crystal- size of seed crystals.

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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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 can be
formed before the
solution reaches
equilibrium.
If the rate of
nucleus formation
1s 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 ric. ec—Supersaturation curves, seeded solutions. Effect of
enough so that the cooling rate.
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
ty a sudden in-
crease in super-
saturation. Once
the initial batch of
nuclei is formed,
Supersaturation is

maintained at a
point low enough F's: 6d.—Supersaturation curves, seeded solutions. Effect of

that the formation stirring rate.

0f 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
11 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
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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. 4m. 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 | 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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proportion of the total nucleation and depends on stirring rate and the
number and size of crystals existing in the equlpment 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
aistribution of crystals in the crystallizing solution, which will increase their
Jnoculating influence. Such effects increase nucleation rate more than they
ao 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. The effect of a given impurity cannot be predicted and
must be found by experiment. In general, high molecular-weight materials
seem 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
Of 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 offaces. 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 will 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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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 A4 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. —_Overlap-
Variation of Translation Velocities. The translation ; incipl P
o A d ping principle.
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 [Ir. 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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aw kS
22 - KS(C — Co) =I(a " a) )

Hhere W is the weight, 0 is the time, k is the diffusion coefficient, %, is the
rate of reaction constant of the interfacial reaction, £ is the surface area, and

L is the effective film thickness.
1f C is eliminated from Eq. (2), the result may be written:

"TF _ S¢C — CD)

do x L )
k' + k

There are three corollaries of Eq. (3):

1. The over-all reaction is of the first order, since for any particular face
a constant temperature 1/(1/7¢' + 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 %, 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 £ (the diffusion film coefficient) is
constant for all the faces.

3. The relative magnitudes of &4, and & may vary in different cases. If f
1s large in comparison with %, diffusion is an unimportant factor and the
surface reaction controls the process of crystallization. If £’is large in com-
Panson with &, 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 "0 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
the 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
mhese 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
phpurity will have the lowest translation velocities and hence will increase
1IL8wze rblative to the other faces, in accordance with the overlapping principle
(France, ““Colloid Symposium Annual,” vol. 7, pp. 59-87, WiIgy, I\éfew' 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
1?7 same 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.
The 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?

The weight of material precipitated is calculated in the same manner as is the yield
n1 a crystallization process (see p. 1760). The distribution of the precipitating material
1akes place in accordance with the AL law. If D is the size of the opening 6f a sieve that
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will just pass a given crystal, then D and L can be considered proportional, or
aD =L ()
aAD = AL 5)

where a is a proportionality constant, that is identical for all crystals of the batch.
tI}ll AtL is the same for all crystals, AD is also the same for ail crystals. It has been shown
a

and

where W)p is the weight of product obtained from s g. seed %stals, 