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Functional model of river-sea ships operating in
European system of transport corridors

Part 1.
Methods used to elaborate functional models of river-sea ships
operating in European system of transport corridors

Magdalena Kaup, Ph. D.
Szczecin University of Technology

ABSTRACT

This paper presents a functional model of river-sea ships (shortly called: SRM) operating
in European system of transport corridors. It is composed of two parts: Part I contains
a descriptive model of functioning the SRM fleet with taking into account various shipping
tasks as well as impact factors (external and internal factors, limitations and criteria).
Also, a mathematical model of functioning the SRM fleet, including choice of relevant
economic criteria (e.g. profit maximization, capital return period minimization etc), is
presented. Results achieved on the basis of the functional model are presented in Part I1

of the paper.

Keywords: European system of transport, river-sea ships, river-sea transport system, water transport

INTRODUCTION

If current linear and point infrastructure of water transport
over a given area and database of geography of cargo flows
are at disposal, one can select such way of transport, out
of those available, which will satisfy requirements of both
cargo-providers and cargo-recipients at an accepted level of
values of technical, economical, functional and environmental
criteria. However various strategies of cargo shipping and
loading should be considered. In order to select a concrete
shipping strategy to be applied to river-sea transport system
it is necessary to elaborate in advance a model of functioning
the SRM fleet, that means:
¢ elaboration of possible schemes of the functioning of river-
sea ships
+ determination of permissible zone of operation of river-sea
ships

+¢ adjusting the selected shipping strategy to shipping route

% claboration of a mathematical model for assessing the
functioning of river-sea ships according to different
scenarios

¢ elaboration of technical design assumptions for river-sea
ships.

SHIPPING TASKS AND FUNCTIONING
SCHEMES OF RIVER-SEA SHIPS

The functioning of river-sea ships has been always and
still is subordinated to concrete shipping tasks, i.e. transport
of a given amount of cargo over a given route within a given
period. On them is dependent the functioning scheme and kind
of assumed shipping strategies. Form of river-sea shipping tasks
in European system of water transport corridors depends on:

¢+ rate of cargo flows

¢+ direction of cargo flows

+ geography of inland waterways and sea routes
¢+ traffic capacity of inland waterways

+ functional parameters and location of ports.

Essence of a given shipping task depends on:

= length of shipping route

= number and traffic capacity of sea and inland ports, locks
etc, planned to be used

= permissible speed of transport units on a given waterway,

= kind and amount of cargo shipment within a planned cargo
flow

= traffic limitations on inland waterways, e.g. scasonal
ones.

The following transport strategies should be taken into

account for river-sea shipping:

e shuttle mode — consists in shipping between two terminal
ports

e linear mode— consists in regular shipping between selected
ports in compliance with a given schedule

e delivery (tender) mode — consists in shipping between two
ports where one of them can be used as an intermediate
port

e block — shipment mode — consists in shipping between
two terminal ports which may be different depending on
instantaneous demand on shipping services.

Among the strategies dependent on shipping task other
types can be also distinguished. Some of them are given in
Tab. 2. Characteristic features of the basic shipping strategies
are presented in Tab. 1.
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Tab. 1. Shipping strategies in river-sea transport

No. S Advantages Disadvantages
type
1 Shuttle : shori trgnsp;)rt ume, = necessity of having permanent cargo flows
' mode regularity ot connections = problems in ensuring full cargo load
= certainty of shipping orders/ tasks
> Linear | regu!arlty of connections . = relatively long duration time of transport resulting
. = possible application to long distance routes A .
mode . . . from using intermediate ports
= possible tending small shipments,
Delivery |= short transport time = necessity of having additional shipping orders/tasks
3. | (tender) |= relatively high usage effectiveness = problems with ensuring full cargo load for ship
mode | = possible supplementing the shipped cargo mass |= a shipping coordination system is required
Block. | ™ €asy touse
. = not requiring permanent cargo flows = Jack of regularity of connections
4. | shipment . S . . .7 L
mode | " p?iﬂblehapphcatlon to routes in a broad range | ® necessity of shipping coordination.
of length.

Source: The author’s concept

Tab. 2. Adjustment of permissible shipping strategies
to shipping tasks in river-sea transport system

Permissible shipping

No. Shipping tasks strategy

Direct cargo shipping mode
= shuttle mode
1. ° ° = direct linear mode

(DCS group)

= intermediate linear
mode

= delivery mode

2 (along supply

) sections)

= block - shipment
mode (along supply
sections)

Cargo shipping in accordance
with delivery mode

(CSDS group)

Cargo shipping in accordance
with shipment consolidation
mode

= _ hub and arms”
mode

3. = consolidation and

decomposition

mode

(CSSCS group)

Cargo shipping in accordance
with multi-variant mode of

= Jinear mode with
reserve connections
= Y-shuttle mode

(CSMSR group)

Source: The author’s concept

Assessment of the functional effectiveness of river-sea
ships as to shipping tasks can be performed by adjusting the
shipping strategies as well as functioning schemes to a given
shipping task.
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When the types of shipping tasks and strategies presented in
Tab. 1, 2 and 3, are taken into account a set of possible solution
variants of the functional model of river-sea ships can be
formed. Each of them should be decomposed in order to obtain
one preferable functioning scheme of river-sea ships which
contains detail information resulting from a considered shipping
task. For every permissible connection of ports through a water
transport corridor it is possible to perform calculations on the
basis of which optimum functioning strategies of river-sea ships
as well as design assumptions for them can be determined.

From the information contained in Tab. 2 it results that
different shipping tasks can be aggregated into 4 basic groups
which correspond with 9 permissible strategies.

To each of the groups concrete shipping strategies can be
attributed. This can be illustrated e.g. by CSDS group to which,
by making use of the intermediate linear strategy, the shipping
task given in the Scheme 2 of Tab. 3, corresponds, and in the
case of DCS group and the shuttle strategy - the task given in
Scheme 1 of Tab. 3.

FACTORS WHICH FORM FUNCTIONAL
MODEL OF THE FLEET OF RIVER-SEA
SHIPS

The functional effectiveness of river-sea ships in European
system of transport corridors in accordance with concrete
shipping tasks depends — directly or indirectly- on many
external and internal factors (Fig. 1). The factors, depending
on a considered navigation zone and characteristics of cargo
flows over a given area, contribute - in a positively (e.g. low
shipping rates, social acceptance) or negatively (e.g. ship speed
limitation, low class of waterways, low traffic capacity of ports
and locks) to the effectiveness of fulfilling the shipping tasks.

Apart from the forming factors, also technological and
finacial limitations etc influence the functional effectiveness
of river-sea ships. Therefore, is of a great importance to
appropriately choose criteria (Fig. 2) according to which it will
be possible to select the most effective system of functioning
the SRM fleet in line with features of serviced cargo flows.

Models of functioning the river-sea ships in European
system of water transport corridors greatly depend on changes
in the external and internal factors. These constitute premises
for building a multi-variant functional model of ships of the
kind in question.



Tab. 3. Selected examples of functional schemes of river-sea ship accomplishing concrete shipping tasks

No. Shipping strategy Functioning scheme in accordance with a given shipping task
F. 9
S\\'
P;JE
V4 N VY 7
1. |= shuttle mode ) i o
1 1 .
PE; - ’
’ W =
o T]‘;‘. . rp
Scheme 1
S 14 b
b 1
_____________ P]'m-l-
lvé : i\ 1
1 P I i P
_____ Yg _ 3 J : : rms V-é
1 1 [ ¢ [ 1
. . . V. Prn 3
2. |= intermediate linear mode ol E ' 3 | : ': E P ms 2 ’
1 | | |
PI!IH] lli tI-l’ Etl: T[-i’ ilr: t]J :tr: tg’ :trE t]J '!I]- P'IT"_ /...
1 1
5 T]’ » TP
Scheme 2
Source: The author’s concept
where:
T — cargoload shipping period of river-sea ship [days] — port lying period [days]

S — assumed length of shipping route [km]

t — voyage period [days]

Internal factors

According to cargo flows:

t
v - permissible service speed [km/h]
P_ — particular river-sea ports.

External factors

According to cargo flows:

1. Type of cargo

2. Partition of cargo into shipments
3. Shipping easiness of cargo

1. Demand and supply on the market
of transport services
2. Shipping rates

4. Physical and chemical properties 3. Shipping directions

of cargo.

Of waterways system:

4. Systems of preferences of cargo-
senders.

Of waterways system:

. Length of routes

1. EU transport policy

. Traffic capacity of ports, locks etc.
3. Classes and courses of waterways

. Permissible speed of ships

. Structure of auxiliary ships’ fleet.

v v

2. State legal instruments

3. Effectiveness of land transport
branches

4. Society s acceptance.

Functional model of

SRM fleet

Fig. 1. Factors taken into account in assessing the SRM fleet shipping effectiveness.
Source: The author's concept
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—| Cargo capacity — max |

Reliability of movable
systems — max

-{ Technical I

—| Structural strength — max

ﬂ Profitability — max |

*{ Economical |74‘ Capital return period — min

«I Cargo shipping cost — min |

Effectiveness of shipping
task realization — min

Functional effectiveness
— (shipping capacity)
realization — min

CRITERIA

Compatibility with waterways
infrastructure — max

Usefulness to operation in sea
conditions — max

Quality of acomplished
shipping services —» max

Emission of pollutants
o water — min

Emission of pollutants
(o air - min

Environmental

Impact on river’s
ecosystem — min

Fig. 2. Set of criteria for assessing the acceptability of SRM fleet structures.
Source: The author’s concept

MATHEMATICAL MODEL OF
FUNCTIONING THE FLEET OF RIVER-SEA
SHIPS

Decision variables in the mathematical model
of functioning the fleet of river-sea ships

The mathematical model of functioning the river-sea ships
can be elaborated in compliance with the principles presented
by Tarnowski [6]. The first step in building such model is to
determine parameters and decision variables. In the case in
question for each of the schemes of operation of such ships
the following can be distinguished:

S Assumed parameters, namely:

A rate of cargo flow — W [mln t/year]

A length of shipping route — S [km]

A port cargo handling capacity — Z, [t/day]

A season (of the year) - S [-].
Se
A

S Searched decision variables, namely:
type of ship (bulk cargo carrier, tanker, versatile river-
sea ship)

A Cargo carrying capacity (permissible mass of shipped
cargo) - M, [t]

A ship speed — V [km/h]

A number of ships necessary to cope with cargo flows on
a given shipping route — n_ [units/year].

i
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Limitations in the mathematical model
of functioning the fleet of river-sea ships

In the mathematical model of functioning the river-sea ships
- for the reason of a large number of investigated variants and
a broad range of parameters of cargo flows — definite areas of
planned investigations should be distinguished, including teh
following:
= possible solutions for SRM fleet
= permissible solutions for SRM fleet.

Geometry of area of possible solutions results from rates
and directions of cargo flows. Geometry of area of permissible
solutions results from real situation on both waterways and
market of transport services.

Limitations of the mathematical model of functioning the
river-sea ships can be divided into:
= qualitative ones,
= quantitative ones.

Qualitative limitations have been already systematized in
Fig. 3, and quantitative ones are as follows:
» concerning SRM fleet:
o maximum permissible shipping period, according to
shipping task — T~ [days]
o minimum possibl&frequency of ship arrivals to port,
according to structure of the fleet —n _ [units/day]
o maximum permissible ship deadweight'0h a given route,
according to river bed parameters - DWT__ [t]
o maximum permissible ship speed on a given waterway,
according to navigation standards -V [km/h]
= maximum permissible cargo shipping cost, according
to requirements of orderers — KT, [€/(t*km)].
» concerning cargo flows:
o both maximum and minimum permissible amount of
cargo shipments accepted on ship board, their masses
and volumes, according to shipping tasks.

* Rational solution

YV Area of possible solutions

Summary cargo shipping
capacity of SRM fleet

Area of permissible
solutions

Rate of cargo flows

Fig. 3. Example geometry of areas of possible
and permissible solutions of SRM fleet functioning.
Source: The author's concept

Mathematical description of functioning the SRM fleet.
Functional criteria and their place in the model

The mathematical model of the river-sea ships’ functioning
constists in checking the effectiveness of the conditions for
SRM fleet structure in compliance with the following functional
criteria:

A. Functional effectiveness according to the ,,point-to-
point”principle

General assumptions:
The functional effectiveness of every SRM group
incorporated to the fleet’s structure should be maximum:



Z E; = max (1)
i
under the condition:
> Ei2W )
where: '
% — assumed cargo flow rate [mln t/year]

ZE — functional effectiveness (shipping capacity) of SRM
fleet [mln t/year].

And, necessary values of the criterion should be determined
by using the following relationships:

in =00 Myyg, )
_(B65-t,,) (4)
I
Tpi
where
n_ — number of river-sea ships of i-th group, necessary
' to cope with cargo flows on a given shipping route
[ships/year]
n_ — number of voyages possible to be performed by i-th
' group of ships during one year [voyages/year]
M, . — permissible mass of cargo shipped on board the ships
l of i-th group [t]
t ~ — duration time of repairs, inspections [days]
T — duration time of cargo shipping by the ships of i-th

group [days].

Types of shipping tasks:
a) DCS and CSSCS group

T =(+t) (5)
p rop
where:
t  — calculated period of river-sea ship’s voyage [days]
t - calculated period of river-sea ship’s port lying [days].
And: S
t.= v (6)
M g
t =—-2 (7
L
where:
S — assumed length of shipping route [km]
V  — required service speed of river-sea ship [km/h]
M, permissible mass of shipped cargo [t]
VA assumed cargo handling capacity of port [t/day].
b) CSDS and CSMSR group
Tp= t+ty) ®)
i=l
where:
t — period of i-th voyage [days]

Ti

t - period of i-th lying in i-th port [days].
And:
S.
t, = — 9
TV
AM, 4.
tpi — Z lad (10)
Pi
where:
S. — length of i-th section of shipping route [km]
V. — ship speed over i-th section of shipping route [km/h]

AM, , — mass of cargo handled in i-th port [t]

Z, ' — assumed cargo handling capacity of i-th port [t/day].

B. Effectiveness of shipping task accomplishment according
to the ,,just-in-time”principle

General assumptions:

Effectiveness of shipping task accomplishment should be
maximum provided it does not exceed the period given in the
shipping agreement:

S, — max (11)
under the condition:
T<T (12)
p u
where:
S — effectiveness of shipping task accomplishment [-]

T}; —  cargo shipping period [days]
T, — cargo shipping period given in the shipping agreement
[days].

Types of shipping tasks:

a) For the groups: DCS and CSSCS T, value should be
determined on the basis of the relation (5).

b) For the groups: CSDS and CSMSR T value should be
determined on the basis of the relation (8).

C. ,,Shipping service quality” according to the ALARP
priciple

Quality of shipping service should be maximum:

Q — max (13)
under the condition:
Q2Q,, (14)
where:
Q — shipping service quahty (percentage of cargo mass

accepted by cargo receivers without any claims as to
its state) [%]
Q,, — required quality of shipping service [%].

The shipping service quality can be considered as a risk of
non-fulfillment of client’s demands contained in the shipping
agreement. It should be lower than an acceptable risk level
estimated by underwriters on the basis of the following factors:
ship age, crew experience, crew certificates, date of survey,
failure statistics etc. Risk is the product of failure probability
and loss resulting from the failure.

Therefore:
n

where:

R, — risk level estimated by underwriters [mln €]

R]\Lp — risk of non-fulfilment of client’s demands [mln €]
hence:

S =PL #S T (16)

where:

P_ —probability of failure occurence during accomplishment
of shipping service (estimated by underwriters) [%]
S,, —possible financial loss suffered by underwriters [min €]

—probability of non-fulfilment of client’s demands [%]

St —possible loss sufferred due to non-fulfilment of client’s
demands [mln €].

And:
n P, >P! (17

su
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Ssu >S§vp (18)
Pl =Pl *P{* P} (19)

where:

p},— probability of not coping with demanded shipping
service quality (cargo delivery associated with claims
as to its state from the side of its receiver([%]

P{ — probability of non- delivery of cargo to its receiver
within a given period [%]

P, — probability of non- delivery of cargo to its receiver to
a given place [%].

Each of the probabilities can be realized independently to
other ones. Therefore the product (19) is valid.

F.

3 ; ;
R ZTP - total time of operation

/QQ
R:ILI |

@ ® Q\np

n
wp

R

2T,

.
>

P

Fig. 4. Example of an acceptable shipping variant with
a view of shipping risk. Source: The author's concept

R 7.y
oK.,
Rsu l
@ / 9 pr
i
n :
R wp : Q
(] i
:
: Z T,
'I‘a ,[, Ll

P
T, - instant of probable failure occurrence during ship service
Z'I'I, - total time of service

Fig. 5. Example of an unacceptable shipping variant with
a view of shipping risk. Source: The author's concept

Hence, the probability of fulfilment of conditions of
demanded shipping service quality (Pwp) is equal to:

P,,=1-P},

p 4 ZTP - total time of service

(20)

P +P" =1

wp wp

Y

Fig. 6. Example of dynamic changes in probabilities of fulfilment
or non-fulfilment of conditions of demanded shipping service quality.
Source:The author's concept
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The above presented kinds of probabilities are directly
connected with safety of river-sea ships. According to
J. Semenov [5], in order to determine their values, it is
necessary to apply - to failure risk estimation practice - such
characteristics which would be capable of ensuring objective
control of shipping service quality to the ships in question.
Statistical indices are suitable to solve the problem. They
are formulated on the basis of statistical information and
characterize a safety level of existing river-sea ships regarding
causes which have led to failure of any particular ship. They
can be divided into absolute and relative ones.

Absolute statistical indices
Such indices are formed to estimate safety level of transport
units within a given period of their operation (year, month etc(.
These are a.o.:
A number of failures of a considered type of ships, and
associated casualties
A number and deadweight of lost ships of a considered type,
and associated loss of property
A number and value of lost cargo, and associated loss of
profits
A size of pollution resulting from failures and associated cost
of its liquidation etc.

Relative statistical indices
Such indices are formed to estimate safety level related to
absolute statistical data. These are a. o. as follows:
<+ number of voyages of failed river-sea ships versus their
total number
<+ amount of cargo shipments accepted with claims as to their
state versus their total amount
+ duration time and length of voyages of failed ships versus
total period of their service.

The relative failure frequency indices can be used to assess
the achieved levels of:
safety of operation of river-sea ships
service life of ships of a considered type
technical perfectness of shipboard, power and technological
devices installed on river-sea ships
professional preparedness and discipline of crews of river-
sea ships
organization and support of rescue actions.

L S i O o

The main value of the specified statistical indices is its
objectiveness. Though they possess many important drawbacks,
e.g.

% they reflect only past events
% they can not be fully used for solving distant-future tasks.

To analyze causes of failure frequency is necessary
because of possible multiple factors disturbing safe navigation
modes.

Failure frequency characteristics
according to causes of failure occurrence

On the basis of such characteristics it is possible to
objectively assess navigation safety of river-sea ships as
compared with other types of failure frequency due to a given
cause during a given period (year, month etc). A set of such
characteristics should be formed on the basis of the following
principles:

# every characteristic is reperesented by probability
distributions of its parameters in all modes of functioning
the SRM

% probability of passing the river-sea ship into failure
functioning mode is reflected by occurrence of endangering
factors which can be of subjective or objective character



% possibility of recovering the safe functioning modes of
river-sea ships should be assess depending on adequacy of
resources planned to be used for normalizing the functioning
mode of a given type of ships (such resources can be of
technical, organizational, social and legal character).

Economic criteria used in the functional model
of the SRM fleet

In order to select one rational solution, out of possible
variants, it is necessary to perform an economical analysis in
which economic criteria will be taken into account. For the
reason of reaching the information certainty level which has
been usually faced, the following criteria seem to be most
effective:

A. expected profitability of shipping services - Z [mln €],
and Z — max

B. predicted return period of invested capital - PBP [years],
and PBP — max

C. cargo shipping cost -KT [€/(t*km)], and KT — min.

A. The profitability of river-sea ships can be determined on the
basis of the following relationship:

7 =WE - KE (21)
where:
WE - expected incomes form the SRM fleet operation
[mlIn €/year]
KE - operational cost of the SRM fleet [mln €/year].

The above mentioned incomes can be determined on the
basis of the relationships:

WE:HS' * Mlad' >knr' * fr
f=s*1,

(22)

(23)
where:
f -
f -

L

freight rate [€/t]
unit shipping rate [€/t*km].

The quantities: n_, M

page 7 (3). l
Yearly operation cost of the SRM fleet can be determined
on the basis of the relationship:

KE = (KZ +KB) * n_

w00 N, have been already defined in

(24)

where:

KZ - cost of invested capital return [mln €/year]

KB - current maintenance costs of one river-sea ship
[mln €/year].

The cost of invested capital return can be determined from
the following relationship:

KZ = CR[KI - KZE(1 —i)*] (25)
a+ i)e ‘1
CR=—-—"F— 26
(1+i)-1 20
KI=4.12+0.010369 - DWTO/35 +A  (27)
where:
CR - coefficient of invested capital return period [-]
KI - investment cost of river-sea ship [mln €/year]

KZL — price of a ship excluded fom service, equivalent to its
scrapping value [mln €]

credit interest per year [%]

credit payback period [years]

correction for specificity of river sea ship (A, = 0.14)
[mIn €].

[¢)
I

Eq. (27) was elaborated on the basis of worldwide prices
of cargo ships of main types [CTO (Ship Design and Research
Center, Poland) Market information].

On the basis of information published in the Shiprepair
journal in the years 1999-2006 it can be assumed that:

KZt =0.1 - KI +£0.007 (28)

The current costs can be determined from the following
relationship:

KB =KBZ + KBK + KBU + KR (29)
where:
KBZ - personnel costs (crew wages and boarding)
[mln €/year]
KBK - repair and maintenance costs [mln €/year]
KBU - ship and cargo insurance costs [mln €/year]
KR - ship operation expenditures [mln /year].
It can be assumed that:
k;'n,,-w
KBZ=—1—2al — (30)
10
KBK =k, - KI (31)
KBU = 0.022 - (KI)** (32)
KR =KRP + KRO (33)
where:
k, — number of month of labour of one crew memeber
[months]
. — required number of crew members [persons]
W — mean monthly wage of one crew member [€]
k, — coefficient of repair and maintenance costs [-]

KRP - costs of propulsion fuel oil [mln €/year]
KRO - costs of ship servicing in ports (inluding: charges for:
cargo handling, port servicing and agent’s servicing)

[mlIn €/year].
And:
KRp = 1 Mo o (34)
10°
t.on -B-GT+y-M
KRO = 2™ p - X Miaq (35)
10
where:
t — calculated period of voyage of river-sea ship [days]
t — calculated period of port lying of river-sea ship
[days]
n — number of voyages of river-sea ship per year
[units/year]

assumed fuel consumption per hour [t/h]
— assumed fuel price [€/t]

n. - number of port-lyings of river-sea ship per year
[units/year]
§ — assumed port service charge [€/t]
GT - designed gross register tonnage of river-sea ship [t]
(Fig. 7)
X — assumed cargo handling charge [€/t].
It can be assumed that:
n = k,-n (36)
—N.h 100
h,u=N-hl,-10 a7
2 3
_D3.V
N==—"— (38)
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where:

k, - coefficient of shipping task complexity [-]
N - designed output of river-sea ship power plant [kW]
D - designed displacement of river-sea ship [t]

V  — required service speed of river-sea ship [km/h]
assumed specific fuel oil consumption during ship

=2
|

pal
voyage [g/kWh]
C - Admiralty coefficient [-] (Fig. 8).
GT(t) =-53.5298 + 0.6965*DWT + Ay
3500
3000
2500
= 2000
[_q
C 1500
1000
500
pra
('0 1000 2000 3000 4000 5000
DWT [t]
Fig. 7. The relationship: GT = f(DWT). Source: the author's elaboration
C=-208.1111 +46.031*%V + A,
600
500
400 R W
. “u ..'.;“"
U i, 53 it L
300 e e -
: gy S [
{'__,--_:'_.-- B ;
: ' 0 .
200 fes b -
100
8 9 10 11 12 13 14 12
V[w]
Fig. 8. The relationship: C = f(V). Source: the author's elaboration
n=0.6022 +4.1147E - 5*DWT = A 5
0.85
0.80 i)
0.75 peg, 3 el B
- i .y
£ et
0.70 P W
= . / s o I 3
0.65 /,-/ "
0.60 7t
.f
0.55
0.50
0.45
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
DWT [t]

Fig. 9. The relationship: n = f(DWT). Source: the author's elaboration

The ship displacement D can be determined on the basis of
the following relationship:

D=n-DWT (39)

10 POLISH MARITIME RESEARCH, No 3/2008

where:
n — deadweight factor of river-sea ship (Fig.9)
DWT - designed deadweight of river-sea ship [t].

And:

DWT=q* Mla d (40)
DWT < DVVTmax 41
where:
q — a calculation coefficient: q = 1.10 + 1.20 [-]

DWT - maximum permissible deadweight of ship on
a given shipping route [t].

B. The second economic criterion, i.e.the invested capital
return period PBP [years], can be determined from the
relationship:

pep = X1 (42)
Z

Values of the quantities Z and KI can be determined by
using the relation (21) and (27).

Values of the capital return period parameters show
investment profitability levels.

The period should be as short as possible and not exceed
5 —7 years.

C. The third criterion, i.e. the cargo shipping cost KT
[€/(t*km)], can be determined on the basis of the following
relationship:

KT = KE

= 43
ns*l\/lladr>i<S “

r
where:
n_ — number of ships necessary to cope with cargo flows on
a given shipping route [ships/year]
M, . — mass of cargo shipped by one ship during one year [t]

lad, . 2
S.  — length of route covered by one ship during one year

[km/year].
And:
Mladr - Mlad * nr (44)
Sr =S * n (45)
CONCLUSIONS

In order to select a concrete shipping strategy which has to
be used in river-sea shipping system it is necessary to elaborate
in advance a functional model of fleet of river-sea ships. Its
elaboration allows to preform simulations which can serve for
assessing and checking the following items:

O parameters of functioning the ships on a given route in
compliance with a shipping task elaborated in line with
current rate of cargo flow along the considered route

O flexibility of the functional model regarding changes in rates
and directions of cargo flows according to their short-term
and long-term predictions.

The elaboration and analysis of such model can be
applied to:
O An appropriate choice and adjustment of:
v" shipping task depending on market demand considered
in the form of cargo flows
v’ rational scheme of SRM fleet functioning, depending
on selected shipping tasks and waterways infrastructure
parameters.



O Determination of design assumptions for river-sea ships
intended for operation in European system of water
transport corridors, including:

v number of ships necessary for realization of shipping
tasks, i.e. structure of the ships’ stock

v' service speed values of the ships of particular types

v’ cargo capacity values (volume of holds) of the ships of
particular types.

O Choice of cargo shipments for a selected shipping scheme,
depending on operational features of the ships, season of
the year etc.

Investigation of the functional model results in determination
of technical assumptions for design of particular river-sea
ships.
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under multiaxial loads
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ABSTRACT

On the basis of modified Hooke's law for multiaxial stress in viscoelastic solids, three-
dimensional constitutive equations for strains have been derived. It is shown that after
application or removal of triaxial static load, normal and shear strain components vary in
course of time proportionally to each other and that in-phase stress components produce
in-phase strain components. Harmonic out-of-phase stress as well as multiaxial periodic
and stationary random stresses are also considered. The matrix of dynamical flexibility of
viscoelastic materials is determined which depends on three material constants (Young
modulus, Poisson’s ratio and coefficient of viscous damping of normal strain) and load
circular frequency.

Keywords: viscoelastic material, multiaxial stress, constitutive equations, static load, vibratory load

INTRODUCTION

Deformation of solids is accompanied by internal friction
[1]. Consequently, even in the region below the proportionality
limit metals are not perfectly elastic [2]. If tensile strain has
occurred in an anelastic rod, the complete removal of the load
will be followed by a gradual decrease in length. When the
length does decrease with time after unloading, the shortening
is called “creep recovery”. The anelastic strain, which occurs
during long-time creep, is basically the same as that which
occurs during vibratory load, and in both cases the anelastic
behaviour can be expressed in the same terms [2].

There are various models of anelastic materials and
damping mechanisms in use [1-3]. When the Kelvin-Voigt’s
model (spring and dashpot in parallel) of viscoelastic material is
applied to the rod, its behaviour is easy to deduce. In particular,
it is obvious that:

X creep recovery ata given time, following partial or complete
unloading from a given prior load of a given duration, is
proportional to the stress decrement

X after creep recovery, deformation should cease and the
dimensions should remain constant.

The governing differential equation that relates stress ¢ and
strain € , the creep compliance I(t) and the relaxation modulus
G(t) read [3]:

G:qi|8+q1é (1)
1 0
(t)=—|1-¢ @
q[l
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G(t)=q, +q,3(t) 3
where:
q, q, — aterial constants in the Kelvin-Voigt’s model
I(t) — esponse of strain due to a unit step input of stress
G(t) — response of stress due to a unit step input of strain

d(t)  — Kronecker delta.

As the relaxation modulus is known, the stress response
can be determined under any strain loading condition through
a convolution integral. These equations are:

c(t):a(o)G(t)+Ic(t_z)dz_9dr @

c(t):e(t)c(opjg(r)%dt G

with a similar equation for the strain response due to arbitrary
stress input:

o()=0010)+ [1-92ae

dt

[

0
or

t

)= o)10)+ [o)=Dse )

4 dt

The one-dimensional constitutive equations can be extended
to three-dimensional constitutive equations. A general and most
common form of these are [3]:



dSu( )

T

1|LI (t )

—d'l: ©)

Gij(t):Guu 81\1 +IG11L1 ———=dt (8
0

+jgkl(

G (t): Guu

The stress o, and the strain &, are second-order tensor
quantities, and G, are the four-order relaxation modulus. A set
of similar constitutive equations for strains, when the stress
history is known, can be obtained.

The aim of the present paper is to derive three-dimensional
constitutive equations for strains by means of the modified
Hooke’s law for multiaxial stress in viscoelastic solids [4]
because its simplicity in the case of homogeneous isotropic

materials may be advantageous.

STRAIN RESPONSE OF VISCOELASTIC
SOLIDS TO REMOVAL AND APPLICATION
OF MULTIAXIAL STATIC LOAD

After a long period of static load resulting in normal and
shear components oy andt, (=X, z k= Xy, yz, zx), the
normal and shear straln components £ andy,  ina viscoelastic
material can be calculated as those in elastlc materials [3,5]:

1
Sxiﬁi = _[GxD - U(G\ 70 + G/“ )]
]
[G G\n +G/[])]
(10)
]
:E[Gzn (G\n +Gm)]
Yo = = Tko
G
where E is the Young modulus, v is the Poisson’s ratio and
E
G
2(1+v) an

is the shear modulus. If at t = 0 the load is removed, in
accordance with the modified Hooke’s law [4], the following
equations can be applied:

Ee; +ng; =0
' : (12)
Gy, +Ay, =0
and solved with the initial conditions:
g,(0)=¢;, ., 7(0)=74 (13)

In Eqgs (12), n is the coefficient of viscous damping of
normal strain and [4]:

~2(1+v) (14)
is the coefficient of viscous damping of shear strain.
The solutions of Eqgs (12) have the form:
€ I(t) =Ae" , v (t)=B,e™ (15)
where A B, , r and s are constants. Substitution of Egs (15)

into Eqgs (12) ylelds

E-m=0 , G-sA=0 (16)
so that:
Tr < S G £ r
n Aom
From Eqgs (13) and (15) one obtains:
Aj = Eju E] Bk = ?kn (18)
Hence:
_E,
aj(t): i€ "
E (19)

—t
Yk (t) =Y€ "
It is also easy to prove that sudden application of
a multiaxial static load producing stress components 6., and
1, to viscoelastic solids evokes their dimensional changes and
distortions described by equations:
E

Sj(t):sj[, l1-e "

g, (20)

Yk(t):YkO |~

It is noteworthy that in conformity with Eqs (19) and (20),
after removal or application of multiaxial static loads, the
strain components in viscoelastic solids vary in course of time
proportionally to each other.

Eqs (19) and (20) apply to creep recovery following a long
period at constant stress, or to creep at a particular stress level
following a long period of zero stress. These, of course, are
very special cases, but with the modified Hooke’s law we are
able to handle effectively also other load patterns. Some of
them are considered below.

THE CASE OF HARMONIC
IN-PHASE STRESS

The relations between stress and strain in viscoelastic
materials subjected below the yield point to time-dependent
loads are governed by the modified Hooke’s law [4]:

Ee, +ng, =06, — U(O'_\_ +0,)

Ee, +nme, =0, -v(o, +0,)

@2y
Ee, +Mé, =0, - U(csx +0'\_.)
Gy, +A7. =1, ; k=xy,yzzx
Under in-phase stress components:
G, =0, sinet; j=x,y,z
; (22)
T, =T, SinoOt
the strain components take the form:
e =¢g,silnOt+€,cosmt
i) ] 1= (23)

Ye =Y, Sinot+y,, cosot
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In Eqs (22), o, and 7, are the amplitudes of stress components
and o is their circular frequency With Eqgs (22) and (23), Eqs (21) become:

E( ,sinot+e,, cosmt)+ nm(sx] cosot—¢g,, sinmt) = [csxa = U(O'_w +0,, )]sino)t

E(s

yl

E(e, sinot+e,, cosot)+nole, cosot—g ,sinot)= [Gm = U(csxa O )]sin(.ot

G(}fk] sin®t+7y,, coswt)+ MJ(}!H cosmt—7v,,sin (,-Jt) =1, Sinot
Eqs (24) are satisfied if:
Ee , -noe,, =0, —D(G_\___a +Gm)
E‘c‘,_\__, -Noe, =0, —U(Gm +Gm)
Ee,, -noe, =0, —U(O'm +G_\___a)
noe, +Ee;, =0, Gy, —Aoy,, =1, , Aoy, +Gy,, =0
Eqgs (23) and (25) lead to the constitutive equations for strains as follows:

G, —U(G +G/,<1)

no
€, = sin Qt— ) o = arctg—
( 2 T]Q E
U(O'\d +0,,
g, = sm mt— )

8_: smmt— )

i
o+

C

.+..

and

—————=sin (ot— B—arcth
’ G

G’ +(\o)’
Through Eqgs (11) and (14), Eqs (27) become:
2(1+v)t
'Yk:@s]n(wt_ )‘ B:a
E’+(mo)

It means that in-phase stress components produce in homogeneous,
isotropic viscoelastic materials in-phase strain components.
Introducing the strain vector:

e=[e.e,er 7 7nl”

and the vector of amplitudes of the stress components:

U[GO’G'ET‘E]T

Za xva VZa ~ Zxa

Eqgs (26) and (28) can be rewritten in a matrix form:

€ = Ho, sin (ot-a )

where:
[1 -v -p 0 0
-v 1 -vu 0 0
1 -v —-v 1 0 0
H=Ho)= E+(o)| © 0 0 20+v) o0
0 0 2(1+v)
0 0 0 0 2
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S T o i = i =

sinot+¢g,,cos® t)+ rlco(s_\__, cosot—g,, sino t): [0'_\_.“ = U(O'm 0 )]sin ot

(24)

(25)

(26)

27

(28)

(29)

(30)

G

(32)



is the matrix of dynamical flexibility of the viscoelastic material
at the load circular frequency ®.

THE CASE OF HARMONIC
OUT-OF-PHASE STRESS

When the stress components are given by:

o, =0, Sll’](@)t—f—(pj) 53
Ty, =%y, sin(co t+ q)k)

where @, and @, are the phase angles, it is convenient to
introduce the complex stress components:

p— o1+ P — it
cSl :Glile]{ [.I) = GllleJJl (34)
= ot ) = it
T =T = T®
Here i is the imaginary unity and
Elél = Gi:leup.i k] fku = tk::e“pk (35)

are the complex amplitudes of the stress components. Then the
real stress components are represented by the imaginary parts
of the complex stress components:

=Img, = Im7, (36)

Consequently, inview of Eq. (3 l) the strain response of the
viscoelastic material to the stress (33) can be calculated as:

£ = H Im Eaelfnﬂ—u]] (37)
where:

— - = = = = = T
0, 00,0, T T - ]

Xya “yza ©2xa

(38)

is the vector of complex amplitudes of the stress components.

STRAIN RESPONSE OF VISCOELASTIC
SOLIDS TO MULTIAXIAL PERIODIC
AND STATIONARY RANDOM LOADS

The solution (37) can be utilized for determination of
behaviour of viscoelastic materials under multiaxial periodic
loads. The resulting stress components can be expanded in
Fourier series:

G,=C,+).0; sm(ncot+(pj“)

(39)
T = Teo T 2. T SiN(NO t+ 0, )

where: !

0, T,, — Mean stress components

C,> 9, — amplitude and phase angle of n-th term in Fourier
expansion of j-th stress component

T, > ¢, — amplitude and phase angle of n-th term in Fourier
expansion of k-th stress component

® — fundamental circular frequency.

Since Eqs (21) are linear, the principle of superposition can
be applied. For this purpose we define:
% the vector of mean stress components:

a
GU = [G\tlG\IIG/“T\\-“T_\_'ZIJTV_\H] (40)
% the vector of mean strain components:
.
[E\II v /tl?x)'l]q{_\_'zl]’}’y_x[] (41)

3% the vector of complex amplitudes of n-th terms of the stress
components:

= = = 22 = iee 32 IE
Gn - [Gxn G_\'n Gzntx5'nt_\'mty_§n ] (42)
with

ot i‘Pjn s _ Py
G, =0;¢ s Tpy = Ty ©

in n

(43)

% the matrix of dynamical flexibility of the viscoelastic
material at the load circular frequency nm:

H, = H(no) (44)
% the phase angle of n-th terms of the strain components:
nne
o, = arctg (45)

Under assumption that the material remains viscoelastic, its
strain response to the stress (39) is described by the following
equation:

=g, + ZHnlm[ﬁne”“““‘ & }] (46)

where the elements of the vector g are given in Eqgs (10).

As the stress is increased above the yield point, the linear
behaviour of viscoelastic material expressed by the modified
Hooke’s law (21) is terminated by the onset of plastic flow.
In the case of uniaxial static tension, the part will yield if the
uniaxial stress equals the yield strength of the material. For
biaxial or triaxial static stress, various theories of failure by
yielding have been developed, for example the distortion-
energy strength theory [3, 5]. This theory is an important one
because it comes closest of all to verifying experimental results
[3]. Therefore in [6] an attempt was made to extend its use also
to the case of multiaxial periodic stress and to model the stress
components (39) by the reduced uniaxial stress:

c.(t)=c,, +0_ sino_t (47)

The mean value 6, amplitude cse and circular frequency o,
of the reduced stress are determined in [6]. Such an approach
suggests that under multiaxial periodic stress the yield strength
is not exceeded at a given point if the following condition is
met:

Ge{! + Gca < R‘e (48)
where R | is the tensile yield strength of the material.

Similar condition of avoiding plastic flow in viscoelastic
solids can be postulated in the cases of multiaxial random
loads if a uniaxial reduced random stress [6, 7] is taken under
consideration.

As far as the strain response of viscoelastic solids to random
loads is concerned, we shall confine ourselves to the solution
in frequency domain [8, 9]. When the stress components
represent zero mean stochastic processes that are stationary
and stationary correlated with each other, and when their power
spectral densities are given, the power spectral densities of
the strain components can be calculated from the following
equation:

S, =HS_H (49)

where H is the matrix (32) of dynamical flexibility of the
material, and:

S: £ Sa;xa:) Sfix z Se T xy ExTyz Sf;_ ¥ 7
g _S_”"_F‘___%"_-“"_!___ff?____ii“____i‘i"__f"_!_’_
SJI\F\ ST?XF\\ S J}'}.F? T?N.:rk}' ‘f?x.nlr}} ‘l"?!?Z\:
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T O Ox Ty Ox9; Ty Tay TxTyz Tyl
S o 0,0y Oy Ty G,0, OyTyy CyTyz Oy
R L T L SR
STKG\ Sr?.\c\ t?_\(T/ T?_\’:K_\ rJ\T!'7 S"’?\TY‘\
(51)
where:
, S — power spectral densities of the strain
EXEX eyey YZXyZX
components € , & , ..., y,, .
s ,S — cross power spectral densities of the strain
EXEY £XEZ yzZXyyz
components € andg ,€ ande , ..,y
X y X z X
andy
X ..
, , — power spectral densities of the stress
OXOX oyoy TZXTZX
components 6, , G , ..., T,
S , S — cross power spectral densities of the stress
OXoy OX0Z TZXTYyZ
components 6_andc_,c_ando ,..,T
X y X z X
andt_.
yz

Within the static, purely mechanical theory of continua there
are two numbers which may be associated with the deformed
state of a structure: its mass and its stored energy [10]. This
association provides the criteria for the comparison of various
designs. Apart from these numbers, in dynamic problems
the load frequency and in fatigue design the stress range and
number of cycles also play an important role. In this context it
is clear that the physical models of structural materials should
incorporate their mass density. As a result of application of the
two-parameter Kelvin-Voigt’s model, the relationships derived
in the foregoing ignore inertia forces which in many cases
may not be negligible in comparison with external loads and
internal forces due to the viscoelastic properties of the material.
However, the problems dealt with in the present paper have
been aimed at gaining additional information on the influence
of dissipative properties on the behaviour of structural materials
and mathematical solutions within the assumed simpler model.
Three-parameter models and more comprehensive stress-strain
relations in viscoelastic materials are discussed, e.g., in [1, 3,
11, 12].

As to the behaviour of engineering details under vibratory
loads with inertia forces taken into account, this problem
has been widely addressed in the literature on vibration of
continuous systems by exact mathematical treatment and
numerical methods (see, e.g., [1, 13-15]) and will not be
considered here.

CONCLUSIONS

O Three-dimensional constitutive equations for strains in
homogeneous, isotropic viscoelastic solids have been
derived by means of the modified Hooke’s law.

O Owing to the fact that for homogeneous, isotropic
viscoelastic materials the ratio of moduli E and G is equal
to the ratio of damping coefficients 1 and A , after sudden
change of multiaxial static loads the strain components
vary in time proportionally to each other because the time
function of normal and shear creep is the same.

O If the stress components in a homogeneous, isotropic

viscoelastic material are in phase, there are no phase shifts
between the strain components.
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O The matrix of dynamical flexibility of the homogeneous,
isotropic viscoelastic material has been determined which
depends on three material constants (Young modulus,
Poisson’s ratio, coefficient of viscous damping of normal
strain) and load circular frequency.

NOMECLATURE

— oung modulus
— shear modulus, relaxation modulus
matrix of dynamical flexibility of the viscoelastic
material at the load circular frequency ®
— matrix of dynamical flexibility of the viscoelastic
material at the load circular frequency n®
— imaginary unity
— creep compliance
Im — imaginary part
n — natural number
q,=E, q,=n - material constants in the Kelvin-Voigt’s model
of the viscoelastic material

T Taw
!

=

R, — tensile yield strength

S, — matrix of power spectral densities of the strain
components

S, — matrix of power spectral densities of the stress
components

t — time

o — phase angle of the strain components

o — phase angle of n-th terms of the strain
components

Y — shear strain

Yy — k-th strain component (k = xy, yz, zx)

Yoo — k-th strain component at the static load, mean

value of k-th strain component

€ — normal strain

€ — vector of the strain components

g, — j-th strain component (j = x, y, z)

g, — j-th strain component at the static load, mean
value of j-th strain component

— vector of mean values of the strain components

— coefficient of viscous damping of normal strain

— coefficient of viscous damping of shear strain

— Poisson’s ratio

— normal stress

— vector of the amplitudes of stress components

— mean value of the reduced stress

— amplitude of the reduced stress

— j-th stress component

— amplitude of j-th stress component

— amplitude of n-th term in Fourier expansion of o,

— j-th stress component at the static load, mean
value of j-th stress component

— vector of complex amplitudes of n-th terms in
Fourier expansions of the stress components

— vector of mean values of the stress components

T — shear stress

T — k-th stress component

T — amplitude of k-th stress component

T

T

m
Sy

Qaaaaaac >3
ENE] s S

_Q
=

9

=)

Q

— amplitude of n-th term in Fourier expansion of 7,
— k-th stress component at the static load, mean
value of k-th stress component

0, — phase angle of j-th stress component

P, — phase angle of n-th term in Fourier expansion
of o,

0, — phase angle of k-th stress component

0, — phase angle of n-th term in Fourier expansion
of 1,

® — circular frequency, fundamental circular
frequency

o, — circular frequency of the reduced stress

*) — complex quantity
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Modelling of vibrations of a liquid filled tank

Kazimierz Trebacki, Ph. D.
Gdansk University of Technology

ABSTRACT

Kinematic excitations provoke the motion and vibrations of the construction, which in turn
considerably affects hydrodynamic loads generated on the walls of liquid cargo tanks.
The issues of hydrodynamics also refer to the constructions fixed to the bottom, and those
half-immersed, fully immersed, and floating (drilling platforms). They mainly concern ship
tanks and oceanotechnical tanks. The theoretical and numerical analysis for long an short
tanks, fully or partially filled with liquid has been performed. The determined hydrodynamic
loads directly refer to the strength of the tank structure, which provides opportunities for

determining the constructional strength of the entire hull. Extremely severe requirements are to be met by
tanks used for carrying radioactive liquids, as an extremely high safety level is to be secured on all cargo
carriers used in marine and land transport.

Keywords: modelling, vibrations, hydroelasticity, ship tanks for liquid fuels and liquefied gases

PROBLEM FORMULATION

A long tank filled with liquid can be modelled by a beam
of rectangular cross-section and dimensions | x b x h, with
articulated supports at two points. The supports reveal flexibility
to vertical movements and rotation [9 ¥ 12] (see Fig.1).

Ny X o
__________ M;
Cy z___-_-_-_rmd_________ Cy
k| ks
R, R,

Fig. 1. Scheme of a model liquid-filled tank

where

k,, k, — axial spring constants

C,C, — spiral spring constants

R, R, M, M, — support reactions and reaction moments,

respectively.

When analysing free vibrations of the liquid-filled beam we
assume that the functions of beam deflection w and velocity
potential ¢ have the following harmonic form:

w =w(x)sinot (1)
0= Eﬁ(x,y,z)coscot )
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The differential equation for the liquid-filled beam is the
following [11]:

o*w o°w
El—-(N, + Ny )—+
ox ox’ 3)
o*w r
+p,A ~2 q(X)+I(p3 - P )dz
ot >
where:
EI — flexural stiffness
o, — beam material density,
A — cross-section area,
P, P, wall pressures fory =h and y =0,
N,,N, — longitudinal forces from hydrostatic and

hydrodynamic pressure, respectively, acting on
top walls forx =0 and x =1.

These forces are determined using the formulas:

N, == pgbh’ @
2
h
N, = [p.bdy 5)
where:
— liquid density

g=-9.81 ms? — Earth gravitation.



The hydrodynamic pressure is calculated from the Bernoulli equation:

o ~ .
Py = —th =poesimnot
&

(6)
After putting (6) into relation (5) we get the formula for N ;:
h
N, :pbwsinmtfés (dy (7
[}
After putting (4) and (5) into the differential equation (3) and, as a substitution for pressures p, and p ,
into the linear part of the Cauchy-Lagrange integral we arrive at:
o'w (1 1350 0’w 0°wW O 0
Bl—— —pgbh‘—pb_[’T dy |—+p,A—=q(x)-pb :p _T(p +pgbh (®)
X 2 > Ot|, ox” ot” Otl,.n Otl
This is the non-linear differential equation for transverse vibrations of a long model tank filled with liquid.
For the liquid inside the tank the Laplace equation is solved
V=0 )
with the following boundary conditions for the liquid velocity potential:
+¢ in the z-axis direction:

O b . b

L _odlaz=-2iz=— (10)

oz 2

+¢ in the y-axis direction:
op  Ow
_\—(p:_‘—fory:03ndy=h (11)
oy ot

% in the x-axis direction:

ﬂ:—[y h}(;“w forx =0and x =1
OX 2 )ox ot

(12)
After dividing equation (8) by stiffness EI, neglecting the smal non-linear term and assuming that q(x) =0
we arrive at the following new form of the differential equation:
o*w o*w o*w s, a«
— _B—':_i_BIT B1 B; T(p _TP (13)
ox ox” ot” ) \ Oty Oty
where:
bh’ A bh b
BEPS ;B]pr ;szpg ‘B=p—
2EI El )

El ~ ° EI

This equation includes the deflection function w and the flow velocity potential ¢. In order to get the partial differential

vibration equation which only includes the flow velocity potential, equation (13) is to be differentiated with respect to time t,
and then the boundary condition (11) for velocity is to be adopted. Then we get:

0 o o’ 0% 0?
=2 _p_—2 4B, L =-B, 2 -] | fory=0 (14)
ox‘oy X 0y ot~ oy ot | ot | s
As we can see, this is the fifth order linear partial differential equation
which only includes the velocity potential function @(x, y, z; t).
The boundary conditions for the supports have the form:
~3 ~3
o'W k o'W k
o =—=twl0) s —| =-—rwll)
Ox” |x=0 El X7 |x=1 El
*w C, ow gbh’  pb 't
2 |- P P2 yay (15)
x*| _, Elox|., 12EI  Eljét|,
’w| _C,ow|  pgbh’ . pbj‘c"xp s
ox’ - EI ¢x|,,;, 12EI Elg &t|,
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The above support boundary conditions are also to be
differentiated with respect to time t, and the condition (11) is
to be adopted. Then we get:

o | __kado . do| _k o
CX}E}Y x=0 El 8}" 5 “’ fos(‘)y x=1 El 8’}' x=1
& C, 8° b o
2 =22 B[22 ydy ag
oxoy| , Eloxoy| , Elgét”|_,
&9 | _-C, &9 +@'ja3<p ydy
t:.?x:{;-}y|\ 1 El C?Xay‘\ | El 0 E\‘tz x=l
Additionally we have:
5, 0
T(p = aﬁ 7)
OYlyo OYly-n

The transverse vibration of a beam fully filled with liquid
and supported at two points in an arbitrary way is completely
defined by the differential equation (14) with the support
conditions (16) and the Laplace equation (9) with the boundary
conditions (17) + (19) for the liquid velocity:

XR_0 for 2= iE
oz 2

So_ (. h) %
% \° 2)oxay

For free vibrations, taking into account (2) we arrive at the
following form of equation (14):

(18)

for x=0 and x=1(09)

79| L P9 _
&49}, y=0 E}X:(‘}y y=0
. . y=t (20)
2 o o O
=@ Bl — + B_: ((P| y=h —(Pl }'='-')
),

with the boundary conditions for the velocity potential
P(x,y, 2):

05| _ kg | 0%| ko
axsaylxzn El 53’ x [1} (’}x‘f’y x=1 El 8}/ x=l

5* % C, %% o [~

_\( 1(3 _1 09 _(D;B;I(pL ,ydy @D
ox-oy|_, Eldxoy| _, -

0* P -C, 0%9 .

i | R T
(_?x‘(_rylx . EI &xoy|_, A

For the liquid inside the tank, the liquid velocity potential
equation holds:

o 09
(? e (P =0 (22)
ox" oy~
with boundary conditions for the velocity
% _% (23)
5y y=0 ay y=h
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5 b
2-0 for z=%~ 24)
oz 2
o6 h) 0%
—=—y——|—— for x=0and x=1 (25)
Ox 2 ) oxoy
Let us introduce the ,,u” function defined as:
5
u==> (26)
oy
Then the vibration equation (20) can be written as:
d*u d’u
4| -B | :K(x;t) @7)
dx”| _, dx” |Y=0
where: ' -
4 oo _y¥=h
K(x:t)=0’| B,=| +B,3| (28)
(_, ¥ ()

y=0

Solving equation (27) is reduced to the search for the general
integral of the homogeneous equation and a particular integral
of the non-homogeneous equation. The general integral of the
associate homogeneous equation is the following [13]:

u, =D, +Dx + D shax + D, chax (29)
where:

a=+/B.

The particular integral of the non-homogeneous equation is
searched for using the method of variation of constants. Finally,
the integral of the non-homogeneous equation gets the form :

u=D, +D,x +D, shax + D,chax +

jﬁK(é,t)dé = le((&,t)dg} L 30)

+

1
a’

(1] ¥

- L}[shax]‘chaﬁ[((é, t)di - chax]sha&K(ﬁ, t)di}
~

Now, the boundary conditions (21) for the potential function
will refer to the introduced function u=u(x, t). These conditions
will allow the constants Di(i = 1, 2, 3, 4) to be determined.
Then, these constants are to be put into the general integral
(30), after which we get the solution in the form:

1

L
:Fl(x)Iéch";+a—2:[§Kdﬁ+

v=0 0

u(x,O;t)z %
(8}

h

+F, (x)jK dé—i:jK dé‘;mza(x)jz{)
0 a’ (1]

1 ydy+

h
+F4(x)mzja oydy+ 31)
0

| %

+F,(x)[ shat Kde — = [ shat Kd& +
=

0 W]

chax

x

+F, (x)[ chag K d& + Shfx [ chat K dg
=

0 0




F(x) =u +nx+ oshax + .chax (32)
fori=1,2,3,5,6

and

b
F4(X)Ell4+[m+z_ x + o, shax +f3,chax (33)
1
The abovenamed coefficients: u, 1, o, Bi (fori=1,2,3,4,5,6)

are numeric constants calculated from the following formulas:

) __B EI ; le E%Bi —a.C(i (34)
1

and

C.k (chal —I)

B =i ka a4 e
' Q| EI a(E1)’

k.1 C.k,1-chal Cﬁkﬂ_l-shal C,a k,
sz———shl — == chal +
© QLEI a(EI)’ (a-EIY  EI k,

Ao )

B, = é{kzlpba‘shal ST [chal + ks }r Cetaph (al chal - shal)]

C,El C,EI k CI(EI)

x C,a-shal C.,k,l-shal k,lchal a’k,chal C,k,ashal
 (chal —1)— = i, " y
(aEI) El (aEI) El k, k, -EI
C,achal C,k,shal kzlshal k,ashal C.,k,lchal Czkzachal}

Bf‘za{ Bl @B Bk aE)} | KE

€.k, (1—chal)— K shal +a’ 1+&chal - €.k, [lchal— shal}r kel shial
aEl C EIC

Here, Q is equal to:

4
3:1 (ZChal —alshal — 2)+ (E}é_al){ﬁ (1 — chal shal[ }

aC,

(36)

—2—| shal 1+& —al chal+& - k| k, C: C 21
I C, G, aC, k, C] C

1| k,chal C,k, C,k,shal
o, = ——(—= =
Q| El  EIC, a(EI)

1 { Gk, (1 chal) + Cashal k,lchal Cgkzlshal]

(aEI)’ EI EI a(E1)’

1| pbk, pba’ [ k.l
=— hal -1 =
B Q[(El)( T [Cl ' ﬂ 67)

6, = 1[ - )(chal—l—alshal)—

Pba_ (¢ o shal + k,lchal)}
EI = ~ -

1

k,(C,shal chal) k,I{C,shal achal) C,(k,chal ,
L At — [ =] =2 + + == = —a“shal
EI\ a’El a C.\ EI 1 C, \ aEIl

a Cy
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The free vibration problem of the liquid-filled beam has
been finally reduced to solving the Laplace equation (22) with
boundary conditions (23) + (25) for the velocity potential and
conditions (31) and (32), in which numeric coefficients are
defined by formulas (33) + (37).

From the general boundary conditions for the velocity
potential we can derive all particular cases referring to different
cases of beam fixing at its both ends. An exception here is rigid
fixing, for which the constants for axial and spiral springs
(Fig. )k, C —> oo

FREE VIBRATION OF A TANK
COMPLETELY FILLED WITH LIQUID

Let us return to equation (20), which is the free vibration
equation for the liquid-filled beam. Neglecting the constant,
the equation has the following form:

1 -

Ox*0y y=0 oy B(E[3| Y “_Eﬁl y “) (38)

For the liquid inside the beam the Laplace equation (22)
holds.

After integrating equation (38) four times with respect to
the “x” variable we get:

o o ﬁixéfﬁﬂhé

y=0 0

-5~ ——

00| _,2|a .

y=0

(39)

oy

where:

FE0)=A, -2 1 B[3Eh)-
. .

X, & | is a symmetrical kernel, i.e.
Klx gl =K|g x|

The kernel K | x, & | defined in the two-dimensional domain,
see Fig. 2, has the following polynomial form:

3(E0)] o)

L xe me ) aC
6 2 I 21° 31°
for 0 <& <x D
K(X,E_,):< 3 - 3.3
X B g Exerx) £
6 2 1 92 31°
for x <& <1
‘F;lk
L=t
E=]
------- (& x)
1£>x
-------- I-----------"':(x‘ 9]
i x>§ !
£=0 i : » X
<=0 x=]1

Fig. 2. Graphical representation of the symmetrical kernel
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Finally, the free vibration problem for a beam fixed at both
sides and filled with liquid within the linear range has been
reduced to solving the Laplace equation in the two-dimensional
domain D defined as (Fig. 3)

{OSXEI}

= (42)
0<y<h

0% .88 _, (43)
ox~  oy°

with differential conditions, and a differential-integral
condition.

z A, a4
X ¥y Y B VY VY VY
h AT T T T Flu id— T

Fig. 3. Liquid-filled beam fixed at both sides

Let us assume that the liquid velocity potential function
¢ = ¢[,y) is the product of two functions with separated
variables in the form of the sum of an infinite series

o(x,y)= Zcos—g.,()

n=0

The assumed potential has to fulfil the Laplace equation.

This way we arrive at the equation system determining
free vibration frequencies and related modes. It is an infinite
system of homogeneous algebraic equations. The problem of
determining the free vibration frequency spectrum and modes
is therefore reduced to the eigenvalue and eigenvector problem,
written in the following matrix notation:

[Aw’ - D] [CX]=1[0]

(44)

(45)

where:
A= [ain]f symmetrical matrix of coefficients of kernel
' decomposition into the Fourier series, (formulas 46).

bnn)

[(J 6 +24(cosnm)(1- cospc)]

for j,n>1
14 < (46)
oo = - for n= 0
720
— 4 1
g g e DL MO o 2o
2 2(jn)

The matrices in the matrix equation (45) represent:

D= [djj] — diagonal matrix, the element of which are calculated
using the formula

dU{A 2lBtthh] forj>1 @)
' n |
o= [A, +Bh]'forj=0

CX = [CJ.X] - smgle column matrix, in which C are unknown
constants # 0

(48)



and X are calculated using formulas (49) and (50):
X,=A, +Bhforj=0

(g i
X E%(el +1}x]+213[el —1) for j=1 (50)

In a special case when the liquid is absent, i.e. when
p =0, and B = 0 the elements of the abovenamed matrices are
determined using the following relations:

(49)

|
d.=— forj=0 51
A ] (51

1]
1

and

X,=A, for j=0

- jmh
XJ:E[eTH}AI for j>1
1

In this case the matrix equation (45) describes free vibrations
of the system without liquid.

Behaviour of the liquid inside the beam during free
vibrations.

Having known the liquid velocity potential we can
determine the velocity field for the liquid:

(52)

— pr O~
V= Tpl + T(D ] (53)
ox oy
where:
i,j — unit vectors of the Cartesian coordinate system Oxy
and
- nm \
O nmw . Nnx ¥ —{h-y)
L__3c, EsinTx (g1 —¢! (54)
Ox o I
0 © nm onmx| (- 9|
—=C,+).C,—cos—|e! +e! (55)

Having determined components of the liquid velocity field
we can find the equation for the famlly of streamlines as:

y(x,y)=-C,x - Z C.

n=1

nm

- NTX | 7Y
Sll’l— €

—[h \]

+e! (56)

From the condition ¢ = const we obtain the family of
streamlines.
The pressure is calculated from the following Bernoulli

relation:
o
p(x,y;t)= —p[—“’] (57)
ct
or taking into account the velocity term [12]:
(l.‘-; ]. 2
p(x,y;t)= _p{T(P + —grad“m] (58)
ot 2

Taking only into account the amplitude of the dynamic

pressure we arrive at:
h
01 Col y—— |+
2

p(x,y)=
+ZC CO§ ——-

nmx | v hey)
€ —8
n=l l

(39)

FREE VIBRATION OF A BEAM PARTIALLY
FILLED WITH LIQUID

A case which most often happens in practice is when the
tank is partially filled with liquid. A thin-wall prismatic beam
of dimensions | X b X h is assumed, with the liquid of density p
inside it. The height to which the beam is filled with the liquid
is smaller that the h dimension of the beam.

For the Oxyz system assumed as in Fig. 4, the free surface
of the liquid has a wavy shape described by the equation
y=Y/x, z, /.

x=10

y=0

X y=Y(x,21)

y=h*

B
y=h - X

Fig. 4. Beam partially filled with liquid

Like in the previous case, we have to adopt model
assumptions for the beam and the liquid. The liquid velocity
potential ¢ /x,y,z,t/ fulfils the Laplace equation:

V2o =0 (60)

as, by default, the flow of incompressible liquid in the beam is

irrotational within the entire domain D defined as:

0<x<1

b.,cb
3559

D- (1)

Yixz/<y<h

Assuming two-dimensional waves, we introduce a constant
average height of filling H=h —h". After further transformations
of equation (45) we arrive at infinite homogeneous equation
system, which can be written in the matrix form:

[Aw?] [CX] =[0] (62)
where:
A= [ajn] — symmetrical matrix of coefficients of kernel
expansion into the Fourier series, the elements
of which are calculated using formulas (38)
= [Cij] — single-column matrix, in which C. are constant

unknowns # 0; and X are calculated in the
following way:
- .}]+

X = A S[(gs_l_mz) K(h_h.-}—(gs—mz)e“(h

+B[gs+m ) +(gs ) )—ng] 63)
forj>1
and
X, =A, +B(h-h") (64)

=l -

diagonal matrix, the elements of which are
determined using the following formulas:

for j=0 dyy = ————
A,+Bih—h l
3 S ]
gsth (h—h')+m
A, +— 2
s gs+o° cths(h h)

_in
=9

d: =

1

forj=1(65)
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Here we can make distinction between two limiting cases
of liquid filling, which are :
I. where h* —>h - liquid is absent
II. where h* — 0 — full filling.

Case I:
p=0i.e. B=0 and then:

XO = Al . X_i :Z;lA]C'\)E for _] >1 (66)
A iy e ]
oo — Y~ N (67)
Case II:
p#0;h—h"— h, then:
+B[(gs +(,-)2)eSh +(gs-0?)e™ —ng]
dt)l? = # forj =0
- A, +Bh
1
B{gs th[%} +o’ J (69)
dy=[A+ - forj>1
! ] s(gs +0° cth(sh)) o

In all above formulas A and B are the constants equal,
respectively, to:

_ Py A B pb

b o —

El El

Case II is not included in the earlier obtained relations, as
there was no free surface in those cases.

(70)

NUMERICAL SOLUTIONS

The equation systems (45) and (62) were solved numerically
using an in-home code written on PC computer. An infinite
system of algebraic equations was obtained, which is fully
regular. According to a theorem, a method of successive
sections can be applied in this case. For the assumed section
dimension “n” the code creates system matrices and solves
the eigenvalue and eigenvector problem. The code calculates
and prints the liquid pressure and velocity fields at a selected
point of the area occupied by the liquid. For partial filling, the
code additionally prints the deflection and the shape of the
free surface. For this case dynamic pressure amplitudes are
also calculated. Along with hydrodynamic frequencies in the
deformable tank, the frequencies of the same volume of liquid
in a rigid tank are determined as well.

CONCLUSIONS FROM THE OBTAINED
SOLUTIONS

For four height-to-length ratios, i.e.
h/le {0.02,0.1,0.5, 1}

transverse vibration frequency spectra were obtained,
making use of the here presented theory and a simplified
formula, for the tank filled with liquid.

Figs (5) + (6) show the frequency spectra for six first
frequencies and that for the tank without liquid (curves marked
p = 0 in the figures).
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Fig. 5. Vibration frequency spectrum
for the tank fully filled with liquid: h/l = 0.02
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Fig. 6. Vibration frequency spectrum
for the tank fully filled with liquid: h/l = 0.5

Dynamic pressure amplitudes and velocity field components
were determined at all nodes of the grid of the dimensions
1/40 x h/10.

This made the basis for preparing diagrams of dynamic
pressure distributions on tank walls for each of six first modes
and for three h/l ratios. The pressure diagrams refer to the
half-length of the tank and the fixed top wall. Sample cases
are shown in Figs. (7+8).

R
13 ™

36

First frequency

Fig. 7. Pressure distribution on tank walls
for the first frequency and h/l = 0.5

In the case of the tank partially filled with liquid, frequency
spectra are shown for each of the above named h/l ratios and
four cases of liquid filling, i.e.

H/he {0.25,0.5,0.75, 1}



400
240
300
h
i 0.5
I Third frequency
Fig. 8. Pressure distribution on tank walls
for the third frequency and h/l = 0,5
where:
H — liquid column height.

Additionally, sample diagrams shown in Figs. (9+10)
present, as a comparison, frequency spectra which neglect the
dynamic condition on the free surface of the liquid (curves
marked “T”).
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Fig. 9. Vibration frequency spectrum
for the tank partially filled with liquid: h/l = 0.1
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Figures (11) show beam frequency diagrams for the first
frequencies. The diagrams present the beam frequencies
according to the present theory (marked "B"), those calculated
as the reduced frequencies (marked “z”), the hydrodynamic or
“liquid” frequencies (marked “c”’) and the frequencies of the
liquid itself in a rigid tank (marked “w”).

Then, for two frequencies and four b/l ratios, Figs. (12+13)
show dynamic pressure distributions for the bottom and top
walls, for all four fillings. These diagrams refer to the half-length
of'the tank. Obviously, the point symmetry is observed for even
frequencies and the axial symmetry for odd frequencies.
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Fig. 10. Vibration frequency spectrum
for the tank partially filled with liquid: h/l = 0.5
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Fig. 12. Dynamic pressure distribution
for tank bottom and top walls: h/l = 0.5, the first frequency
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Fig. 13. Dynamic pressure distribution
for tank bottom and top walls: h/l = 0.5, the second frequency

The next figures, Figs. (14+15), show tank bottom deflection
amplitudes and the shape of the liquid free surface for the first
three frequencies, and for different h/l ratios and tank fillings.
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Fig. 14. Tank bottom deflection amplitudes
and free surface shapes: h/l = 0.1; the first frequency
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Fig. 15. Tank bottom deflection amplitudes
and free surface shapes: h/l = 0.5; the second frequency

CONCLUSIONS

O The presence of the liquid in the beam decreases vibration
frequencies, compared to the frequency spectrum of the
beam without liquid.

O The spectrum levels determined based on the here presented
theory depend on the h/l ratio, and are above those calculated
using a simplified formula.

O Reducing the volume of the liquid in the beam leads
to the reduction in percentage differences between the
abovementioned spectra, and in the limiting case of the
absence of the liquid the frequency spectra are identical
with each other.

O Taking into account the dynamic condition on the free
surface moves the spectrum towards higher values. For low
beams h/l < 0.1 this effects is negligible.

O When W/l increases, the flow of the liquid in the vicinity of
the tank walls becomes more intensified. Vertical velocities
of'the liquid particles in the central layer and on the surface
of the moistened tank bottom differ significantly, starting
from the second and higher frequencies. For beams fully
filled with liquid and the ratio h/l = 1 the motion of the
liquid reflects the membrane principle.

O Horizontal velocity components of the liquid particles
move the hydrodynamic pressure distribution towards
tank tops, which increases the loads of the top walls with
increasing h/l.
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Graphical presentation of the power of energy
losses and power developed in the elements of
hydrostatic drive and control system

Part 1

Rotational hydraulic motor speed series throttling control systems

Zygmunt Paszota, Prof.

Gdansk University of Technology
ABSTRACT

Paper proposes and justifies a diagram of the direction of increase of power stream from
the shaft or piston rod of a hydraulic motor to the pump shaft, power increasing as an effect
of the imposed power of energy losses in the hydrostatic drive and control system elements.
Graphical interpretation of the power of energy losses in the hydrostatic drive and control
system elements and also of the power developed by those elements is presented. An individual
system with the rotational hydraulic motor speed series throttling control fed by a constant
capacity pump cooperating with an overflow valve in a constant pressure system p = cte = pn
is analyzed and also an individual system with the rotational hydraulic motor speed series throttling control
fed by a constant capacity pump cooperating with an overflow valve controlled in a variable pressure system:
p = var, an individual system with the rotational hydraulic motor speed series throttling control fed by
a variable capacity pump cooperating with a pressure regulator in a constant pressure system p = cte = pn
and an individual system with the rotational hydraulic motor speed series throttling control fed by a variable
capacity pump cooperating with the Load Sensing regulator in a variable pressure p = var system.

Keywords: hydrostatic drive and control system, power of energy losses, energy efficiency

INTRODUCTION Fig. 1 presents (as an example of a system with the hydraulic

motor speed series throttling control fed by a constant capacity

The graphic presentation, by means of fields with specific =~ pump cooperating with an overflow valve) a diagram of the

areas, of the power of energy losses generated in the elements of ~ direction of increase of power stream from the shaft or piston

a hydrostatic drive and control system and of power processed ~ rod of a hydraulic motor to the pump shaft, power increasing

in the hydraulic displacement machines used in the system, as an effect of the imposed power of energy losses in the
becomes a tool facilitating comparison of the size of losses. hydrostatic drive and control elements.
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Fig. 1. The diagram presenting the direction of increase of power stream from the useful power P,, on the shaft or piston rod of the hydraulic motor to the
power P, consumed on the pump shaft as an effect of the power of losses generated in the hydrostatic drive and control system elements. Power P, on the
pump shajt is a function (a sum) of the power P, on the shafi or piston rod of the hydraulic motor and the sum AP of power of losses in the elements (example
of a system with the hydraulic motor speed verzev throttlzng control fed by a constant capacity pump cooperating with an overflow valve) P, =M, 0 Oy~ motor
useful power on the rotational motor shaft; P, = F, v, —motor useful power on the linear motor piston rod, AP, =M, ®, —power of mechamcal losses in
the rotational motor; AP, =F), s Vg —POWEr of mechanical losses in the linear motor, APm Ap,,. O, — power of volumetrzc losses in the motor, AP, =Ap,,
0,,— power of pressure losses in the motor, AP . = Ap . O, — power of pressure losses in the system condults AP =Ap,, O, —power of structural pressure
lowev in the throttling control assembly (in servo- valve dnectzonal proportional valve, set throttling valve or set o — way flow regulator), AP, =p, (O, - QM)

— power of structural volumetric losses in the throttling control assembly (in overflow valve), AP, =Ap, O, power of pressure losses in the pump, AP,

Ap,, O, — power of volumetric losses in the pump, AP, =M, ®,—power of mechanical losses in thepump P, =M, ®,—power consumed on thepump vhaft
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The useful power P, =M,, o, determined on the rotational
hydraulic motor shaft or P, =F,, v, determined on the linear
hydraulic motor piston rod changing in the work field (0 <
<M, <M, and0<o, <o, )or(O<FM_ v ANA 0 <V <

Mmax) of the motor drlven dev1ce isaresult of 1 1nstantane0us
requlrements of the device toward motor both as regards load
M,, (F,) and speed o, (v,,). Therefore, the instantaneous
useful power P, is independent of the structure of hydraulic
system (used for changing the motor speed w,, (v,,)) and
of the power AP of losses in the system elements. However,
this does not apply to the upper limits of the device parameter
ranges, i.e. maximum load M,, _ (F,, ) and maximum speed
lindX (VMde)

The upper limits of work field, determined by the M, =
=flo,) and o, =1fM,)orF, —=1f(v,)andv, =I1(F))
lines, of the hydraulic motor driving the device, depend on
the theoretical capacity Q,, of the pump in the system, on the
nominal pressure p_ level of the system operation (the product
Q,, p, is the reference power), on the motor speed control
structure used, and also on the sum AP of power of losses in the
system elements. The upper limits of the motor work field differ
in systems with different motor speed control structures.

On the other hand, the instantaneous power P, = M, w,
absorbed (consumed) by the pump from the drive (electric,
internal combustion) motor, determined on the pump shaft, is
a sum of the instantaneous useful power P, of the hydraulic
motor and instantaneous sum AP of power of losses in the
hydraulic system elements: P, =P, -+ AP.

Power P, on the pump shaft is equal to the sum AP of power
of energy losses in the system elements (P, = AP) during the
operation with unloaded motor (when M, = 0 or F,, = 0) or
with the stopped motor (when w,, = 0 or v,, = 0). The useful
power P, of the motor and energy efficiency 1 of the system
are then equal to zero (P, =0, = 0). The information on the
level of power P, absorbed then by the pump and entirely lost
in the system is partlcularly important at the system operation
with unloaded motor (when M,; = 0 or F, = 0). Power P, of
the pump operating with hydraulic motor stopped (when w,, =
=0 or v,, = 0) may be minimized by simultaneous cutting of
the pump discharge conduit from the hydraulic motor and
connecting this conduit with the tank, i.e. unloading the pump.
However, this is only possible in an individual system, when
the pump feeds only one hydraulic motor.

In references [1 — 6] and other dealing with energy aspects
of the hydrostatic transmission operation a need is discussed
of determining the energy efficiency of those transmissions in
terms of the power of the mechanical, volumetric and pressure
losses in them.

In references [7 — 10] an approach is presented to the
problems of energy losses in the hydrostatic drive system
elements. It has been concluded, that the often practiced method
of presenting the energy losses as a function of parameters
depending on those losses should be abandoned.

Reference [10] ends with the following conclusions:

% the energy losses in the elements and also power of those
losses should be presented as a function of parameters
independent of those losses

3 definition of the efficiency of system elements as a relation
of the respective hydraulic and mechanical powers
increasing in the power stream from the shaft or piston rod
of a hydraulic motor to the pump shaft is a form of precise
description of the value of those efficiencies

% description of the power of losses and energy efficiencies
(presented in references [7 — 10]) is based on the principle
of equality of the power absorbed by the pump with the sum
of hydraulic motor useful power and power of losses in the

system elements, and also on the principle of equality of
the system energy efficiency, expressed as a relation of the
motor useful power to the pump absorbed power, with the
product of the system element energy efficiencies

% comparing the power of losses in the system elements gives
an information facilitating the system design

% presenting the fields of the power of losses in the system
elements allows to draw conclusions about e.g. minimization
of the power of structural volumetric and pressure losses
in the motor speed throttling control assembly elements,
in the proportional control systems and in the hydraulic
servomechanism systems

% graphical interpretation, by means of the field areas of the
power of the energy losses in the hydrostatic drive system
elements and of power developed by the elements, allows
to compare powers of those losses with the area of the field
of reference power given by the product Q, p_ of theoretical
pump capacity and the system nominal pressure

% graphical interpretation of the power of losses allows to
evaluate directly the energy savings after introducing the
energy — saving solutions, allows to compare directly
the energy losses due to change of the working medium
viscosity or replacing the oil by oil — water emulsion or
water.

References [8,10] present an example (without any
comment) of the graphical interpretation of the power of losses
in a system with the hydraulic motor speed series throttling
control fed by a constant capacity pump cooperating with an
overflow valve in a constant pressure system.

This publication presents and analyses the field areas of
the power of energy losses in the hydraulic system elements
with different rotational hydraulic motor speed control
structures. Deliberations allow to realise the rules deciding of
the size of fields of power losses in the instantaneous motor
operation parameters required by the motor driven device, i.e.
instantaneous load M, and speed w,, (n,,). Deliberations allow
to draw conclusions on achieving high energy efficiency 1 of
a system with selected structure and also conditions that must be
fulfilled in order to achieve that high efficiency. Deliberations
allow also to compare the power of losses connected with the
used hydraulic motor speed control structure and the power
P, absorbed (consumed) by the pump from the drive (electric
or internal combustion) motor, the power necessary to ensure
the required useful power P, = M,, o, of the pump driven
hydraulic motor.

The paper consists of two parts. This Part I presents
graphical interpretation of the power of energy losses and
power developed in the elements of systems of the rotational
hydraulic motor speed series throttling control, Part II — the
same problems but related to the systems with parallel throttling
control and volumetric control of the rotational hydraulic
motor speed.

SYSTEM OF THE MOTOR SPEED
SERIES THROTTLING CONTROL FED
BY A CONSTANT CAPACITY PUMP
COOPERATING WITH AN OVERFLOW
VALVE IN CONSTANT PRESSURE
CONDITIONS

Fig. 2 presents graphical interpretation of the power of
energy losses in elements of an individual system with the
rotational hydraulic motor speed series throttling control,
fed by a constant capacity pump cooperating with an
overflow valve in a constant pressure system p = cte = p .

POLISH MARITIME RESEARCH, No 3/2008 29



2 Qs = 1(Qp, Poay k1 Kz )
Qpy =Cpt Ny ~Qn(1-kz ) *Geinee( 1 -k;)] *qnp
an Qp *Qp[ 1 - (kytk,)]
Qp
AP, = i |
P—— e =Psp(Qp =0y )
; Apy=Apytdpy, Ape Apge A
=20k (working point of the
[ Q= F(Apys) throtiling control ossembly)
Qu
/| —
Guit M
psr=1(Qp -0y)
PMu=MIII““N
Aps,=1(Qp)
Apy=F(Qy)
e
0 Apys =F(My+Myrs S Apyy :sm x Pspm 1
App; =pp +4

AP =Apc Qy

Fig. 2. Graphical interpretation of power losses in a hydrostatic drive and control system elements. Individual system with rotational hydraulic motor speed
series throttling control fed by a constant capacity pump cooperating with an overflow valve in a constant pressure system: p = cte = p_(coefficient ,,a”
of pressure increase in the overflow valve a > 0); the series throttling control assembly in the form of: 1. servo-valve, 2. proportional directional valve,

3. set throttling va{ve, 4. set two —way Sflow regulator; k, - coefficient of the mtenszty' 0, of volumetric losses in the pump;
k,— coefficient of the decrease of pump shaft rotational speed n, compared with speed n,, of unloaded pump

The series throttling control assembly used in the system may
be a servo-valve or proportional directional valve (Fig. 3) or
else a set throttling valve or a set two — way flow regulator
placed at the motor inlet (Fig. 4).

Graphical interpretation (Fig. 2) of the power of energy
loss (in the system elements) field area and field area of power
developed in those elements allows to compare the losses with
the field area of reference power determined by the product
p, Q,, of the system nominal pressure p_(assumed here as
opening pressure p,, of the overflow valve) and the theoretical
capacity Q,, = q,, n,, of the pump.

Nominal pressure p_of the pump operation corresponds to
the need of assuring maximum decrease Ap,, of'the hydraulic
motor pressure guaranteeing (with a given capacity q,, per
one motor revolution) meeting the maximum torque M,
that the motor may be loaded with, from time to time, by the
driven device.

The theoretical pump capacity Q,,, on the other hand, meets
the need of assuring maximum hydraulic shaft angular speed
o, (rotational speed n,, ) required by the driven device.

It has to be noted that assumption of an equal field p, Q,
of reference power in all the control structures leads to slightly
different ranges of the change of speed 0 < ®, < ®,, and
load 0 < M|, <M of the hydraulic motor controlled by
those structures.

The actual hydraulic motor useful power P,, =M, o, is
a result of the product of current torque M, , which the hydraulic
motor is loaded with by the driven device, and the current motor
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shaft angular speed w,,, also required at a given moment by
the driven device.

Therefore, the motor useful power P,, depends on the
current requirements of the driven device and is independent
of the control structure and of the losses in elements of the
hydrostatic drive system with a defined structure.

But powers AP of losses in the hydraulic system elements
are a function of the current value of useful power P, i.e.
a function of current torque M,, and current motor shaft speed
w,,. Besides, it depends on the structure of the motor speed
control system and on the quality of the hydraulic system
components (the level of energy losses in them).

In Fig. 2, the actual hydraulic motor useful power P, =
=M,, w,,, transmitted to the driven device by the motor shaft,
is presented as the field of the white rectangular, with the
following fields ,,added” to it:

A field AP, =M, o, ofthepowerof mechanical losses
in the hydraulic motor

A field AP, =Ap,.Q,, of the power of volumetric losses
in the hydraulic motor

A field AP, = Apy,, Q,, of the power of pressure losses in
the hydraufl)ic motor

A field AP.=Ap.Q
system conduits

A field AP =Ap,. Q,, ofthepower ofstructural pressure
losses in the throttling control assembly (in servo-valve,
directional proportional valve, set throttling valve or set
two — way flow regulator)

. of the power of pressure losses in the
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Fig. 3. Individual system of the rotational hydraulic motor speed series
throttling control fed by a constant capacity pump cooperating with an
overflow valve in constant pressure conditions p,, = cte = p, ; the throttling
control assembly in the form of servo — valve or proportional directional
valve

A field AP =pg,(Q,—Q,) of the power of structural
volumetric losses in the throttling control assembly (in
overflow valve)

A field AP, =Ap, Q, ofthe power of pressure losses in the
pump

A field AP, =Ap, Q, of the power of volumetric losses in
the pump

A field AP, =M, o, of the power of mechanical losses in
the pump.

The sum of the field areas of the hydraulic motor current
useful power P, rectangle and the field areas of rectangles AP
representing the power of individual losses occurring at a given
moment of work in the hydrostatic drive and control system
elements constitutes the rectangle field area corresponding to
the actual power P, absorbed (consumed) by the pump from
the electric or internal combustion driving motor, resulting
from the product of current torque M, and current pump shaft
angular speed o, (P, =M, ®,).

Power P, absorbed by the pump from its drive motor is
greater than the reference power p, Q,, resulting from the
product of nominal pressure p, and theoretical pump capacity
Q,.
" The required level of nominal pressure p, of pump operation
and the required level of pump theoretical capacity Q, during
the system operation, as well as the current small loading torque
M,, and current small hydraulic motor shaft angular speed o,
are decisive in that motor speed throttling control structure of
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Fig. 4. Individual system of the rotational hydraulic motor speed series
throttling control fed by a constant capacity pump cooperating with
an overflow valve in constant pressure conditions p,,, = cte = p ;
the throttling control assembly in the form of: a) set throttling valve,
b) set two — way flow regulator

temporary power APStp of structural pressure losses and power
AP of structural volumetric losses. This is then accompanied
by a very low value of the overall energy efficiency 1 of the
system.

The power AP of the structural pressure losses in the
throttling control assembly may be reduced almost to zero
during the hydraulic motor operation at the maximum shaft
load M,

The power AP of the structural volumetric losses in the
throttling control assembly may be reduced almost to zero in
a situation when the hydraulic motor operates with maximum
angular speed o, (rotational speed n,, ).

The hydraulic motor operation with maximum load M,
and simultaneous maximum speed ®,, (n, ) may cause
minimization of the power of losses connected with the motor
speed throttling control and the sum of energy losses in the
system consists of the hydraulic motor losses, the conduit
losses and pump losses. The overall system efficiency 1 reaches
then a high value n__, close to the value of energy efficiency
M, of a system with the motor speed volumetric control (by
a variable capacity pump).

However, in order to be able, in a system with series
throttling control, to load the hydraulic motor with a maximum
torque M, close to the maximum load M, of the motor in
a system with volumetric speed control, the throttling slot of the
throttling proportional control valve (or of the throttling valve)
has to be increased to the size requiring a small decrease Ap . =
= 0 of pressure at the maximum flow intensity Q,, = Q,

On the other hand, in order to be able, in a system with
series throttling control, to set, with a throttling proportional
control valve or a throttling valve, the maximum intensity
Quae = Qp 1.€. close to the pump capacity, an overflow valve
has to be used in the system to stabilize the pressure level p, =
= p, of the pump operation at the flow intensity Q, — Q,, = 0
(i.e. close to zero).

POLISH MARITIME RESEARCH, No 3/2008 31



System of the motor speed series throttling control fed by Apy
a constant capacity pump cooperating with an overflow valve
controlled in variable pressure conditions

Fig. 5 presents graphical interpretation of the power of
energy losses in the elements of an individual system with
the rotational hydraulic motor speed series throttling
control, fed by a constant capacity pump cooperating
with an overflow valve controlled in a variable pressure
system: p = var. The series throttling control assembly used
in the system may have a form of servo-valve or proportional
directional control valve (Fig. 6) or else a set throttling valve
(creating, with the controlled overflow valve, a set three — way
flow regulator) or a set two — way flow regulator placed at the
motor inlet (Fig. 7).

The pump operation pressure p,,,, controlled by the overflow
valve with remote pilot control (SPS), is set to a level higher
by a value Apgpg=A PDELfppimac Qe T APy = Cte than the

current pressure p, in the throttling proportional valve outlet
conduit to the hydraulic motor. The pressure difference
Apg,s = Pp, — P, must allow to achieve, through the throttling
proportional valve slot DE1, controlling the hydraulic motor
feed flow intensity Q,,, the flow intensity Q,, equal to the
theoretical pump capacity Q, (Q,, = Q,). The area of DE1 slot
reaches then the maximum value f with a possibility of

DEmax”

achieving the pressure decrease ApDEl‘ foEimQp required by
max > t
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Qe

[‘I+a

N
n

':'\pS FS: ‘ﬁpEE‘ \‘nr'm.0n+jpc1 max: cte

imitafion of p,, . fo

the throttling proportional valve structure, with simultaneous
ability to overcome the maximum flow resistance value ApClmax Fig. 6. Ifzdividual system of the rotational hydraulic motor spe.‘ed seﬁes
in the segment between the pump and the throttling prop ortional throttling control fed by a co'nstan.t capacity pump co?;?eratzng with

. . an overflow valve controlled in variable pressure conditions p,,, = var;
valve. Pressure o before the throttling proportional valve slot the throttling control assembly in a form of servo — valve or directional

DEl equals p, =p,, - Ap,- proportional valve
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Fig. 5. Graphical interpretation of power losses in a hydrostatic drive and control system elements. Individual system with rotational hydraulic motor speed
series throttling control fed by a constant capacity pump cooperating with a controlled overflow valve in a variable pressure system — p = var (coefficient
,a’” of pressure increase in the controlled overflow valve a > (), the series throttling control assembly in the form of: 1. servo-valve, 2. proportional
directional valve; 3. set throttling valve (together with controlled overflow valve forming a three — way set flow regulator)
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The current value of pump discharge pressure p,,, higher by
Ap,, than the current value of the throttling proportional valve
outlet (to the hydraulic motor) pressure p,, is a result of the
pressure p,, required by the motor at its inlet. The maximum
limit value p,, of pressure in the pump discharge conduit is
determined by the overflow valve SP with opening pressure
Pgpo €qual to the system nominal pressure p, .

This solution significantly reduces (compared with the
constant pressure feeding system) the power AP = Ap_. Q,,
of structural pressure losses in the throttling control assembly,
occurring during the hydraulic motor loading with a decreasing

torque M,,.
Pee o Mp ep Phu . My oy
Mem Ty 1 Tlep Thip Tl Thim
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Fig. 7. Individual system of the rotational hydraulic motor speed series

throttling control fed by a constant capacity pump cooperating with an

overflow valve controlled in variable pressure conditions p,, = var; the
throttling control assembly in a form of three — way flow regulator

The power AP = p.., (Q, — Q,,) of structural volumetric
losses in the controlled overflow valve is then also reduced,
although the flow intensity Q, = Q, — Q,, of volumetric losses
in that valve increases slightly compared with the constant
pressure feeding system (Fig. 2) due to a higher pump capacity
Q, (at a lower pump operating pressure p,,).

In a rotational hydraulic motor operating in both systems
(p = cte and p = var) the three values of power of energy losses
(AP, , AP, and APMp) are practically the same (with a slight
tendency to lower the power AP, of mechanical losses and
power AP of volumetric losses in a motor operating ina p =
= var system).

Power AP =Ap . Q,, of pressure losses in the p = var system
conduits is the same as in a p = cte system.

In a pump, due to its operation in a variable pressure
feeding system, the power APPp = Appp Q, of pressure losses is
slightly increased, power AP, = Ap, Q, of volumetric losses
is decreased and power AP, =M, ®, of mechanical losses
is also decreased.

In effect, when the hydraulic motor is loaded with a small
torque M,,, the power AP, = M, w, absorbed by the pump
from the drive (electric or internal combustion) motor is also
significantly reduced, which, with an unchanged hydraulic
motor useful power P, =M, w , increases the overall system
energy efficiency 1 compared with the constant pressure
feeding system efficiency 1.

Both structures (p = cte and p = var) of the hydraulic motor
speed series throttling control, fed by a constant capacity
pump, may achieve, during maximum motor load M,
and simultaneous maximum speed ®,, (n, ), the same
maximum overall system efficiency n__ . It is close to the
maximum energy efficiency | of a system with volumetric
control (by a variable capacity pump) of hydraulic motor speed.
The p = var system becomes then a p = cte system, therefore the
operating conditions of both systems are the same and structural
losses AP__and AP in the throttling control assembly may be
practically eliminated. However, similarly as in the constant

capacity pump system p = cte, it requires increased area of the
{1 ema SlOt in the throttling directional control valve (throttling
valve) to a size requiring slight pressure decrease Ap . . =0
at the maximum flow intensity Q,, = Q, It requires also the
use of a controlled overflow valve stabilizing the value Ap,, =
=p,, — P, = cte also at the flow intensity Q,—Q,, = 0 (close to
zero) and an overflow valve stabilizing the pressure level p, =

=~ p, at the flow intensity Q,— Q,, = 0.

SYSTEM OF THE MOTOR SPEED
SERIES THROTTLING CONTROL FED
BY A VARIABLE CAPACITY PUMP
COOPERATING WITH REGULATOR IN
THE CONSTANT PRESSURE CONDITIONS

Fig. 8 describes the power of energy losses in the elements
of an individual system with the rotational hydraulic motor
speed series throttling control, fed by a variable capacity
pump cooperating with a pressure regulator in a constant
pressure system p = cte = p . The series throttling control
assembly used in the system may have a form of servo-valve
or proportional directional control valve (Fig. 9) or else a set
throttling or a set two-way flow regulator placed in the motor
inlet (Fig. 10 — example of a central system with parallely
situated motors and with variable capacity pump cooperating
with pressure regulator p,, = cte = p, — during one motor
operation).

The use, as a source of supply of the hydraulic motor series
throttling control system, an assembly consisting of a variable
capacity pump and a constant pressure p,, = cte = p_regulator
entirely eliminates structural volumetric losses. The current
pump capacity Q, is adjusted by the pressure regulator to
the current flow intensity Q,, set by the throttling assembly,
therefore the pump capacity Q, is equal to the hydraulic
motor absorption capacity Q,, (Q, = Q,,) and the power AP_
of structural volumetric losses is then equal to zero (AP =
=Py, (Q,—Q,) =0).

Power AP = Ap . Q,, of structural pressure losses in the
series throttling control assembly fed at a constant pressure by
a variable capacity pump fitted with a pressure regulator is close
to the power of structural pressure losses when the assembly
is fed by pressure p,, = cte = p_ of a constant capacity pump
cooperating with an overflow valve (Fig. 2).

Power of mechanical losses AP, , volumetric losses AP, A
and pressure losses AP, occurring in the rotational hydraulic
motor remains practicalfy unchanged.

Power AP. = Ap. Q,, of pressure losses in the system
conduits is not changed here compared with the above described
systems with a constant capacity pump.

In the variable capacity pump feeding (together with
the pressure regulator) the throttling control assembly at
the pressure p,, = cte = p_, the power of pressure losses
APPp = Ap,, Q, 1s reduced (due to decrease of Q, and Appp).
Power AP, = Ap,. Q, of volumetric losses in the pump is
practically the same as in a constant capacity pump operating
at pressure p,, = cte = p,. However, the power AP, =M, ®,
of mechanical losses in the pump is reduced compared with
a constant capacity pump operating in the p,, = cte = p_system
(due to decrease of M, ).

The use, as a hydraulic motor series throttling speed control
system feeding source, a variable capacity pump with pressure
regulator, operating at pressure p,, = cte = p , allows, during the
motor run with small speed ,, (n,,), to reduce significantly the
power P, =M, w,absorbed by the pump from the drive electric
or internal combustion motor. With the unchanged useful power
P, =M,, o of the hydraulic motor, the entire system energy
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the throttling control assembly in the form of servo-valve
or proportional directional valve
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efficiency 1 is significantly higher compared with efficiency
1 of a constant pressure (p = cte) throttling assembly constant
capacity pump feeding system.

The considered system may achieve, during the maximum
hydraulic motor load M, and in the whole range of the motor
speed change 0 <o, <m,, . the overall efficiency 1 close to
the value of energy efficiency 1 of a system with the motor
speed volumetric control (by a variable capacity pump). The
power APSlp =Ap,, Q,, of the structural pressure losses is then
minimalized. It requires, in a system with the hydraulic motor
speed series throttling control, an increased area of the f_  slot
in the throttling directional control valve (or the throttling valve)
to a size requiring slight pressure decrease Ap . . = 0 at the
maximum flow intensity Q,, =Q, .i.e.equal to the full pump
capacity. It requires also correct operation of the pump pressure
regulator stabilizing the pump discharge pressure p,, at the level
p,, = cte = p_in the whole range 0 < Q, < of the pump
capacity variation.

In a situation of simultaneous maximum load M, and
maximum speed ®,, of'a hydraulic motor controlled by series
throttling, the maximum achievable energy efficiency n__ of
a system is close to the value n __of a system with hydraulic
motor speed volumetric control i.e. directly by a variable
capacity pump.

The greatest energy savings in the considered series
throttling control system, compared with a series control system
fed by a constant pressure constant capacity pump, are obtained
during the hydraulic motor operation at small speed ®,, (n,,).

Q

Pmax

Q51 =061 Moy

SYSTEM OF THE MOTOR SPEED
SERIES THROTTLING CONTROL FED
BY A VARIABLE CAPACITY PUMP
COOPERATING WITH A LOAD SENSING
REGULATOR IN THE VARIABLE
PRESSURE CONDITIONS

Fig. 11 illustrates the fields of power of energy
losses in elements of an individual system with the
rotational hydraulic motor speed series throttling
control, fed by a variable capacity pump cooperating
with the Load Sensing regulator in a variable pressure
p = var system. The series throttling control assembly may have
a form of servo-valve or proportional directional valve (Fig. 12)
or else a set throttling valve or a set two — way flow regulator
placed at the motor inlet (Fig. 13 —example of a central system
with parallelly situated motors and with variable capacity pump
cooperating with Load Sensing regulator — during one motor
operation).

The use, as a supply source of the hydraulic motor speed
series throttling control assembly, of a set consisting of
a variable capacity pump cooperating with a Load Sensing
(LS) regulator, totally eliminates the structural volumetric
losses in a system. Similarly as in the series throttling control
system fed by a variable capacity pump cooperating with the
p,, = cte = p, regulator, i.e. at the constant pressure feeding,
the structural volumetric losses are eliminated here. Power
AP_ of those losses is equal to zero (AP =p,, (Q,—Q,,) =0),
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Fig. 11. Graphical interpretation of power losses in a hydrostatic drive and control system elements. Individual system with rotational hydraulic motor speed
series throttling control fed by a variable capacity pump cooperating with the Load Sensing regulator in a variable pressure system: p = var
(coefficient ,,a,” of pressure increase in the regulator a, = 0); the series throttling control assembly in the form of:

1. servo-valve, 2. proportional directional valve, 3. set throttling valve, 4. set two — way flow regulator
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because the current pump capacity Q, is adjusted, by the LS
regulator, to the current flow intensity Q,, set by the throttling

assembly (i.e. Q,= Q).
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Fig. 12. Individual system with rotational hydraulic motor speed series
throttling control fed by a variable capacity pump cooperating with Load
Sensing regulator in the variable pressure conditions p,,, = var;
the throttling control assembly in the form of servo-valve
or proportional directional valve

Pressure p,, of the pump operation, adjusted by the LS
regulator, is, as in the series throttling control assembly feeding
system with the constant capacity pump cooperating with an
SPS variable pressure overflow valve (Fig. 6), set at a level
higher by the value of Ap, (= ApDEl‘ foptmaQpr | AP = e

than the current pressure p, in the throttling proportional
control valve outlet conduit to the hydraulic motor. The value
Ap, s = Py, — P, of the pressure difference must allow to obtain,
through the throttling proportional valve slot DE1 (controlling
the flow intensity Q,, feeding the hydraulic motor), the flow
intensity Q,, equal to DEI slot area reaches then the maximum
size f, and a possibility of pressure decrease Ap, ¢ =
= ApDEl\fDmmax,Qm required by the throttling proportional

design, with simultaneous capability of overcoming the
maximum flow resistance value Ap.., which may occur in the
conduit between the pump and the directional valve.

Like in the series throttling control system fed by the
constant capacity pump cooperating with a variable pressure
overflow valve SPS, the current value of the pump discharge
pressure p,,, higher by a value of Ap, ; then the current pressure
value p, at the throttling proportional directional valve outlet
to the hydraulic motor, adjusts itself to the pressure value
p,,, Tequired by the motor at its inlet. The maximum limit
pressure value p,,, in the pump discharge conduit also here is
determined by the overflow valve SP, whose opening pressure

is equal to the system nominal pressure p, .

Therefore, in the hydraulic motor speed series throttling
control assembly Load Sensing feeding system, the power
AP = Ap,. Q, of structural pressure losses occurring in
the throttling control assembly during loading the hydraulic
motor with a smaller torque will be considerably reduced
(compared with the situation in a system fed by a variable
capacity pump with a pressure regulator p = cte = p, (Fig. 3)).
With a simultaneous elimination of the power AP_ of the
structural volumetric losses in the throttling control assembly,

pSPO
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the LS system allows to decrease to a negligible value the sum
of power AP of structural energy losses resulting from the
use of series throttling as a form of precise hydraulic motor
speed control.

In a rotational hydraulic motor operating in an LS system,
practically the same three values of power of energy losses
(AP, . AP, and AP, ) occur as in the above mentioned
systems (with a tendency to slight decrease of the power AP,
of mechanical losses and power AP, of volumetric losses in
the motor operating in a p = var system, in this case in the LS
system).

Ap, Ap,
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Fig. 13. Central system with parallelly situated motors and with variable
capacity pump cooperating with Load Sensing regulator in the variable
pressure conditions p,,, = var — during one motor operation

Power AP = Ap,. Q,, of the pressure losses in the conduits
of a system with LS feeding of the throttling control assembly
remains unchanged at a given motor speed ®,, (n,,), i.e. equal
to the AP . values in the above mentioned systems.

In a variable capacity pump cooperating with a Load
Sensing regulator of the variable pressure (p = var) feeding
system of a hydraulic motor series throttling speed control
assembly occurs (compared with three above mentioned series
throttling control systems and with unchanged useful power
P,,,=M,, o, of the motor) decrease of the power AP, = Ap,
Q, of pressure losses in the pump (due to decrease of Q, an
Ap, ), decrease of the power AP, =Ap, Q, of volumetric losses
in the pump (due to decrease of Ap, and Q,, ) and decrease of
power AP, =M, , of mechanical losses in the pump (due
to decrease of M, with slight increase of w,).

The use, as a feeding source of the hydraulic motor series
throttling speed control system, of a variable capacity pump
with the Load Sensing regulator operating at a pressure p,, =
=Ap,, + p, = Ap, tP,,,» 1.€. slightly higher then the current
pressure p, , required by the hydraulic motor at its inlet (which
is accompanied by decrease to a small value of the power AP
of structural energy losses in the throttling control assembly),
reduces the sum of power of energy losses in the system to
a value only slightly higher then the sum of power of losses in
the elements of a system with volumetric control of the motor
speed (directly by a variable pump capacity). Power P, =
=M, o, absorbed by the pump from the electric or internal
combustion drive motor is only slightly higher here then the
power P, of a variable capacity pump directly driving the
hydraulic motor.

The considered LS system operates in the whole range
0<M,, =M, ofthe hydraulic umotor load and in the whole



range 0 < w, < o,  of its speed with the energy efficiency
N only slightly lower then the efficiency n of a volumetric
control system (directly by a variable capacity pump). The
difference between overall efficiencies 1 of both systems will
be inversely dependent on the capability of increase of the
area of throttling proportional valve (or throttling valve) slot
f e The increase of £ allows to decrease Ap . .~ 0 at
a maximum flow intensity Q,, = Q,  (i.e. equal to a full
pump capacity). It also requires correct operation of the pump
LS regulator adjusting, in the whole range 0<Q,<Q,,  of the
pump capacity, the discharge pressure p,, at the level higher by
avalue Ap, ,=p,, —p, = cte then the p, pressure in the discharge
conduit from the throttling proportional control valve (throttling
valve) to the hydraulic motor.

To be continued in the next issue
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in fluid-flow machines
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ABSTRACT

Steam turbines constitute fluid flow machines which are used for driving engines of power plants, merchant
and naval ships. They are commonly applied in power industry to driving electric generators. One of the
impotant elements which affect efficiency of steam turbines used in power industry and for ship propulsion
is state of labyrinth sealings whose aim is to minimize losses associated with steam leakage within
turbine casing. Until now to assess state of labyrinth sealings has been only possible after stopping the
turbine and its dismantling in order to determine values of clearances in the sealings. This paper presents
a method which makes it possible to assess state of labyrinth sealings without the necessity of stopping
and dismantling the machine. This is the method which allows to assess on-line state of machine sealings
during its operation.

Keywords: labyrinth sealings, steam turbines, sealing diagnostics

INTRODUCTION

Steam turbines are fluid-flow machines which are used for
driving power machines, and merchant and battle ships. In
power engineering they are commonly used for driving electric
current generators. The efficiency of those machines strongly
depends on numerous factors, the main of which are the initial
steam pressure and temperature [3]. That is why higher and
higher initial steam parameters are used in thermal cycles with
steam turbines, both stationary and used for driving ships, to
obtain higher efficiency and, consequently, to reduce the costs
of electric current production or ship maintenance [3].

On the other hand, increasing initial steam parameters in
the turbine leads to serious problems with sealing the turbine
casing. Usually this problem is solved using systems of
labyrinth seals to reduce the steam leakage [1]. Additionally,
some turbine producers introduce a double turbine casing in the
regions of extremely high parameters of the steam. The use of
this construction reduces stresses in the casing and temperature
gradients in casing material. However, both the inner casing
and the outer casing are still to be sealed in a proper way to
eliminate excessive steam leakages. For this purpose labyrinth
seals are used in the both casings [3].

METHOD OF DIAGNOSING THE
SEALINGS

Fig. 1 shows schematically a supply system fora 215 MW
turbine, along with the inner and outer casings.

Thus, the use of extremely high initial steam parameters in
the thermal cycle has an impact on turbine construction.

The condition of the labyrinth seals in a fluid-flow machine
considerably affects parameters of its performance. Therefore
the information on the current state of these seals is of high
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importance from two mutually related points of view, which

are [3]:

X possible efficiency losses caused by poor condition of the
seals

X ability to plan repair actions.
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Fig. 1. Scheme of HP casing of 13K215 turbine with inner casing

In the past, assessing the state of such a seal was connected
with stopping the machine and opening it to do necessary
geometry measurements, which in case of seals situated inside
the turbine (for instance in the turbine with the inner casing)
required uncovering both the outer and inner casing. This, in
practice, was only possible during large machine overhauls.
Current information on the condition of the seal of interest
during machine operation makes it possible to plan the date
and range of the future machine repair.

The basic geometrical parameter used for describing the size
of clearances in the labyrinth seal is the averaged clearance,
defined as [1, 2]:



(D
where:
s — averaged seal clearance
s, — sizes of clearances in successive gaps of the seal
z — number of teeth in the seal.

The mass flow rate through the seal can be modelled using
the equation in which the scale of leakage is related to the
averaged clearance. The basic equation describing the mass
flow rate through the seal is that proposed by Stodola in the
form [1, 2]:

m = upl% PLii- (p,/p))?) 2)
z\pP
where
m — mass flow rate through the seal
U — flow coefficient for the seal
P, — density of the medium at seal inlet
p, — pressure in front of the seal
D, — pressure behind the seal
F=mnDs — flow area inside the seal (corresponding to the
parameters)
z — number of teeth in the seal
D — seal diameter.

The above formula relates the averaged clearance to the
mass flow rate through the seal. These two quantities are closely
coupled by the above equation and cannot be separated from
each other in this system. As a result, pressure or temperature
measurements performed in front of and behind the seal do not
provide opportunities for unique assessment of the mass flow
rate through the seal in the situation when the averaged clearance
s is not known. Determining losses attributed to the leakage flow
through the seal requires the information on the geometry of the
seal. During turbine operation, when the turbine casing is closed,
we do not have the information of the current condition of the
seal, as the sizes of clearances in successive gaps can change
with time. A single mass flow rate equation does not provide
opportunities for determining the mass flow rate when the scale
s of the clearance changes during machine operation. This can
be described using the following equation:

m=f(p,, p,, P, S, 2) 3)
where:
m — mass flow rate through the seal
p, — pressure in front of the seal
p, — pressure behind the seal
p, — steam density in front of the seal
s — averaged clearance in the seal
z — number of teeth in the seal.

The role of the averaged clearance s is of high importance
when assessing the scale of power losses in the turbine. This
can be seen in Fig. 2 showing the diagram of power loss
recorded in the 215 MW turbine HP casing as a function of
the averaged clearance s in the labyrinth seal situated in the
inner casing. Increasing the size of the clearance in the inner
casing leads to the increase of the volume of steam flowing
through the seal, which in turn decreases the mass flow rate
of the medium flowing through the turbine blade system. The
calculations shown in Fig. 2 were done assuming the nominal
averaged clearance as equal to s = (0.7 mm.

To sum up, the above discussed system is incalculable - its
makes the calculation of the mass flow rate through the seal
impossible when the averaged clearance s is not known.
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Fig. 2. Power loss in 13K215 turbine HP casing vs. averaged clearance

The solution presented in the article provides opportunities
for on-line diagnostics of those seals, without interfering into
the mechanical system of the machine. It also does not require
stopping the machine to do clearance geometry measurements
in the seal [4].

The essence of the new solution consists in introducing
a disturbance in the flow of steam through the seal in such a way
that the changes in pressure distribution in the seal which are
related to this disturbance describe the current seal clearance
geometry. This disturbance can have a form of an extraction
system installed in the seal, through which a small but well-
known volume of steam is extracted [4].

In the static element of the seal, at a selected distance
from its end at least one opening is made to communicate this
area with the space behind the seal, and at least one opening
for measuring the pressure in the extraction area, see Fig. 3
and 4. The geometry of the communication openings and their
location along the seal length are formed in such a way that
the extraction flow disturbs the flow through the seal in a way
sufficiently large to obtain satisfying resolution of the method,
and, on the other hand, the volume of the flow leaving the seal
in this way is sufficiently small to make resultant efficiency
loss increase negligible [4].

Fig. 3 shows a longitudinal section of the labyrinth seal,
while Fig. 4 presents its cross section.

Pressure p,
in front of the seal

Pressure p;
behind the seal

A-A

Pressure in the H
. . . i
communication opening p, i

3 1

Fig. 4. Cross section of the seal with diagnostic system
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The labyrinth seal 3 (having the form of a series of sealing
segments) is situated between the shaft 1 and the static element
2 (gland clamping ring). In the clamping ring 2 a number of
communication openings 4 are made to connect the inside of
the seal 3 with the space behind it (the element disturbing the
flow though the seal), along with the pulse opening 5 situated
in the plane of communication openings 4 for measuring the
pressure in the flow disturbance area.

The role of the communication openings 4 is to execute the
throttling process, which can be obtained by designing relevant
geometry of the opening, or, for instance, by introducing
a reducing pipe 6. The locations of the communication openings
(steam extraction) 4 and the pulse opening 5 are optimised
using thermodynamic and flow calculations until the maximum
diagnosing sensitivity/accuracy is obtained.

The first segment of the seal, marked A, is the segment
between the seal inlet and the plane of communication openings
(section A-A). The second segment, marked B, is the segment
between the plane of openings and the seal exit.

For the seal with an extraction system (4, 6), defined as
in Figs. 3 and 4, the set of equations can be written in the
following form:

m, =f(p,,h,p,s,2,)
m_=f(p,h,p,s,z,) 4)
m-= l’l’lB — Il’lC

where:

m, — mass flow rate through seal segment A

m,_ — mass flow rate through seal segment B

m. — mass flow rate through communication openings in the
seal

p, — pressure in front of the seal

p, — pressure behind the seal

p, — pressure in the communication opening

h, - enthalpy of the medium in front of the seal

s — averaged clearance in the seal

z, — number of teeth in seal segment A

z, — number of teeth in seal segment B

® - diameter of nozzles in communication openings.

An essential assumption of the entire methodology is that
the nozzle diameter @ is known. As a consequence, the mass
flow rate m_ through the nozzle is known as well.

m.=f(p, h,p,, D) (5)

When the quantities p , p,, py h, and ® are known, we have
a set of three equations with three unknowns: m,, m_, and s.

This set of equations can be solved, thus allowing us to
determine the size of clearance s and the volumes of leakage
flows in segments A and B. We assume that the nozzle geometry
does not change during seal operation. Both the communication
openings and the nozzles installed in them can be distributed
along the entire perimeter of the seal, composing a system of
openings with nozzles. In that case selecting the parameter
@ (diameter of a single nozzle) should take into account the
number of communication openings over the entire perimeter.

A limiting case is the situation in which the sum of areas of
the nozzles installed in the communication openings tends to
zero. In this case, when m,. tends to zero, we get a seal which
can be described using one equation only. As a consequence,
diagnosing the state of this seal is not possible anymore.

The second limiting case is the situation in which the
total area of the nozzles increases to infinity. In that case the
mass flow rate through the seal segment B tends to zero. As
a consequence, like in the first limiting case, diagnosing the
state of the seal is impossible, as we have only one equation
for the seal segment A.
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Thus we can write two conditions for which the seal state
diagnosis cannot be done:

m.=0 or m,=0 6)

In this situation, the size of the nozzles is the parameter
responsible for the sensitivity of the entire methodology.
Introducing the additional flow channel in the form of
communication openings increases the mass flow rate of the
medium flowing through the first seal segment. Selecting the
size of the nozzles, i.e. the area through which the flow m,
affects, on the one hand, the ability to diagnose the state of
the seal, and, on the other hand, the total volume m, of the
medium flowing through the entire seal. Increasing the nozzle
area corresponds to increasing the mass flow rate m_ and the
resultant mass flow rate m,. This, in turn, will decrease the
volume of the medium flowing through the turbine blade
system. Therefore the basic criterion in selecting the size of the
nozzles is optimisation of the system from the point of view of
two aspects, the first of which is diagnosing sensitivity, and the
second - extra power loss generated by the increased mass flow
rate m, of the medium flowing through the entire seal.

Practical realisation of the labyrinth seal diagnosis consists
in pressure measurements in front of and behind the seal, and
in the pulse opening(s). For the changing clearance s we will
have the changing pressure p_at the point x in the seal. This fact
makes it possible to define a diagnostic parameter indicating the
state of the seal and the size of the averaged clearance s.

Based on three measured pressures p,, p,, p, a diagnostic
variable Pdiag can be defined, which can be considered
a parameter indicating the level of seal degradation in time:

Pdiag - (px B pz)/(pl - pz) (7)

Then the recorded change of this parameter is compared
to its reference value obtained during initial calibration of
the diagnostic system, with possible corrections taking into
account referential thermodynamic parameters. This correction
compensates pressure and temperature changes of the medium
in front of the seal and pressures behind the seal when the
conditions of turbine operation change.

This diagnostic system was implemented in one of Polish
power plants on the seal in the inner HP casing of the 105 MW
turbine [4]. The theoretical distribution of the diagnostic
parameter, calculated for nominal conditions of turbine
operation as a function of the averaged seal clearance s, is given
in Fig. 5 [4]. The size of the averaged clearance was assumed

as equal to s = 0.6 mm.
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Fig. 5. Diagnostic parameter vs. averaged clearance
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During the initial start-ups of the turbine after its overhaul,
the system was calibrated and the value of the diagnostic
parameter was determined as equal to 0.223 for the nominal
mass flow rate 450 t/h of the steam flowing through the
turbine (this value is presented in Fig. 6). Another value of the
diagnostic parameter from Fig. 5 which was expected by the
theory was equal to 0.225.

A few weeks after the start of the diagnostic system the
failure of the generator took place. It caused rapid shutdown



of the turbine, which resulted, as a consequence, in relatively
large eccentricity of the shaft. This, in turn, led to the failure
of the inner gland in the HP turbine.

The data obtained from turbine operation records included:
mass flow rate of the steam entering the turbine

live steam pressure

steam temperature in front of the gland

pressures in front of the gland

pressure behind the gland

pressure in the pulse opening.
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Comparing the data obtained directly after installing the
diagnostic system and directly after the failure have made it
possible to assess the scale of damage, and, at the same time,
confirm the efficiency of the here presented method (Fig. 6).
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Fig. 6. Diagnostic parameter of the gland before and after failure
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Fig. 7. Averaged clearances in the gland before and after failure

Processing of the obtained data has made it possible to
reconstruct the averaged clearances in the gland before and
after the failure, Fig. 7. In the both figures, Figs. 6 and 7, the
quantities are presented as functions of the mass flow rate m,
of the live steam entering the turbine.

As results from Fig. 7, the failure has led to the increase
of averaged clearances in the gland from the nominal value
of 0.6 mm up to about 1.35 mm, i.e. by about 0.7 to 0.8 mm.
The average standard deviations of the spread of results are
marked in the figure.

Such an increase of clearance size in the gland results in
power loss by an order of 250-300 kW in this turbine, which
gives the loss of an order of 2000 MWh per year (assuming
each day of turbine operation at nearly nominal load).

Introducing the above described seal diagnostics
methodology requires drilling communication openings in
the gland casing and installing nozzles in those openings.
Additionally, a duct for pressure measurements in the plane
of communication openings is to be prepared. As mentioned

before, all this increases the leakage flow through the entire
gland. However, this increase is very small. The volume of
the leakage flow through the seal in the 105 MW turbine is
approximately equal to 2.2 kg/s for the case without diagnostic
system, while installing it increases the leakage flow to
m, = 2.4 kg/s. The volume of the medium flowing though the
nozzles is equal to about 0.2 kg/s.

CONCLUSIONS

O The essence of the here presented method is introducing
a disturbance to the flow through the seal. This disturbance
has a form of additional flow of steam through nozzles in
communication openings. Since the nozzle does not come
into direct contact with rotating elements of the turbine, its
geometry does not change during turbine operation.

O Changes of the averaged clearance s in the seals, caused by
possible contact between the shaft and the turbine casing, lead
to differences in pressure distributions in the seal in which
the extraction system was installed. When the mass flow rate
of the steam through the seal is constant, i.e. without steam
extraction, the pressure distribution in the seal is constant
for different averaged clearances. In that case pressure
measurements inside the seal do not provide opportunities
for its diagnosis. The role of the steam extraction is to change
the pressure distribution in the seal.

O Measurements of three pressures: in front of the seal, behind
the seal, and in the plane of communication openings with
nozzles, makes it possible to determine the diagnostic
parameter. As a consequence, the current size s of the
clearance can be assessed on-line during machine operation,
without disassembling it. A necessary component of this
diagnostic system is performing the three above mentioned
pressure measurements. In the version implemented in the
105 MW turbine the diagnostic parameter was introduced
to the controlling and measuring system of the block. Its
value can be controlled during normal operation of the
block, thus providing opportunities for the assessment of
the current condition of the inner turbine seal [4].

O The method and principle of the above diagnostics were
submitted by the authors to the RP Patent Office [5].

BIBLIOGRAPHY

1. K. Trutnowski: Beruhrungsfreie Dichtungen. VDI Verlag
Dusseldorf, 1964

2. T. Debicki, R. Puzyrewski: Analysing flow through
circumferential gaps (in Polish). XI Fluid Mechanics
Conference, Warsaw, 1993

3. T. Chmielniak: Thermal Turbines (in Polish). Publishers of the
Silesian University of Technology, 1998

4. P. Krzyslak, M. Winowiecki: Diagnosing the state of the HP
gland in turbine 13UCI105 (in Polish). Alstom report, 2006

5. RP Patent Office: P-379431 — acknowledgement of patent
submission. Flow seal in a fluid-flow machine and method of its
diagnostics (in Polish). Warsaw, 2006.

CONTACT WITH AUTHORS
Piotr Krzyslak, Ph. D.
Faculty of Mechanical Engineering
Gdansk University of Technology
Narutowicza 11/12
80-952 Gdansk, POLAND
e-mail : pkrzysla@pg.gda.pl

Marian Winowiecki
Marynarki Polskiej 3/3
82-220 Stare Pole, POLAND
e-mail: techmaw@op.pl

POLISH MARITIME RESEARCH, No 3/2008 41



POLISH MARITIME RESEARCH 3(57) 2008 Vol 15; pp. 42-48
10.2478/v10012-007-0082-1

Investigations of operational driving loads
of bucket chains and manoeuvre hoisting
winches on multi-bucket dredgers
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ABSTRACT

The paper concerns problems of preliminary designing of bucket dredgers’ power plants.
This paper presents results of investigations of six bucket dredgers in service. The
operational investigations consisted in measuring the parameters which characterize
working conditions of two main receivers of mechanical energy: bucket chains and swing
winches. In the paper characteristics of disposition of loading of bucket chains and swing
winches are presented. They covered average value, standard deviation and coefficient of
variance of loading disposition mutability. Examples of load distributions of chains’ and

group of swing winches on chosen dredgers during some period of time were given. Conclusions in view

to average values of main receivers of mechanical energy and coefficients of variance of loadings spred

were formulated. Results of investigations of dependence of average loadings of main receivers on their

nominal power were presented. The results of work will be used in creation of random models describing
real conditions of operation of power plant elements of dredgers.

Keywords: Bucket ladder dredgers, main receivers of mechanical energy,
ship power plants, bucket chain, swing winches

INTRODUCTION

The main mechanical energy consumers on dredgers,
regardless of their type, are intended for realizing the following
technological processes [2]:
= loosening, dredging and transporting the soil
= positioning, manoeuvring and possible propelling the

dredger.

Bucket chains and set of manoeuvre hoisting winches are
the main consumers in question on multi-bucket dredgers in
their basic design solution [7]. Knowledge of operational loads
of' main consumers is crucial problem in preliminary designing
the dredger power plant. This paper presents results of service
investigations dealing with driving loads of bucket chains and
set of manoeuvre hoisting winches on multi-bucket dredgers.
The investigations constituted a part of a greater research
project on energy consumption of technological processes on
dredgers of three basic types, performed in the years 2000+2003
and 2005+2006 [5, 8]. As to the multi-bucket dredgers, five
such dredgers were subjected to the investigations and their
results were supplemented with results of the tests carried out
on the dredger Ivan Bachvalov by a measuring team of RCP-
KB design office in Rostow upon Don [10].

The main technical data of the dredgers, concerning the
parameters of bucket chains and maoeuvre hoisting winches,
are presented in Tab. 1.

On all the investigated dredgers the bucket chains and
manoeuvre hoisting winches were driven by diesel—electric
power systems. The measurements were preformed with the use
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of specially designed measuring systems consisted of electronic
digital multimeters co-operating with computer [4, 5]. The
multimeters were used to measure and record versus time electric
current (indirect measurement by shunt -voltage measuring) and
voltage (direct measurement). This way value of the power
consumed by electric motors driving a given consumer, was
determined. By making use of the results and knowing efficiency
characteristics of power transmission systems, instantantaneous
power values at drive coupling of a given main consumer, were
determined. Operational loads of bucket chain are subjected
to great and frequent changes, that results from character
of consumer’s working mode. The changeability of loads is
associated mainly with cutting-in successive buckets to the soil
(every 3 +4 sec on average). How large is the changeability can
be illustrated by the mean value of the coefficient N/""/N /"
equal to 4.5 calculated for several loadings of a hopper barge
during preliminary service measurements [5]. For the reason
of the highly changeable character of bucket chain loads it was
assumed that the measurements of the loads of the bucket chains
and set of manoeuvre hoisting winches, will be performed every
second [5].

In order to determine the driving load characteristics of
bucket chains and manoeuvre hoisting winches it is necessary
to know changes of the loads occurring for a long time. Large
number of instantaneous values of loads makes it possible to
properly perform their statistical estimation. The mean duration
time of dredging work carried out by multi-bucket dredgers
at sea amounts to about 2500 h/year [5]. Because of limited
possibility of carrying out the measurements for such a long
period on each of the investigated dredgers it was planned to



perform the service investigations for at least 5% of the working
period of each of the investigated dredger, i.e. for about 125 h.
As a rule the service investigations were carried out in 24 h
cycle. Overall, the measurements were carried out for 732 h [8].
Number of samples for every investigated dredger was greater
than 300000 and significantly exceeded the minimum number
of samples [9].

Tab. 1. Main technical data of the multi-bucket dredgers subjected
to the investigations in service

Bucket- LG
5 - parameters of
chain drive
set of manoeuvre
parameters G q
hoisting winches Q
Dredger’s L
name - 2
NLC NLC TWM VWM g
g
kw | 00K N | min | - | mem
min
Malz 11 88 24 57 10 4 | 250
Rozgwiazda | 300 19 90 12 4 | 640
InZ. T. Wenda| 310 19 90 12 4 | 640
155 | 17.5 2
Usedom 420 25 815! 175 5 840
155 | 17.5 2
Kategats 400 25 815 175 5 800
Ivan 155 | 17.5 2
Bachvalov 400 25 81.5| 17.5 2 800
where

— bucket chain nominal power

— bucket chain speed

— hoisting winch pull

v — hauling speed of manoeuvre hoisting winch

The performed investigations made it possible to determine
the driving load distribution characteristics for bucket chains
and set of manoeuvre hoisting winches during soil dredging
operations, namely these of:

N:C /N;M — mean load of bucket chain and manoeuvre
hoisting winches, respectively
G, Oy  — standard deviations of load distributions of
bucket chain and manoeuvre hoisting winches,
o respectively
Vo=—a— — coefficient of variation of bucket chain load
Lc distribution
VWM:% — coefficient of yaﬁatior‘l of load distribution of
wM  manoeuvre hoisting winches

Ao Mgy — coefficients which determine participation
of working period of bucket chain and
manoeuvre hoisting winches during dredging,
respectively.

OPERATIONAL LOADS
OF BUCKET CHAINS

The investigations of load distribution characteristics of
bucket chains were performed with taking into account kind of
dredged soil. During the performed operational investigations
the following kinds of soil were dredged:
® medium soils of the in- the- site density of 1.7 + 1.95 t/m?,

which can be additionally divided into:
® non-cohesive soils, fine- and medium- grain, medium-
compacted sandy soils
cohesive soils, medium sandy and plastic silts
light soils of the in- the- site density of 1.4 + 1.6 t/m*
warps with loose sands or quick clays.

The operational measurement results for bucket chains
supplemented with those performed on the dredger Ivan
Bachvalov [10] are shown in Tab. 2, and in Fig. 1 — the example
histograms of the operational loads for selected dredgers. The
loads were grouped into 10 left-sidedly-opened intervals of

quantization which covered the range (Ninén - N/&9); the values
min

";;4/ _ design dredging rate of a dredger. of N/ and N, were taken into account as integers most close
to real measurement results.
Tab. 2. Characteristics of bucket chain load distributions for multi-bucket dredgers
Kin(.1 O AT Nie Nie Nic O1c Yic b Source of information
soil dredger KW kW _ kW _ _
Matz 11 88 %S ég;; 00.'33229 19(5.6776 8347‘3 83471 the author’s investigations
)
e s | 0 | WSIT[ 00 T oo
1)
Medium | Rozgwiazda | 300 | g3 | 0308 | 3379 | 0366 | 097 dito
Usedom 420 183.44Y | 0.437 41.62 0.227 0.99 ditto
Kategats 400 195.68Y | 0.489 42.35 0.216 0.98 ditto
Ivan Bachalov 400 186.64Y | 0.467 46.84 0.251 [10]
Mean values 0.398Y 0.281Y 0.97
Malz 11 88 21.22 0.241 4.03 0.189 0.96 the author’s investigations
InZ. T. Wenda 310 92.73 0.299 14.28 0.154 0.98 ditto
Rozgwiazda 300 90.98 0.303 16.91 0.186 0.97 ditto
Light Usedom 420 158.93 0.378 29.93 0.188 0.99 ditto
Kategats 400 172.86 0.432 21.48 0.124 0.99 ditto
Ivan Bachalov 400 165.91 0.415 28.67 0.173 [10]
Mean values 0.345 0.169 0.98

Y — medium sands, ? — medium silts
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Fig. 1. Histograms of operational bucket chain loads on the multi-bucket dredgers: a) Maiz I1, b) Inz. T. Wenda, c¢) Kategats

The measurement results confirm the influence of kind of
soil on operational characteristics of bucket chains. Distinct
difference can be observed in values of the bucket chain load
distribution parameters of the same dredger working in light
and medium soils. The values of the mean relative bucket chain
loads N/ . for medium soils are greater by about 15-20% than
those for light soils of the same dredger. Differences in values of
the variation coefficients of the bucket chain load distribution,
V, o> are significant: for medium soils they are contained in the
interval of (0.216+0.432), and for light soils — in the interval
of (0.124+0.189).

The differences in the bucket chain load distribution
parameters during dredging the medium soils — regardless
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non-cohesive and cohesive — are practically neglectable. The
differences in the mean relative bucket chain load values are
rather small: in two cases — a little greater during dredging
the non-cohesive soils, and in one case — during dredging the
cohesive soils. The differences concerning values of variation
coefficient of bucket chain load distribution seem a little more
significant. In all the three cases the values were greater for
dredging the cohesive soil. They amounted respectively to
(0.366+0.432) in the case of dredging the cohesive soils and
(0.31+0.343) - in the case of dredging the non-cohesive ones.

Analyzing the results of Tab. 2 one can clearly observe
the differences in values of N, v, . - especially at dredging
medium soils - for the three first dredgers as compared with



three next ones. This situation can be explained by kind of work
realized by a given dredger. Generally two types of dredging
can be distinguished: investment work and maintenance work.
The investment work, as compared with maintenance work,
is characterized by a higher effectiveness and in consequence
- higher bucket chain loads. Medium and small size dredgers
are generally intended for maintenance work. Large dredgers
are much more engaged in investment work [5, 6]. Among the
investigated dredgers only one, the smallest dredger Maiz I1,
was characterized by almost 80% participation in maintenance
work; the larger ones: Rozgwiazda and Inz. T. Wenda were
engaged by about 50-60% in investment work. The three largest
ones performed only investment operations and for this reason
they were characterized by the largest values of the mean
relative loads of bucket chains. The carrying-out of investment
operations probably results also in somewhat smaller values
of variation coefficient of bucket chain load distribution.
Worth stressing that the above mentioned percentage values of
duration time of carrying-out investment and maintenance work
are typical for the multi- bucket dredgers of the investigated
size [5,6].

Values of the coefficient A ¢ are contained in the interval of
0.94+0.99 and they do not depend on kind of dregded soil.

OPERATIONAL LOADS OF SET OF
MANOEUVRE HOISTING WINCHES

The investigations of operational loads of manouvre hoisting
winches concerned the set of four winches. In manoeuvres also
two other winches took part, however they were not considered
to be main consumers because of their short-lasting period of
work [6].

The results of operational measurements of the set of
manoeuvre hoisting winches are presented in Tab.3. They relate
to operation of the entire set hence they represent the total
load of all hoisting winches in operation. Fig. 2 presents the
histograms of operational loads of sets of manoeuvre hoisting
winches on two selected dredgers. Like in the case of bucket
chains the loads in question were grouped in 10 quantification
intervals covering the range (N - No).

In Tab. 3 are given the values of distribution parameters
of loads of the sets of manoeuvre hoisting winches regardless
of kind of soil. The earlier made investigations [6] did not
confirm any significant influence of kind of soil on loads of
set of manoeuvre hoisting winches.

The performed calculations of the load distribution
parameters of the sets of manoeuvre hoisting winches showed
that for particular dredgers the mean loads were contained
within the interval of 0.072+0.158 with the mean value of

0.117 and the variation coefficient values in the interval of
0.254+0.43 with the mean value of 0.372. For greater dredgers
a noticeable increase of the mean relative load value can be
observed. The fact results from greater values of relative
effectiveness (i.e. the ratio of the operational effectiveness
and design effectiveness) of greater dredgers as a result of
their participation in investment operations. The influence
of dredger effectiveness on demanded power of manoeuvre
hoisting winches is known and described in many publications,
e.g. [11, 12]; this author described his own investigations on
the theme in [6]. Values of the coefficients A7, are contained
in the interval of 0.94--0.99 and they are practically identical
to those of the coefficent A} .
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Fig. 2. Histograms of operational loads of sets of manoeuvre hoisting
winches on the multi-bucket dredgers: a) Inz. T. Wenda, b) Kategats

Tab. 3. Characteristics of load distributions of sets of manoeuvre hoisting winches on multi-bucket dredgers

Name of dredger LNy | Niw Nu Owm Vwm M Source of information
kW kW - kW - -
Matz 11 44 3.16 0.072 1.36 0.43 0.96 the author’s investigations

Inz. T. Wenda 86 8.33 0.097 3.48 0.418 0.98 ditto

Rozgwiazda 86 7.21 0.084 1.83 0.254 0.97 ditto

Usedom 168 23.18 | 0.138 8.91 0.384 0.99 ditto

Kategats 168 25.37 | 0.151 9.23 0.364 0.99 ditto

Ivan Bachalov 168 26.47 | 0.158 | 10.04 | 0.379 [10]
Man values 0.117 0.372 0.98
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The coefficients A and Ay, given in Tab. 2 and 3
determine duration of working time of bucket chain and
set of manoeuvre hoisting winches during dredging the soil
onto hopper barge (or silting-up the soil directly to land),
respectively. To obtain time relation of the operational state
,,dredging” it is necessary to use additionally the coefficient
L (participation of time of dredging only in overall time of
dredging operations). For this coefficient the value equal to 0.9
can be approximately assumed [5].

INVESTIGATIONS OF THE RELATIONS
BETWEEN MEAN DRIVING LOADS OF
MAIN CONSUMERS AND THEIR NOMINAL
EFFECTIVE OUTPUT POWER VALUES

The investigations of the relations between the mean
operational driving loads of main consumers, Néro, and their
nominal effective output power values (N;,)"" is very
important for later possible use of their results in preliminary
design stages of ship power plant.

As to the main consumers, the effective flux of energy of
consumers, being in each case the product of the so called
,generalized potential” and the ,,generalized flow rate”, can
be considered [1].

The investigations of the relations between the mean driving
loads of main consumers and their nominal effective output
power values were already performed for industrial trawlers and
typical transport ships (dry cargo ships, bulk carriers) [1, 3].

The performed investigations showed that for all types of
main power consumers installed on the considered ships the
following linear relation is valid [1,3]:

Ngo=a+b (Ngg)™™ (1
where:
a, b — constants

The statement that the relation (1) appear to be linear and
the possible determination of the constants a, b is of great
importance as it can be used to estimate output power of main
engines of ships of the considered types during the offer or
preliminary design phase [1, 3, 5, 9].

The effective bucket chain power is determined by the
relation:

uz
Nic=Mc-o.¢ (2)
where:
M,.  — upper turas torque,
® .  — upper turas angular speed.

As bucket chain motion is forced by a prismatic rotary
drum (called turas) cooperating with the bucket chain, located
on a bucket tower, the bucket chain torque is assumed equal
to the torque of the above mentioned upper turas. In the case
of bucket chains, instead the angular speed, the bucket chain
speed expressed by number of buckets passing the upper turas
per one minute, as given in technical manuals of dredgers,
is used.

In Tab. 4 are presented values of the nominal parameters
of the bucket chains on the investigated dredgers as well as
parameters of operational driving load distributions for the
chains during dredging (on the basis of the data of Tab. 1
and 2). As stated earlier, there are no significant differences
between mean values of bucket chain loads during dredging the
medium sands and medium silts. Therefore the investigations
of the relation (1) were carried out generally for medium soils,
without distinguishing non-cohesive from cohesive ones. The
investigations in question were performed for bucket chains
by using the data of Tab. 4. Their results are presented in
Tab. 5 and Fig. 3. The permissible intervals for independent
variables of the equations given in Tab. 5, result from the data
contained in Tab. 4.

Tab. 4. Nominal parameters of bucket chains and characteristics of their operational loads during dredging for 6 investigated dredgers

Domed parame LOHIOIUL T Characteristics of operational loads
chains
w Medium soils Light soils
Name Of MLC nLC NLC ST ST
dredger N O c Vic Nic Orc Vic
kNm -
kNm | MO ekt | kw kW i kW kW .
min
Matz IT 85 24 2040 28.37 9.92 0.349 21.22 4.03 0.189
Inz. T. Wenda 370 19 7030 104.09 37.06 0.353 92.73 14.28 0.154
Rozgwiazda 360 19 6840 96.77 32.92 0.34 90.98 16.91 0.186
Usedom 400 25 10000 183.44 41.62 0.227 158.93 29.93 0.188
Kategats 380 25 9500 195.68 42.35 0.216 172.86 21.48 0.124
Ivan Bachalov 380 25 9500 186.64 46.84 0.251 165.91 28.67 0.173
Tab. 5. Linear regression equations which describe mean loads of bucket chains during dredging the soil of two kinds
Statistical estimation parameters
Kind of soil Form of relation
R o [kW] F F._ ;0=0.05 m
medium (N’L“C) = 0.0216(Nfé) —29.44 0.965 23.16 55.35 7.71 6
light (N'L“C) = 0.0194(N£’é) —27.84 0.973 18.28 71.15 7.71 6

where: R — coefficient of correlation, 6 — standard deviation
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Fig. 3. The relation: N, LWC =f(N, LMCZ ) for multi-bucket dredgers

To investigate significance level of correlation coefficient
the F test of Snedecor distribution was used. Statistical
significance is confirmed if: F > F, for the assumed significance
level a (usually a = 0.05) and the degrees of freedom: s, and s,
(s,=Ls,=m~—1-1, where: I - number of independent variables,
m - number of population).

The nominal effective output power of set of manoeuvre
hoisting winches, N , is described by the relation:

WM ?
4
uz
NWMZZ(TWM' Vwm)i 3)
i=1
where:
T,, — hoisting winch torque,
Voy  — hoisting winch speed.

In Tab. 6 are given the nominal parameters of manoeuvre
hoisting winches on the investigated dredgers as well as
parameters of operational load distributions of sets of the
winches during dredging (on the basis of the data given in
Tab. 1 and 3). The investigations of the relation (1) were
performed jointly for the whole duration time of the state
,,dredging” regardless of kind of soil dredged by a given
dredger.

By making use of the data of Tab. 6 the following relation
was obtained (Fig. 4):

ST uz
for which the values of: the correlation coefficient R = 0.986,
the standard deviation a = 2.06 kW, the test F = 148.64 at
the population number m = 6, and F,_ = 7.71 for a = 0.05,

were calculated. The relation is applicable within the range:
38 <Ny, <138 kW.
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Fig. 4. The relation: N;,rM: fN, ,;; ) for multi-bucket dredgers

SUMMARY

The performed investigations of operational loads of bucket
chains and sets of manoeuvre hoisting winches on multi-bucket
dredgers make it possible to offer the following remarks and
conclusions:

O the averaged load distribution parameters of bucket chains
and sets of manoeuvre hoisting winches, given in Tab. 2
and 3, can be deemed typical for the entire population of
multi-bucket dredgers because of the long-lasting period
of measurements as well as the broad range of size of the
tested dredgers

the characteristics of operational bucket chain loads, given
in Tab. 2, confirm the necessity of taking into account kind
of dredged soil

in both the cases, i.e. of bucket chains and set of manoeuvre
hoisting winches, the linearity of the relation (1) was
confirmed as in all the considered relations large values
(over 0.95) of the correlation coefficient R were obtained
the achieved results can be used for predicting load
distributions of bucket chains and manoeuvre hoisting
winches; the relations given in Tab. 5 can be used to
determine mean load of bucket chains; the relation (4)
can be used to determine mean load of set of manoeuvre
hoisting winches; the values of variation coefficients of
load distributions of bucket chains and set of manoeuvre
hoisting winches given in Tab. 2 and 3, can be used to
estimate standard deviations of operational loads of the
above mentioned main power consumers

the presented results can be useful in solving problems
during preliminary design phases of power plants for multi-
bucket dredgers.

O

Tab. 6. Nominal effective power of set of manoeuvre hoisting winches and their operational load characteristics during dredging for 6 investigated dredgers

Nominal effective Characteristics of operational loads of set
power of manoeuvre hoisting winches
Name of dredger N N oo, Vo,
kW kW kW -

Malz 11 38 3.16 1.36 0.43
Inz. T. Wenda 72 8.33 3.48 0.418
Rozgwiazda 72 7.21 1.83 0.254
Usedom 138 23.18 8.91 0.384
Kategats 138 25.37 9.23 0.364
Ivan Bachalov 138 26.47 10.04 0.379
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The application of magnetic fluids in sealing
nodes designed for operation in difficult
conditions and in machines used in sea
environment
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ABSTRACT

Presented in article MF seals are being researched for sea technology purposes due to their excellent
tightness and low resistance of motion. These features are most valuable for ring propellers and ship s
main propeller shaft. There are more reasons why technologists payf significant attention for various MF
seals applications in their difficult operating conditions. For instance, an advanced pumping systems
are designed with contactless (screw or centrifugal) fluid seal used as the first stage seal and then the
MF seal as the main seal. Further parts of the article contain discuss of the properties of magnetic fluids
in the construction of MF seals. Sample of the few systems of magnetic fluid seals are presented, which
have been researched lately in our laboratory including sea conditions. The magnetic fluids used in our
seals are colloidal suspensions of magnetic nanoparticles. Undertaken earlier various systems selection
for sea-water purposes forced us to focus on double sealing systems, in which the MF seal is used as the
second seal following a conventional system especially adapted to co-operation with MF systems. This
solution successfully limits direct contact of the sealed liquid with the magnetic fluid, and the entire sealing
construction secures absolute tightness of the system. Using this solution we also can reduce costs by elements
high accuracy avoidance. Research and design activities are carried out in the AGH Laboratory of Seals
and Magnetic Fluid Applications together with Deep Water Department of Technical University of Gdansk
over the use of magnetic fluid seals in sea water environment. These activities are oriented on working out
MF seals able to work effectively in machines in which low-pressure water flow takes place. The objects
of experimental investigations are seals having two different nominal diameters: 50 mm and 220 mm and
two research rigs of different construction had to be built up. Works are scheduled to be continued.

Keywords: FM seal, sealing, magnetic fluids, sea technology, propellers

INTRODUCTION

Sealing rotating shafts, bearings, and other mechanical
systems with the aid of the magnetic fluid, which creates a sealing
partition kept steady by magnetic forces, is the technique
which has been successfully used in machines working in gas
environment at pressures up to, approximately, 1.0 MPa. These
seals also provide opportunities for solving sealing problems
in fixed and moving passages in vacuum machines.

In the worldwide technical literature and publications
issued by companies producing magnetic fluids and machines
in which they are applied the following names are used for the
magnetic fluid seals:

+ FerroMagnetic Seal (acronym: FM Seal)
+ Magnetic Fluid Seal (acronym: MF Seal)
+ FerroFluidic Seal (acronym: FF Seal).

In further parts of the article the names: “Magnetic Fluid
Seal” or “MF Seal” will be most frequently used.

As a result of numerous experimental and theoretical
studies oriented on investigating distributions of the magnetic
field in the seals and rheological properties of the magnetic
fluids, complemented by the development of technologies
for production of these fluids, certain principles have been

formulated on magneto-mechanical shaping of the MF seal,
selecting the type of fluid appropriate for expected conditions
of machine operation, and calculating geometrical parameters
of the sealing lips [1, 2, 3, 4].

Since the mechanism that keeps the MF seal tight differs
considerably from that observed in other types of seals,
opinions can be found that the use of MF seals is limited
mainly to precise machines. These opinions are claimed
to be justified by specific properties of magnetic fluids, the
necessity of use of high-energy permanent magnets, and
relatively high precision required during production of the MF
seals. These factors decrease the permissible pressure limit
to about 1.0 MPa, at the corresponding critical temperature
of the magnetic fluid not exceeding, approximately, 200°C.
Moreover, extremely high prices of high-dispersion magnetic
fluids (nanomagnetic fluids) and the abovementioned required
precision of machining are the reasons why MF seals are not
in common use at present.

However, despite the above difficulties, obvious advantages
of these seals, including excellent tightness and low resistance
of motion, are the reasons why growing interest is observed
towards their use in difficult operating conditions, where they
are mainly used as so-called protective seals. This refers to
such machines as reactors used in the chemical, biochemical,
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and pharmaceutical industry, machines and systems used in
the refining industry, and driving systems working in partial or
total immersion in a liquid. Those machines frequently work in
difficult conditions, which include non-uniformity of motion,
oscillations and/or vibrations, high temperature and the action
of aggressive environment having the form of vapours and
aerosols. In the case of machines like floodable pump drives
or sea-going vessel driving systems, which are immersed in
liquids, certain problems connected with the contact of the
magnetic fluid with the water are to be solved. The use of MF
seals in those conditions requires special constructional designs
and special magnetic fluids, which is of particular importance
for machines used in liquids environment.

It is well known from available publications and patent
solutions that the magnetic fluids applied in those conditions
should reveal strong hydrophobic properties - here the most
often described designs are hybrid sealing systems, in which
the MF seal is used as the second seal following a conventional
seal in a row arrangement. This design limits direct contact of
the sealed liquid with the magnetic fluid, while the MF seal
secures absolute tightness of the entire system.

For instance, some rotor pump sealing systems are designed
in the above way, with the front seal or contactless (screw or
centrifugal) fluid seal used as the first seal and the MF seal as
the second seal.

In the case of high-amplitude vibrations, elastic systems
are used which provide opportunities for stabilisation of the
seal within certain range of its positions, despite the presence
of oscillations of the sealed shaft. When high temperatures of
operation are expected, the applied magnetic fluids should reveal
increased temperature resistance, and intensive cooling of the
system of magnets and the magnetic fluid is to be provided.

The next parts of the article discuss the properties of
magnetic fluids, along with basic problems in the construction of
MF seals. Sample designs of magnetic fluid seals are presented,
which have been used in objects operating in difficult conditions,
such as those observed, for instance, on sea-going vessels.

MAGNETIC AND
MAGNETORHEOLOGICAL FLUIDS

The magnetic fluids used in seals are colloidal suspensions
of magnetic nanoparticles (for instance magnetite — Fe,0,),
of about 10 nm in diameter, in the carrier liquid (for instance,
synthetic oil, silicone liquid, water). Particles having those
dimensions are kept in constant motion by internal energy of
the carrier liquid and create stable structures. In the production
process, a surface active substance (oleic acid, for instance)
is introduced to the carrier liquid to cover the surfaces of the
magnetic particles and thus protect against their aggregation and
sedimentation of the created multi-particle magnetic aggregates
under the influence of gravitation and magnetic forces.

Magnetic fluids revealing those properties bear the name of
nanomagnetic fluids. A basic advantage of the nanomagnetic
fluids is high stability and durability of the colloidal system
- which for many liquids can last as long as about 10 years.

Using a similar procedure to the described above, magnetic
fluids are produced in with the suspensions of magnetic
microparticles (magnetite — Fe,0,) have from 0.5 do 8 um in
diameter. Their percentage content in the liquid is from 20%
to 80% [6].

To make distinction between them and the nanomagnetic
fluids, these liquids are called micromagnetic fluids, although
in producers’ catalogues and the professional literature they are
more often referred to as magnetorheological fluids.

The micromagnetic fluids are not stable — when the magnetic
particles remain in rest from several to several hundred hours,
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they are subject to sedimentation. However, if the energy from
outside is delivered to this liquid, in the form of vibrations of
motion of a mechanical system for instance, then the magnetic
microparticles compose a homogeneous suspension, the
behaviour of which is similar to that presented by the colloidal
suspension of nanomagnetic particles. The main advantage of
the micromagnetic fluids is high range of magnetic saturation
— many times higher than that for nanomagnetic fluids, which
increase their resistance to the action of external agents.
Another important property is their rheological characteristic:
strong and repeatable relation between the viscosity and the
magnetic field strength — hence the frequently used name of
a “magnetorheological fluid”.

With respect to magnetic interactions, the magnetic
(nanomagnetic and micromagnetic) fluids belong to the group
of so-called superparamagnetic materials, i.e. materials which
do not reveal, in practice, any magnetic hysteresis.

s
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Chains of surface
active particles
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nanoparticles

N N 2527 B AR P
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Fig. 1. Structure of the magnetic fluid and distribution of particles -
magnetic dipoles: a) disordered distribution of magnetic dipoles in the
absence of magnetic field, b) ordered chains of particles with oriented

directions of magnetic dipoles in the presence of magnetic field [6].

Fig. 1a shows the disordered structure of the magnetic fluid
in the absence of the magnetic field. The particles compose
magnetic dipoles of arbitrary orientation, which makes the
resultant magnetic force equal zero.

Fig. 1b, in turn, shows the ordered structure of the magnetic
fluid in the presence of a constant or varying magnetic field. In
these circumstances the particles compose chains of magnetic
dipoles oriented along the direction of the magnetic lines of force.

High flexibility and speed of response (from 0,01 s to 0,0001 s)
of the magnetic fluid to the presence of the magnetic field make
the process of making order in particle orientations very short.



This property provides opportunities for using magnetic fluids
not only in seals and lubricating technology, but also in controlled
vibration dampers and couplings, and in measuring instruments.
Due to remarkable advancement in technology of colloids, the
magnetic fluids can be manufactured based on carrier liquids
adapted to the planned type of application and conditions of
magnetic fluid operation, with various content and properties
of the magnetic phase (nanoparticles or microparticles). All this
provides good opportunities for controlling parameters of the
magnetic fluid and adapting them to actual needs.

Basic physical properties of the magnetic fluids, which
decide on their possible applications, include magnetic
saturation, dynamic viscosity, and operating temperature
range. The magnetic saturation of the liquid determines the
permissible pressure level (critical pressure) of the seal, while
the viscosity affects the resistance of motion, and the range of
temperatures in which the magnetic fluid can be used is to be
adapted to operating conditions of a given machine.

At present, magnetic fluids are produced which reveal
magnetic saturation up to 70 kA/m and dynamic viscosity
ranging from 2 to 15000 mP-s.

The micromagnetic fluids reveal much higher, from five to ten
times, magnetic saturation, which is connected with much larger
dimensions of the magnetic particles used in those liquids.
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Fig. 2. Magnetic induction vs. magnetic field strength:
nanomagnetic fluid (1) and magnetorheological fluid (2)

Fig. 2 shows the dependence of the magnetic induction B
in the nanomagnetic and micromagnetic (magnetorheological)
liquids on the strength H of the external magnetic field [6].

Tab. 1 collects basic properties of the nanomagnetic fluids
produced by FerroLabs, Russia, while in Tab. 2 basic properties
of the magnetorheological (micromagnetic) fluids produced by

Tab. 1. Properties and applications of magnetic (nanomagnetic) fluids produced by FerroLabs, Russia, and used in sealing and lubricating technology

q Operating .. |Viscosity| Magnetic
Tﬁl::; dOf (i?r;il(eir temperature D(;Icllslllgy Pa's |[saturation. Applications
q range. °C & @25°C kA/m
- Vacuum machines:
FLS | Silicone | 55 190 |12..14/05..08| 20.30 |- plasma coating
300.020| liquid . .
- semiconductor technology devices
.. High-speed shafts:
040 og0| SHCORE | 70,4150 |1.0..2.0[ 03..0.8 | 40..50 |- chemical reactors
' q - CD and DVD drives
.- Dustproof seals:
FLS | Silicone |60 1100 [1.1..2.2] .10 | 20..30 |- precise devices
250.020| liquid o
- measuring mstruments
Seals against aggressive gases and liquids:
PLE (Perfluoro-1 35 1130 | 2,05 | .15 | 30.40 |- industrial chemical reactors
750.030| polyether . e
- petrochemical facilities
FLW Facilities in biotechnology and medicine:
Water 0...+90 1.2 | ... 0.02 5..30 |- medical instruments
250.020 . .
- production machines
FLC 0.002 Magnetic sensors and separators:
Kerosene | -50...+50 1.2 PO 30...70 |- position and acceleration sensors
002.050 0.02 . .
- separation of materials
FLC | Synthetic Lubricating magnetic fluid:
050.025 oil -30...+150 11.0..2.0 .03 25..50 | hermetic bearing units lubricated with magnetic fluid
Tab. 2. Properties and applications of magnetorheological (micromagnetic) liquids produced by FerroLabs, Russia, and Lord, USA, and used in controlled
vibration dampers, couplings, brakes, and in abrasive machining of materials
. Operating .. |Viscosity| Magnetic
Type of fluid (i;lrl:;(eir temperature De;rcllslllgy Pass |saturation. Applications
q range. °C & @?25°C kA/m
FLS 040.600/ Sl'hC(.)ne 504150 | 3.8 10 | 600..700 Controlled brak@s, cpuphngs, dampers,
FerroLabs liquid vibration insulators
FLW 001.300/ Water 0...+90 3.42 ...10 | 300...600 Magnetic abrasive machining of materials
FerroLabs
MRF-132ED/ |Synthetic 0.33 Controlled brakes, couplings, dampers,
. -40...+150 | 3.06 - T
Lord oil ...0.94 vibration insulators
MRF-240BS/ 5.0 Educational purposes. demonstration
Lord Water 0...470 3.82 ...13.6 ) of magnetorheological effects
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FerroLabs and Lord, USA, are given. According to FerroLabs,
the magnetic saturation of the magnetorheological fluids reaches
up to 700 kA/m. The American company Lord does not publish
the level of magnetic saturation of the magnetorheological
liquids produced by them.

THE STRUCTURE AND PRINCIPLE OF
OPERATION OF MAGNETIC FLUID SEALS

Of particular importance among technical applications
of the magnetic fluids are MF seals for rotating shafts. The
magnetic fluid seals (MF seals) compose a separate class of
contactless seals, revealing absolute tightness (leakage at the
level of 10 Pa-l/s) within the range from very high vacuum
(10 Pa) do the pressures of an order of 1.0 MPa, at relatively
small power losses generated by liquid friction. For the time
being, the MF seals have been used mainly in gas environment:
as protective seals for rolling bearings, seals for passages
of rotating shafts in vacuum technology machines, and as
shaft seals in fans, mixers, and chemical and biochemical
reactors.

Fig. 3 shows the structure and principle of operation of
the rotating shaft MF seal. A permanent magnet is fixed in the
casing made of non-magnetic material. The magnet has the
shape of a cylinder with an opening. The NS magnetisation
direction of the cylinder is parallel to the axis of the sealed
shaft. One cylindrical pole shoe made of magnetic material
is situated on each side of the permanent magnet. Between
the shaft made of magnetic material and the inner surface of
the pole shoe openings there is a gap filled with the magnetic
fluid. The fluid is kept in place by magnetic forces generated
by the permanent magnet closed in the circuit composed by
pole shoes, shaft and the magnetic fluid. The thickness of the
gap with the magnetic fluid ranges, generally, between 0.1mm
and 0.3 mm.

Casing (non-magnetic material)

Magnetic fluid

Shaft

(magnetic material) Closed magnetic

circuit lines

Permanent
magnet

Pole shoes A
(magnetic material)

Fig. 3. Basic components of rotating shaft MF seal [7]

Despite simple principle of operation and construction of
MF seals, designing them properly requires special knowledge
due to specific properties of the magnetic fluid and its behaviour
in the magnetic field. This refers in particular to large-
dimension rotating shafts in high-speed machines revealing
complex kinetics of motion.

MF seal’s ability to keep tightness is defined by a so-called
limiting perforation pressure, which is the maximum pressure
kept by the seal, above which the magnetic fluid is ejected out
from the gap and the tightness is lost. The ability to keep the
seal tight depends on magnetic saturation of the liquid, the level
of filling the gap with the magnetic fluid, the geometry of the
seal, and pressure difference between two sides of the seal.

Fig. 4 shows the volumetric deformation of the magnetic
fluid in the magnetic field in the gap of a single sealing lip.
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The deformation is generated by the pressure difference
between areas 4 and 1.

The pressure difference Ap which provokes the perforation
of a single sealing lip filled with the magnetic fluid was
determined from the Bernoulli equation for the flow of liquid
in the magnetic field [2]. This equation takes into account
only the magnetic saturation M_ of the magnetic fluid and the
difference between the maximum and minimum values, H
and H__ , of the magnetic field in the working gap.

-

X

N

Higher Lower
pressure 1 o Py pressure
—_— Area H -
max s [_(]\1-‘c|‘ ﬁeld
Higher field 4 strength

strength =0

Fig. 4. Principle of operation of the magnetic fluid seal. 1 - lower pressure
area, 2 - lower magnetic field strength area, 3 - higher magnetic field
strength area, 4 - higher-pressure area

The distribution of the magnetic field (induction) within the
gap, and consequently H _and H __ , depend on the geometry
of'the sealing lip, the height of the working gap, and the energy
of the magnetic system.

After assuming H . = 0 we arrive at the relation which
will allow us to determine Ap for a single sealing lip in static
conditions (pu — magnetic permeability of the vacuum):

Ap=pMH_=MB

max N max

Determining the critical pressure for the MF seal in dynamic
conditions in much more difficult, as the magnetic fluid in the
working gap is subject to the action of not only the magnetic
forces, but also flow processes, rotation (spin) of particles, their
mutual interactions, and the centrifugal force which affects the
position of the magnetic fluid in the gap and changes the seal
perforation pressure. This pressure depends on the position
of the sealing lips, which are mounted either on the rotating
shaft, or on the pole shoes steadily fixed in the casing. These
phenomena are clearly visible at higher rotational speeds of
the shaft — above 10m/s.

The results of the experimental investigations suggest
that the critical perforation pressure for a single sealing lip
in the arrangement shown in Fig.3 is approximately equal
to 0.05 MPa. A similar pressure level per one sealing lip can
be assumed for a symmetrical two-lip arrangement, which is



more rational than a single lip from the technical point of view.
However, for multi-lip seals (in symmetrical arrangements
with four, six and more lips) the permissible working pressure
for a single sealing lip is to be assumed from within the range
between 0.03 MPa and 0.04 MPa.

MAGNETIC FLUID SEALS FOR ROTATING
SHAFTS WITH RADIAL AND AXITAL
RUNOUT

Using magnetic fluid seals for sealing rotating shafts with
axial and radial runout requires special designs. When the axial
and/or radial runout is relatively small, the applied sealing
constructions are flexibly mounted on the machine casing using
elastic rings. In the case of large axial and radial runout, the
sealing constructions are mounted on elastic bellows fixed to
the machine casing.

Fig. 5 shows the construction of a sealing passage with the
magnetic fluid used in chemical reactors, in which extremely
high tightness of the process chamber is required [7].

The sealing unit consists of a permanent magnet 5 with axial
polarisation, the pole shoes 1, and a sleeve 11 with sealing lips,
fixed to the bearing casing 3 on surface 15. The sleeve 11 is
made of magnetic material, while the casing 3 is made of non-
magnetic material. As a result, the magnetic circuit is closed
through the magnetic fluid 10. The pole shoes 1 are placed
inside the sleeve 4, which is rotationally mounted in the casing 3
using the rolling bearings 2. The sleeve 4 is connected with the
shaft 8 via a moving sleeve 6. Loose connections between the
shaft 8, the sleeve 6, and the sleeve 4, along with the application
of elastic sealing O-rings 7 and 9 in those connections, provide
opportunities for good transmission of vibrations, at the same
time keeping the thickness of the gap 10 with the magnetic fluid
constant. Loose fixing of the casing 3 in the flange 13, done
with the aid of the sealing O-ring 12, also makes it possible to
transmit axial displacements of the shaft.

This construction makes it possible to keep the seal tight
even when drive shaft vibrations reach as much as 0.7 mm.
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Fig. 5. Magnetic fluid seal for vertical shaft with limited axial runout:
1 —pole shoe; 2 — thrust bearing; 3 — bearing casing; 4 — intermediate
sleeve; 5 — permanent magnet; 6 — moving sleeve; 7, 9, 12 — sealing
O-rings; 8 — shaft; 10 — magnetic fluid; 11 — sleeve with sealing lips;
13 —flange; 14 — casing; 15 — fixing of sleeve 11 with sleeve 3.

Fig. 6 shows the magnetic fluid seal for a shaft with small
axial and radial runout [9]. This seals consists of an axially
polarised permanent ring magnet 1, pole shoes 2, 3 mounted
on the shaft 5, and two self-adjusting rings 9, 10. The shaft 5
is made of non-magnetic material. The casing 8, the permanent
magnet 1 with the pole shoes 2, 3, the self-adjusting rings
9, 10 and the magnetic fluid 12 filling the radial gaps 3,, 5, and
the axial gaps 6,, 5, compose a closed magnetic circuit with
magnetic flux ®@. The magnetic flux generates a radial force,
which moves the self-adjusting rings 9, 10 closer to the casing 8,
and a radial force which presses the self-adjusting rings, via
rolling elements 11, to the pole shoes 2, 3. The magnetic force
keeps the magnetic fluid 12 in the radial and axial gaps, thus
securing tightness of the entire sealing structure.

7

N

Fig. 6. Magnetic fluid seal for a shaft with limited axial and radial runout:
1 — permanent magnet, 2, 3 — pole shoes, 4 — clamping ring; 5 — shaft;
6, 7 — sealing O-rings; 8 — casing; 9, 10 — self-adjusting rings;

11 — rolling element; 12 — magnetic fluid

Fig. 7 shows the magnetic fluid seal for a shaft with large
axial runout. In this construction two MF seals, consisting of
magnets 7, pole shoes 8 and the magnetic fluid 9, are mounted
in the carrying sleeves 5. The flange 3 is mounted between the

casing elements 1, 2.
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Fig. 7. Magnetic fluid seal for a shaft with large axial runout:
1, 2 — casing elements; 3 — flange; 4 — elastic bellows; 5 — carrying sleeve;
6 — rolling element; 7 — permanent magnet,; 8 — pole shoe; 9 — magnetic
fluid; 10 — distance sleeve; 11 — shaft; 12 - key

8 > 6

The carrying sleeves 5 are connected with the flange 3 via
elastic bellows 4. The sleeves 5 can move in axial direction
along the casing elements 1, 2. The rolling elements 6 allow
the shaft 11 to rotate at constant dimensions of the working
gaps between the lips of the pole shoes 8 and the shaft, with
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the magnetic fluid 9 filling these gaps. Axial dislocations of
the shaft 11 are totally compensated by the deformations of
the bellows 4.

Fig. 8 shows a construction of the magnetic fluid seal for
a vertical shaft with large axial and radial runout. The seal
consists of the casing 3, a magnetic sleeve 2, a radially polarised
permanent magnet 6, a pole shoe 9 and the magnetic fluid 8.
The magnet 6 and the pole shoe 9 are mounted in the recess in
the casing 3. The closed magnetic circuit is composed by the
casing 3, the magnet 3, the pole shoe 9, the sleeve 2, and the
magnetic fluid 8. The working gap between the sealing lips
of the casing 3 and the pole shoe 9, and the sleeve 2 fixed on
the shaft 1, is approximately equal to 0.5-0.6 mm and is filled
with the magnetic fluid 8, which creates sort of a liquid gland
and secures tightness of the centre. Axial and radial runout of
the shaft 1 is compensated by the elastic bellows 13 mounted
to the casing 3 and the machine body.

Fig. 8. Magnetic fluid seal for a vertical shaft with large axial and radial
runout: 1 — shafi; 2 — magnetic sleeve; 3 — casing; 4 — rolling bearing;
5 — non-magnetic ring; 6 — permanent magnet, 7 — felt ring; 8 — magnetic
fluid; 9 — pole shoe; 10 — non-magnetic retaining ring; 11 — lower cover;
12 — upper cover; 13 — elastic bellows; 14 - flange

Fig. 9 shows other designs of magnetic fluid seals for shafts
revealing large axial and radial runout [9]. In the seal shown
in Fig. 9a the shaft 2 transmits the rotational motion with
radial and axial runout to the sleeve 6 via an elastic element
(bellows 7), which fully compensates those dislocations by
own deformation. The elastic bellows 7 secures tight joint of
the shaft 2 with the sleeve 6. The rolling bearings 5 allow the
sleeve 6 to rotate at constant working gap with respect to the
fixed pole shoes 8 mounted in the casing 1, independently of
radial and axial dislocations of the shaft 2. The magnetic fluid 4
is situated in radial gaps between the lips of the pole shoes 8 and
the outer surface of the sleeve 6, and is kept inside by magnetic
forces. In the design shown in Fig. 9b the MF seal is placed,
along with the rolling bearings 5, in the casing 1 and mounted
on the shaft 2. The casing 1 is connected via elastic bellows
7 with the stationary housing of the device. The above design
also includes the system which cools the MF seal by delivering
the cooling medium to the channels in the pole shoes.

MAGNETIC FLUID SEALS USED IN
HIGH-TEMPERATURE OPERATION
CONDITIONS

The lifetime of a magnetic fluid seal used in higher
temperatures mainly depends on the temperature of intensive
evaporation of the carrying liquid. The magnetic fluids used in
these conditions are produced on the basis of specially silicone
liquids or synthetic oils (Tab. 1, Tab. 2) which secure correct
operation of the seal at temperatures up to 150°C, with the
critical temperature approximately equal to 200°C.

Intensive heating of the magnetic fluid takes place in seals
which operate in high temperature environment, and when
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Fig. 9. Magnetic fluid seal for a shaft with large axial and radial runout:
a), b) — design variants: 1 — casing, 2 — shaft, 3 — permanent magnet,
4 — magnetic fluid, 5 — rolling bearing, 6 — sleeve,

7 — elastic bellows, 8(a) - pole shoe

they seal shafts with extremely high rotational speed, where
the produced heat is provoked by internal friction in the fluid.
In those cases seals with extra cooling systems are used.

Fig. 10 shows a multi-lip sealing culvert with magnetic
fluid, produced by FerroLabs (Russia) [7], which is used in
industrial high-temperature bioreactors. The culvert is mounted
on the shaft 1 using a rotating sleeve 2 linked with the shaft via
the clamping ring 6. The sealing magnetic system is composed
of the permanent magnet 7 and the pole shoes 8 mounted in
the stationary sleeve 3, the lips of the rotating sleeve 2, and
the magnetic fluid 9 in the gaps between the lips and the pole
shoes. The geometry of the gap filled with the magnetic fluid
is kept constant by the rolling bearings 4 and 5.
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Fig. 10. Magnetic fluid seal for vertical shaft with external cooling system,
made by FerroLabs: 1 — shaft; 2 - rotating sleeve; 3 — stationary sleeve;
4, 5 —rolling bearings, 6 — clamping ring; 7 — permanent magnet; 8 — pole
shoe; 9 — magnetic fluid; 10 — sliding ring; 11 — flange; 12 — water jacket



A large part of length of the stationary sleeve 3 is surrounded
by the water jacket 12 which protects the seal against the action
of the ambient temperature. At the same time the water carries
away the heat generated in the magnetic liquid during high-
speed operation of the shaft.

According to the catalogue data given by the producer,
this seal can work at ambient temperatures up to 1200°C and
at maximum peripheral speed 15 m/s, when the pressure does
not exceed 0.3 MPa. This culvert, produced for shafts with
diameters ranging from 40 to 100 mm, can also work at the
presence of lateral vibrations of the shaft, the amplitude of
which does not exceed do 0.7 mm.

Fig. 11 shows a magnetic fluid seal designed for high-
speed shaft with external and internal cooling system [9]. In
this design the cooling liquid (water) is delivered to the seal
by channels 9 made in the pole shoes 5, 6 and in the hollow
shaft 2.

Fig. 11. Magnetic fluid seal for high-revolution shaft with external and
internal cooling system: 1 — casing; 2 — hollow shaft; 3, 4 — rolling bearing;
5, 6 — pole shoes, 7 — permanent magnet; 8 — magnetic fluid; 9 — channel

MAGNETIC FLUID SEALS USED IN
LIQUID ENVIRONMENT

Magnetic fluid seals which are used for sealing rotating
shafts in liquid environment require double sealing systems,
in which the MF seal is used as the second seal following
a conventional seal in a one-by-one arrangement. This solution
limits direct contact of the sealed liquid with the magnetic fluid,
and the entire sealing construction secures absolute tightness
of the system.

Fig. 12 presents a hybrid seal for an impeller pump shaft.
This seal consists of a centrifugal seal and a magnetic fluid seal
[10]. The first sealing stage is the centrifugal seal 4 having the
form of a disc mounted on the shaft 1. The second sealing stage
is the magnetic fluid seal, consisting of the permanent magnet
5, the pole shoe 6 and the magnetic fluid 7. On the shaft 1 made
of material revealing good magnetic permeability, two sealing
lips 1a are mounted under the pole shoe 6. The magnetic fluid 7
fills small ring gaps between the pole shoe 6 and the sealing lips
la, and is kept in there by magnetic forces to create additional
sealing obstacle for the working medium. The chamber 8 filled
with the compressed neutral gas protects the sealed medium
(water, for instance) against coming into direct contact with
the magnetic fluid, eliminating this way an unfavourable effect
of the working medium on the magnetic fluid.

Fig. 13 presents a hybrid magnetic fluid seal for a vertical
shaft of a deep-well pump [11]. This seal is a composition of

a centrifugal seal with two MF seals, out of which one MF seal
is situated above the centrifugal seal and the other - below. The
centrifugal seal consists of a rotor, having the form of the flange 9
mounted on the shaft 1 situated in the chamber 11, and the barrier
fluid 10. In dynamic conditions the sealing function is performed
by the centrifugal seal while in static conditions - by two MF
seals, which counteract the leakage of the barrier fluid from the
chamber and the penetration of impurities to pump inside.

9 6 7 lal
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Fig. 12. Hybrid seal of impeller pump shafi: 1 — shaft, 1a — sealing lip,
2 — casing, 3 — impeller, 4 — centrifugal seal, 5 — permanent magnet,
6 — pole shoe, 7 — magnetic fluid, 8 — chamber filled with neutral gas,

9 — manometer
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Fig. 13. Hybrid magnetic fluid seal for a vertical pump shaft :

1 —shaft; 2 — sleeve with sealing lips; 3, 4 — casing elements;

5 — permanent magnet; 6, 7 — pole shoes; 8 — magnetic fluid;
9 — flange; 10 — barrier fluid; 11 — chamber

Fig. 14 presents the double rotating shaft seal consisting
of the primary liquid seal, the screw seal (Fig.14a) or the
centrifugal seal (Fig.14b) for instance, and the secondary
magnetic fluid seal situated behind the primary seal [9]. In
this case the basic sealing function in dynamic conditions is
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performed by the conventional liquid, while the role of the
MF seal is to keep the working medium inside the machine in
steady-state conditions and at low shaft rotations.

Fig. 14. Double rotating shaft seal: a) composed of screw seal and magnetic

fluid seal; b) composed of centrifugal seal and magnetic fluid seal: 1 — shaft,

2 — screw groove or rotor, 3 — casing, 4 — permanent magnet, 5 — pole shoe,
6 — magnetic fluid, 7 — sealed liquid, 8(b) — cover

Fig. 15a presents a general view of a sea-going vessel with
marked the position of the propeller drive system, while in
Fig. 15b the drive system itself is schematically shown with
marked the position of the passage that seals the propeller
shaft. Fig. 15¢ shows a typical packing seal with soft packing,

a)
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normally used for ship propeller shafts. This seal consists of
a package of sealing rings 6 made of a woven cord which are
placed in the packing chamber and pressed by the gland 5.
A disadvantage of this solution is the need for periodical
pressing of the gland to compensate the relaxation of stresses
in the packing.

Fig. 15d shows the construction of a magnetic fluid seal for
the propeller shaft, which protects against the penetration of the
seawater inside the ship’s hull [12]. This seal consists of two
axially polarised permanent magnets 6, 7, separated by multi-
edge pole shoes 8, 9 and the magnetic fluid 10. The magnets
6, 7 and the pole shoes are mounted in the non-magnetic sleeve 5
fixed in the seal casing 4. Two closed magnetic circuits are
composed by the magnets 6, 7, the pole shoes 8, 9, the magnetic
fluid 10 and the shaft 1 made of material revealing good
magnetic permeability. The magnetic fluid 10 is kept by the
magnetic forces inside small ring gaps between the sealing lips
of the pole shoes 8, 9 and the shaft 1, thus creating the sealing
barriers for the working medium.

Fig. 16 shows the construction of a two-stage seal for
a ship propeller shaft. The seal consists of a n umber of lip
seals and the magnetic fluid seal [13]. The first sealing stage
consists of two sealing lip rings 4 mounted in the casing 2.
The second stage is the magnetic fluid seal which consists
of the axially polarised permanent magnet 5, two pole shoes
6 and the magnetic fluid 7. The closed magnetic circuit is
composed by the magnet 4, the pole shoes 6, the magnetic fluid
7 and the sleeve 3, made of material revealing good magnetic
permeability, which is mounted on the shaft 1. The magnetic
forces keep the magnetic fluid inside the small ring gaps 8, thus
composing additional barriers for the sealed medium.
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Fig. 15. Seal for ship propeller shaft: a) sea-going vessel with marked position of the propeller drive system; b) scheme of
propeller drive system; ¢) typical packing seal for propeller shaft: 1 — propeller shaft, 2 — body, 3 — slide bearing, 4 — seal casing,
5 —gland, 6 — package of sealing rings, 7 — distance ring; d) magnetic fluid seal: 1 — propeller shaft; 2 — body, 3 — slide bearing;
4 —seal casing; 5 — non-magnetic sleeve; 6, 7— permanent magnets, 8, 9 — multi-edge pole shoes; 10 — magnetic fluid
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Fig. 16. Two-stage seal for ship propeller shaft, composed of lip seals and
magnetic fluid seal: 1 — ship propeller shaft, 2 — casing, 3 — protecting
sleeve, 4 — sealing lip ring, 5 — permanent magnet, 6 — pole shoe,

7 — magnetic fluid, 8 — sealing groove/gap ring

RESEARCH ACTIVITIES CARRIED OUT IN
THE AGH LABORATORY OF SEALS AND
MAGNETIC FLUID APPLICATIONS OVER
THE USE OF MAGNETIC FLUIDS FOR
SEALING ROTATING SHAFTS IN WATER
ENVIRONMENT

Research and design activities are carried out in the AGH
Laboratory of Seals and Magnetic Fluid Applications over
the use of magnetic fluid seals in water environment. These
activities are oriented on working out MF seals able to work
effectively in machines in which low-pressure water flow
takes place.

The objects of experimental investigations are seals
having two different nominal diameters: 50 mm and 220 mm.
This situation forced building two research rigs of different
construction.

The experimental investigations of the seal of 50 mm in
diameter, performed in water at pressure equal to 0.1 MPa and
rotational speed equal to 3000 rev/min, have proved that this
seal can continuously work during 200 hours, the least, without
any traces of worsening of the assumed initial parameters. Tests
performed on different constructional versions of this seal have
revealed potential for increasing the critical speed of the shaft
by using additional protecting elements in the sealing unit.

For the investigations of the magnetic fluid seal of 220 mm
in nominal diameter, a special research rig was built which
made it possible to measure the torque on the propeller shaft,
the temperature of the seal, and its tightness in the presence,
or absence, of the flow of the process liquid (water, in the
examined case) through the sealed research chamber.

Fig. 17 shows a cross-section of the research head used in
this rig. The basic elements of this head include the collapsible
chamber 1, 2, 3, 4, with a set of magnets 7 with pole shoes 5.
In the chamber the rotating disc 13 is placed, on which the rim
14 with sealing lips is mounted. The disc is fixed on the shaft
9 using the clamping ring 16.

After the magnetic fluid is introduced to the gaps between
the pole shoes 5 and the sealing lips of the rotating disc 13,
the chamber is divided into space A filled with the examined

medium, and space B used for disposing of leakages through
the opening E drilled in the lower part of the chamber.

4 56 751 2 C 14 3
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Fig. 17. Research head used on the rig for examining large-dimension
magnetic fluid seals in water environment — MFLPI: 1, 2, 3, 4 — components
of the collapsible research chamber; 5 — pole shoes; 6 — non-magnetic
distance sleeve; 7 — replaceable set of permanent magnets 7; 8 — shaft body;,
9 — rotating shaft; 10 — cone bearings; 11 — distance sleeve; 12 — adjusting
nut; 13, 14 — two-part disc with sealing lips; 15 — positioning sleeve;

16 — clamping sleeve.

The openings C and D in the chamber are used for filling
the space A, or for generating the flow of the examined medium
with the aid of an external hydraulic system.

A basic condition for correct action of the magnetic fluid
seal is securing uniform thickness of the gap along the entire
perimeter of the seal.

Meeting this condition is difficult on the research rig
designed for examining large-diameter objects, as the
examination of different geometric versions of the seal would
require a rig construction in which particular elements could
be changed, at the same time securing the repeatability of the
obtained results.

The research rig under discussion was tested in conditions
in which the sealed chamber was filled with gas (air) and with
liquid (water) under pressure 0,05 MPa and without flow.

The performed investigations and geometrical measurements
have revealed high influence of the magnetic field generated
by the set of permanent magnets on the axial alignment of
the rotating and fixed elements of the seal when the magnetic
circuit was closed by the magnetic fluid. This phenomenon
was a source of leakages through the sealing magnetic fluid,
and resultant difficulties in keeping the required pressure in
the research chamber, which was particularly visible at low
rotational speed ranges.

That was why additional elements were to be machined and
installed in the rig to centre the set of pole shoes with respect
to the rotating disc with sealing lips.

The measurements and investigations performed in the
presence of additional centring elements have confirmed high
efficiency of the introduced constructional changes.

The investigations did not take long, as their main goal
was to check the operation of the research rig. Half-hour tests
were performed with the water under pressure 0.03 MPa in the
chamber and at shaft rotational speeds equal to 250 rev/min,
500 rev/min and 600 rev/min.

The modernised construction has confirmed the ability
of the magnetic fluid seal with the working gap having
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the nominal thickness of 0.5 mm to keep pressure in the
abovementioned time interval and at the abovementioned
working conditions.
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Complex approach to selection and evaluation
of the fire safety measures to be applied during
repair of refrigerated holds

Zygmunt Sychta, Prof.
Szczecin University of Technology

ABSTRACT

This paper presents an analysis_of fire hazard during repair work of refrigerated hold with

a view of specificity of its equipment and construction, as well as the algorithm of the system

of analysis and evaluation of safety measures and their effectiveness. The assessment of

effectiveness was based on the applied fire safety measures. Selected actions and technical

measures for fire safety must make it possible to prevent fire ignition in hardly accessible

spaces behind the boarding of hold walls and in air cooling chambers as unnoticed fire may
very fast propagate to the next holds and ship compartments due to flue drafts.

Keywords: refrigerated hold, ship repair work, fire safety

CONSTRUCTION AND EQUIPMENT
OF REFRIGERATED HOLDS

Refrigerated vessels constitute a special group of ships.
Palettization of cargo has caused major changes in construction
of refrigerated vessel holds. A modern refrigerated vessel
has the refrigerated holds with vertical walls parallel to ship
centreline. Thermal insulation made of mineral or glass wool
is placed directly on metal surfaces of hold walls. A water-
resistant lacquered plywood or aluminium sheet serves as
a timbering of insulation.

Old versions of refrigerated ships or other ships adapted
to transport palettized refrigerated cargo have been fitted with

Fuel tank

T 3
Double bottom )7
- o s
I Frame 136
Hold no. 3 " Hold no. 1

Fig. 1. An example of old version
of thermal insulation of refrigerated holds

the different thermal insulation system of refrigerated holds
as shown in Fig. 1.

A hard polyurethane foam and mineral wool are the
thermal insulation placed directly on steel surface of ship’s
side structure. The refrigerated hold walls are made of water-
resistant lacquered plywood fixed to vertical steel construction.
A perforated steel tweendeck construction forms the ceiling of
hardly accessible spaces. As a result of that construction hardly
accessible spaces made of flammable materials have been
created along refrigerated holds. Cross-section area of hardly
accessible side spaces varies from 0 to about 2 m* depending
on hull curvature of refrigerated vessel. Such spaces located
between the holds are separated by steel bulkheads.

A ventilation system ensures an appropriate temperature
required for shipped cargo. Forced air circulation in refrigerated
holds is initiated by axial fans combined with coolers. They
force the air to flow under gratings across the whole width of
the hold (Fig. 2). The intake air flows into cargo space through
grating holes. Then the air flows back to cold room through
ducts placed under hold ceiling.

Heat carried out to atmosphere

i1

Expansion
g valve
Vapour under low pressure
Vapour under
Heat carried away low pressure

from refrigerated hold H H

 Pliteiugeri it m e g et bl et o 1

X X + 4

]
]
: Ventilators forcing the cold air circulation
1

Refrigerated hold

Fig. 2. Schematic diagram of air cooling system
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Another function of the refrigerated hold ventilation system
is to freshen up the air in refrigerated holds (by applying two
air changes per hour [ACH]) that has to limit concentration of
the gases released from cargo as to not exceed its maximum
permissible level (e.g. for bananas, citrus fruits). The ventilation
system also controls air humidity in the hold.

Every refrigerated hold usually consists of four air-cooling
units: two of them placed on the hold bottom and the other two
- above the tweendeck. Air coolers with direct evaporation of
refrigerant are used most often. The coolers together with fans
are located in separate rooms whose walls are made of water-
resistant lacquered plywood.

A number of air changes (rate) in refrigerated hold depends
on type of cargo and it varies between 30 + 120 [ACH]. Air
circulation rate is adjusted to requirements of shipped cargo by
switching on an appropriate number of fans installed in the unit
or by switching-on a suitable gear if two-gear fan is used.

The air circulation is used if to dry thermal insulation of
the hold in hardly accessible spaces in refrigerated holds is
necessary in order to protect the insulation from loss of its
insulating features, that may be caused by moisture. A very dry
air flowing slowly through ducts of hold insulation, absorbs
the moisture which penetrates from hold by diffusion, and then
releases it by condensation in the cooler.

Piston, screw and rotary compressors require to be lubricated
by liquid oil which decreases friction, carries away heat, seals
piston in cylinder and stuffing-box, dampens vibrations and
reduces noise. To decrease amount of oil in installation, high-
efficiency oil separators located close to the compressor, are
applied (Fig. 3). The separated oil re-circulates immediately to
crankcase of compressor, that is performed either continuously
or periodically depending on type of compressor.

Condenser

Oil separator
|-o < Compressor
ot - r

! of oil
Expansion valve J4

£ Qil

cooler
Evaporator

Fig. 3. Schematic diagram of cooling system

3 to 10 % amount of the oil which seeps into the cooling
system, brings in additional problems of design and operational
character. During operation of cooling device, apart from
refrigerant circulation, the oil must flow without obstacles. The
following measures must be undertaken to achieve it:

Y¢ all horizontal sections of conduits must be sloped in
direction of refrigerant flow

¥ diameters of conduits must be appropriately selected so

that refrigerant velocity in vertical sections would cause

oil convection

design of the installation must prevent oil gravitational drift

to compressor during its standstill

oil filling-up must be possible also during motion

design of the installation must prevent oil accumulation

during motion and standstill.

b

% %

Every technical system has an acceptable emergency range
of operational parameters within which it is capable of working.
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Then it should be possible to perform effective corrections and
repairs, and setting of automatic safety systems etc. Loss of
control of progress of a hazardous situation occurs when the
control and safety systems and repair personnel are not capable
of correcting a dangerous trend in values of the parameters that
indicate the area of safe operation of an installation or device,
that may lead to damage, escalation of accident and release of
hazardous substances or amount of energy. Fire, an uncontrolled
combustion of materials in time and space, is a frequent effect
of loss of control of progress of an emergency situation.

THE COMPLEX APPROACH TO ANALYSIS
AND EVALUATION OF EFFECTIVENESS
OF APPLIED SAFETY MEASURES

The above presented description of construction and
equipment of refrigerated holds reveals major problems of fire
safety during operation and repair work. The fire accidents are
mainly triggered by frequently underestimated factors which
cause dynamic progress of fire. Knowledge of the factors
may reduce consequences and financial losses caused by fire
accidents.

The process of identification of a level of knowledge of
technical requirements, environmental protection and external
factors is used to determine purposeful and planned actions
which have to contribute in maintaining the high level of fire
safety (Fig. 4). The process is controlled by current assessing
the results of implementation of the established schedule. The
process is characterized by multi-stage character, continuity
and dynamics, logic and time sequence, complex approach to
tasks and a wide range of performance options.

The basic features of the system are as follows:

< itisasocial and technical creative action including scientific
and technical elements

< itis a purposeful human organization created by people of
various attitudes, motives and education

< itis an open system which means that it has no strict limits
and does not care only of itself

< it deals with information of essential importance

< it is built of subsystems, which makes flow and control of
information possible

9 feedbacks applied in it make its control and optimisation
possible

< it is so designed as to achieve targets by using various

methods.

Man is an important element of fire safety system. During
ship repair, ship’s crew is incomplete and a number of people
not permanently connected with the ship, e.g. shipyard workers,
co-operators, supervisors and others, increases. For this reason
the incomplete crew is not capable of controlling the situation
on the ship. After working hours many crew members leave
their ship and only watch remains on duty. Worth adding that
fire accidents occur mostly in the night.

The above presented four-stage system may be iterated
repeatedly. A number of iterations depends on frequency
and range of changes made in a given technical object and
its environment and it also depends on effectiveness of
improvement actions. Return to the identification stage is
performed after rational assessment of the object’s operation.
It is not a return to the starting point because the knowledge
gained from the preceding identification stage, has been
enriched with observations made during the preceding cycle.

Quantification of fire hazard level of a given ship area
consists in determining fire progress depending on characteristics
of particular elements of the area. It depends especially on
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Fig. 4. Algorithm of the system of analysis and evaluation of effectiveness of applied safety measures

controllable features which constitute decisive parameters.
Threshold analysis methods are useful to solve problems
connected with safety of whole ship or its components. Barriers
in safety systems may have control-informative function in
the case of unwanted energy outflow, or protective function
for technological process or state of technical object prior to
occurrence of such outflow. If selection of an effective barrier
cannot be made because of technological reasons or excessive
costs, an administrative procedure should be elaborated for
managing the level of defined and accepted hazard.

Fire progress control is possible in pre-ignition phase [ 1, 2]
if the disposable heat abstraction intensity q_, of the endangered
area (Fig. 5) is higher than the heat release rate of burning
materials and thermal power of external ignition sources:

4o () = q,,, (D=9 () +q, ()= q, (1)

where:
d,; - fire power [kW]
q - heatreleaserate of the process of thermal decomposition

and burning the materials embraced by the fire [kW]

t - time [s]
q, - thermal power of external ignition sources [kW]
q, - lossofheat per unit of time [kW].

The fighting with fully spread fire (i.e. rescue actions) is
undertaken in a failure stage of an object or its components
which is out of control. It indicates that the applied safety
systems have not been capable of controlling the progress of
the failure stage of the object.

There are many situations which favour fire ignition when
a ship is under repair. These are such processes as: the repairing
and changing of installations and ship devices, maintenance
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and other operations associated with a potential fire hazard, e.g.
welding, metal element gas cutting, metalworking, painting and
maintaining work etc. The dismantling of many installations
carried out on a ship or its disable state resulting from its stay
in shipyard or from performed survey may lead to fire hazard;
for example, the abnormal functioning of ship devices may
be a reason for some improvisations and provisional starting
the substitute devices. During repair work certain necessary
flammable materials, such as: paints, wood, insulation
materials, stuffing, oils and solvents and other flammable
agents for rinsing the mechanisms are usually brought into the
ship. When ship is under repair many wastes, garbage, parts of
dismantled devices, spilled liquids and dirt are produced. The
littering generates fire hazard as it favours starting a fire.

EXAMPLE SELECTION OF ACTIONS AND
MEASURES TO ENSURE SAFETY DURING
REPAIR WORK

An analysis of all possible fire hazards during ship repair is
not included in this study. This part of the study is devoted to
presentation of an example selection of actions and measures
to ensure safety during repair work (welding) carried out in the
bottom oil fuel tank located in the refrigerated hold no. 1 of
a refrigerated vessel of old type, shown in Fig. 6.

It is necessary to identify all flows of unwanted energy or
mass not only with regard to safety of people and technical object
but also regarding operational costs of a given technological
process or the whole technical object. Quantitative values of
energy and mass flow rates, either known or potential, must
be determined experimentally. Then on this basis their limit
values must be defined, and devices intended for preventing the
outflow and a system for minimizing the effects of unwanted

Insulation energy outflow, have to be selected.
' ! Centreline of ship ——
lHoldno.2 120
1 | sy Hold no. 1
Boarding I
B Air cooling mr—
chamber
fH——————Hl| o || Aircooling chamber
|
I_ ______ ——
C Ventilator | O
Evaporator -4 ! ______ ed o
Spill catch pit |
e S '®)
D Qil fuel tank ! o
I I
Double bottom
1 1 |
Hold no. 2
Frame 12171014 00 1

Fig. 6. Location of welding work carried out in oil fuel tank of the example refrigerated ship
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The welding work carried out on the bottom of the hold no. 1
generates serious fire hazard. The temperature of oxyacetylene
torch flame exceeds 1500°C. It is an essential possible cause
of fire accident. Heating the burning metal, spread of metal
particles dropping off the cutting gap, and dripping drops of
fused metal are a potential source of ignition of flammable
materials. Metal particles are also blown in direction of
operating flame due to high pressure of gas at the torch outlet.
All the things generate fire hazard for (Fig. 6.):
= the starboard hold wall, made of flammable lacquered

plywood
= the polyurethane thermal insulation placed behind the hold

wall
= the air ventilation and cooling chamber.

The system in question is characterized by such advantages
as completeness, objectivity and selectiveness [1, 2]. On
the basis of ship technical specification a graphical network
of connections between causes and effects is created at all
connection levels. For each possible pair of the network nodes

Hold no. 2
Boarding and
thermal insulation
of hardly
accessible space

Hold no. 2
Boarding and
thermal insulation
of hardly
accessible space

Fig. 7. Probable variants of fire progress

(Fig. 7) a hazard level analysis is conducted with regard to
effectiveness of the applied measures for passive and active
fire protection.

Fire hazard to the boarding and thermal insulation of the hold
no. 1 and 2 is introduced by fire characteristics of lacquered water-
resistant hard plywood, hard polyurethane foam and inflammable
mineral wool of low value of permissible temperature for its
application. It is also caused by specific construction of hardly
accessible spaces (Fig. 1 and 8) resulting from the adjustment
of refrigerated holds to shipping the palletised cargo.

The cross-section area of hardly accessible spaces varies
between 0 + 2 m? depending on hull curvature of refrigerated
vessel. Such spaces located between holds are separated by steel
bulkheads. That is why the fire can be transferred from one hold
to another by heat conduction. Moreover the air circulation is
used to dry the thermal insulation in hardly accessible spaces in
order to prevent a decrease of its insulation features. It means
that the set of hardly accessible spaces connected with the air
ventilation system of the holds favours fire progress on the ship
(due to developed flue draft).

Hold no. 2
Boarding and
thermal insulation
of hardly
accessible space

Hold no. 2
Boarding and
thermal insulation
of hardly
accessible space
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Fig. 8. Schematic cross-section of hardly accessible side spaces

FIRE CHARACTERISTICS OF TYPICAL
MATERIALS WHICH CAN CONTRIBUTE
TO FIRE PROGRESS

Hold no. 1

The determining of fire characteristics of typical materials
which can contribute to fire progress in its initial, pre-ignition
phase is an important element in predicting the fire progress.

Tests on fire characteristics of thermal insulation and
boarding materials was carried out with the use of the methods
complying with the International Code for Application of
Fire Test Procedures (IMO FTP Code) [3] and ISO standards.
Various materials applied to refrigerated vessel were tested.
Out of all measured parameters and their derivatives, only the
parameters which influence hard polyurethane foam behaviour
in the initial phase of fire progress in the refrigerated hold, are
presented in this study. They represent first of all influence of the
conditions for thermal decomposition and combustion of hard
polyurethane foam on heat release intensity, oxygen demand,
smoke emission intensity and mass emission of oxygen and
carbon dioxide.

The test results revealed that only the mineral wool can be
deemed fully inflammable (Tab. 1).

Tab. 1. Test results of mineral wool fire characteristics according
to the method given in Part 1 of IMO FTP Code [3]

Duration of sustained flaming 0.00 | s
Rise of furnace temperature above the final 6 oC
furnace temperature
Surface temperature above the final furnace 5 oC
temperature
Rise of temperature in the centre of the ) oC
specimen
Loss of weight of specimen 798 | %

The disadvantage of mineral wool used for thermal
insulation is its low limiting temperature for use as the mineral
wool melts in the temperature of 750 °C creating glassy mass of
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a small volume. When shrinking it creates a free space behind
the boarding, that favours development of flue drafts and gas
exchange in the space (Fig. 9). This feature may contribute to
fast fire progress in the space behind the shoring.

Fig. 9. The view of mineral wool sample before and after the fire tests

According to [3] the laminated plywood and hard
polyurethane foam are flammable materials hence flames
propagate fast on their surface (Tab. 2 and 3).

Tab. 2. Test results on surface flammability rate of lacquered water-resistant
plywood of 20 mm in thickness, according to the method given in Part 5

of IMO FTP Code [3]
Critical flux at extinguishment 12.74 kW/m?
Heat for sustained burning 1.50 MJ/m?
Peak heat release rate 4.20 kW
Total heat release 4.88 MIJ
Fall of heavy drops it does not occur

Tab. 3. Test results on surface flammability rate of hard polyurethane foam
according to the method given in Part 5 of IMO FTP Code [3]

Critical flux at extinguishment 3.65 kW/m?
Heat for sustained burning 0.20 MJ/m?
Peak heat release rate 5.44 kW
Total heat release 1.08 MJ
Fall of heavy drops it does not occur

Besides, the tests showed that boarding made of lacquered
water-resistant plywood, due to its thermal potential and the
average constant heat release intensity of 50 kW/m?, will
intensify fire progress from thermal insulation.

The value of heat of combustion of the hard polyurethane
foam, determined according to the method of ISO 1716,
amounts to 26.80 MJ/kg.

The hard polyurethane foam is an intensively smoke
emitting material (Tab. 4) according to the requirements of Part
2, IMO FTP Code [3]. During thermal decomposition of the
polyurethane foam an intensive smoke emission appears first,
then its flame combustion occurs (Fig. 10). It means that the
flameless intensive smoke emission is a symptom of fire.

Tab. 4. Test results on smoke-producing rate of hard polyurethane foam,
according to the method given in Vol. 2 of IMO FTP Code [3]

Time of sample ignition 1.10 s
Maximum optical specific density 590.70 | -
Maximum spee(.l of chal}ges of optical 21.99 | 1/s
specific density
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Fig. 10. Relationship between heat release intensity during thermal
decomposition and combustion of hard polyurethane foam and
transmittance of light passing through the layer of combustion products
and time, recorded during the tests carried out according to the ISO 5660-1
method, at 35 kW/m? heat flux intensity on sample surface

Sparks formed during welding belong to the group of low-
power ignition sources. For this reason, tests on ignitability
were performed according to the method of PN-EN ISO
11925-2. Hard polyurethane foam lit in vertical position first
ignites and then the burning dies down spontaneously after
several tens of seconds. Besides, hard polyurethane foam is
not characterized by progressive incandescence. It means that
the foam applied to the insulation system of refrigerated hold,
if ignited by welding spark or gas torch flame, will not transfer
fire behind the boarding. It does not show the drop fall-off
which is typical for plastics. Tests on surface flammability rate
prove occurrence of this feature (Tab. 3). The value of the heat
flux critical for the tested foam amounts to 3.65 kW/m? The
critical heat flux is a measure of ignition source thermal power
necessary for starting self-sustaining process of combustion of
the material. Such behaviour results from a specific chemical
structure of this group of plastics. Polyurethanes are polymers
which are formed in the process of poly-addition of poly-
functional organic isocyanates (two- and higher functional)
with two- or higher functional compounds containing hydroxyl
groups connected with aliphatic carbon atoms (glycols and
polyols). Polyesters (prepared from adipic acid and ethylene,
methylene, propylene glycol and also polyhydric alcohols)
or poly-ethers (there are usually additive connections of
propylene oxide with polyhydric alcohols); also, ricinus oil

and its derivatives are often used. Hydrogen chloride content
in products of thermal decomposition and combustion (Tab. 5)
points to halohydrocarbon frothing agent.

On the basis of the presented test results of fire characteristics
of the following system of materials: metal plate, hard
polyurethane foam, laminated plywood, it was stated that the
fire is unlikely to be transferred behind the boarding. However,
occurrence of combustion of the boarding due to external flame
is always possible.

Fire hazard to the ventilation air cooling block is mainly
produced by:

» the flammable boarding made of lacquered water-resistant
hard plywood, used for the partitions of the air cooling
chamber

» the fact that the chamber is a hardly accessible space

» the flammable tarry and dusty contamination of the
chamber’s internal surfaces, which always occurs during
operation of the ventilation systems; in air cooling
systems such contaminations settle in lower part of the
compartment

» the oil contamination of the air cooling chamber’s internal
surfaces (Fig. 11 and 12), which may be formed when an
unsealing of the cooling installation occurs (up to 10% of
oil is contained in circulating refrigerant); a water content
in oil accelerates oil deterioration and other negative
effects including acid formation, which leads to corrosion
of metals

» short-circuit in the electrical system may create an ignition
source for flammable materials.

Summing up, probability of fire accident in the analyzed
air cooling chamber is very high. Fire ignition sources may be
produced by the heat metal particles created during cutting,
blown into a cooling ventilation blowing gap in the direction
of gas torch flame as a result of high gas pressure at its outlet,
or a short-circuit in the electrical system. The fire initiated in
the cooling chamber may progress invisibly for a long time
because, when the hold ventilation is switched off during
ship repair, the air will enter the air cooling chamber through
a blowing gap at the floor, and fire products will propagate along
ventilation ducts of the system, including air freshening ones
installed in the hold. Smoke produced during cutting with the
use of oxyacetylene torch will favour this process. Such fire
will be revealed in its ignition phase or when the next of hardly
accessible spaces will be under fire. Fire will appear always in
a certain distance from its source. It may cause extinguishing

Tab. 5. Test results on mass emission of toxic products of thermal decomposition and combustion
of hard polyurethane foam according to the method of PN-B-02855 standard

Decomposition Specific emission of toxic products

temperature CO COy HCN NO» HCl SO,
[mg/g] [mg/g] | [mg/g] [mg/g] [mg/g] [mg/g]

Specimen no 1 14.06 41.74 0.23 0.01 1.09 0.00

450°C Specimen no 2 22.92 54.84 0.31 0.01 2.04 0.00

Specimen no 3 22.92 54.84 0.27 0.01 1.55 0.00

Average 18.49 48.29 0.27 0.01 1.56 0.00

Specimen no 1 153.39 284.41 6.06 0.01 29.73 0.00

550°C Specimen no 2 169.53 326.97 6.11 0.01 31.09 0.00

Specimen no 3 169.53 326.97 6.03 0.01 30.25 0.00

Average 161.46 305.69 6.08 0.01 30.41 0.00

Specimen no 1 41.41 1097.95 1.71 0.03 4.17 0.00

750°C Specimen no 2 83.59 1057.85 1.43 0.02 9.54 0.00

Specimen no 3 83.59 1057.85 1.60 0.02 6.54 0.00

Average 62.50 1077.90 1.57 0.02 6.86 0.00
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measures to be directed to an area where only fire products
are revealed.

Fig. 11. Oil contamination visible
on the walls of cooling chamber

Fig. 12. Open ducts of air cooling
system (the view after fire accident)

During this time the heated metal bulkhead which divides
the holds, will transfer the fire to the next hold as a result of
heat conduction.

The presented hazard identification with regard to the
specificity of the construction and equipment of the hold of the
refrigerated vessel of old type, during the repair carried out in
oil fuel tank in the hold no. 1, indicates that selection of fire
safety actions and technical measures should be so performed
as to prevent fire to ignite in hardly accessible spaces behind
the boarding of hold walls and in air cooling chambers because,
due to flue drafts, the fire may very fast propagate to the next
holds and compartments of the ship.

Fire in air cooling chambers is very dangerous due to
its possible dynamics. Contamination and oiling-up internal
surfaces of the boarding of such spaces accelerate fire
propagation over the surfaces, increasing this way its power.

THE APPLIED FIRE SAFETY MEASURES
AND FINAL REMARKS

The measures selected to reach the optimum solution of
the example fire safety problems associated with the repairing
of oil fuel tank in the refrigerated hold no. 1 of the ship in
question, are as follows :

+ the detailed knowledge of the ship’s technical documentation
with special regard to specificity of construction and
equipment of the area where maintenance and repair work
are planned to be carried out

¢ the opening of the hardly accessible spaces by removing
all the boarding of the hold walls in the area of the planned
welding work

¢ the cleansing of the exposed internal surfaces of the air
cooling chamber off the contaminations

+¢ the making of inspection holes to monitor adjacent hardly
accessible spaces over all the height of the hold because the
ship’s technical documentation may not include all existing
air flow ducts

¢ the hazard level evaluation

% the selecting of a team, operating actions and technical
measures, to perform the task

+¢ the continuous monitoring of neighbouring hardly accessible
spaces during repair work, on all height levels of the hold
under repair and the neighbouring holds

¢ the usage of local extinguishing equipment to extinguish
possible local ignitions of residues of flammable materials
in the repair work area and hardly accessible spaces.
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Internal fire extinguishing requires special techniques.
Extinguishing activities must slow down the process of thermal
decomposition and combustion of flammable materials by
limiting oxygen inflow and by heat abstraction. Insulation
features of the boarding made of lacquered water-resistant (non-
absorbable) plywood make the internal fire extinguishing low
efficient when using water stream directed to the external surface
of this boarding. The extinguishing agent must be put inside
these spaces. It requires to prepare an appropriate number of
holes to make control of hardly accessible spaces possible before
beginning the repair work and in case of fire; extinguishing
measures such as, for example, a fire- extinguishing foam which
limits fire propagation, must be used

Slowing down the fire progress in pre-ignition phase results
from the applied barriers hence their properties should be so
selected as to comply with object’s operational conditions. The
barriers are: passive or active screens, extinguishing systems,
fire-resistant features of materials and construction, systems
for control of dynamics of fire progress and propagation of its
products, procedural and administrative requirements, etc.

A traditional approach to fire safety, which consists in
removing the boarding and thermal insulation only from the
area of immediate spread range of welding sparks, has turned
out to be inefficient fire protection of repair work, in practice.
The presented example fire accident on the refrigerated vessel
during repair covered three holds out of four, causing significant
financial losses.

The quantitative evaluation of fire hazard level is the basic
measure of the policy of ship fire safety. This measure, instead
of “curing” the fire damage effects, is focused on the complex
approach to ship fire safety and on the preventing of possible
negative effects of fire hazards. Therefore, to properly select
such measures the possibly comprehensive description of ship
environment, its complexity and the prediction of its changes
resulting from fire hazard effects, is necessary.

Basic tasks of fire safety engineering of technical objects
include:

#¢ prediction of possible fire hazards and limiting them at the
planning stage of object operation

Y¢ selection of appropriate fire safety systems and technical
devices, and their technical and operational parameters,
as well as the principles for operational procedures which
ensure safety for operators of such objects and their systems,
and minimize possible hazard to the environment.
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Removal of oxidable contaminations contained
in submarine atmosphere

Ryszard Klos, Assoc. Prof.
Polish Naval Academy

ABSTRACT

To remove flammable contaminations from submarine atmosphere, devices for their

oxidation and chemical absorption of products resulting from the chemical reaction', can

be applied. In this paper a catalytic system designed for hydrogen and carbon monoxide
oxidation and its tests are presented.

Keywords: breathing atmosphere contaminations, submarine, catalytic reaction

KINDS AND SOURCES OF SUBMARINE
ATMOSPHERE CONTAMINATIONS

Contamination of breathing medium due to components
which generate toxic action to the human body is always
undesirable. The contaminations of the air in an ecologically
closed atmosphere can be split into three groups: those coming
from the air itself, those coming from technical means being
in contact with breathing medium?, and those emmitted by the
human body.

Typical air contaminations are the following: carbon
dioxide, hydrocarbons, carbon oxide etc. The contaminations
emmitted by the human body are similar as to their kind but of
a much greater amount as a rule. For the designing purposes
of life preservation systems in habitats, mean values of
contaminations emmitted by the human body are determined
[1]. The ship classification societies provide typical kinds
of contaminations coming from technical means and their
maximum permissible concentrations [1]. The data concerning
safe concentration values of the contaminations in submarine
breathing atmosphere can be found also in military manuals
and standards, e.g. [2]. On board submarine, apart from those
hazardous for human health, also other contaminations which
create fire fazard such as hydrogen released as a result of electric
battery gassing, can be found.

HYDROGEN OXIDATION PROCESS

A prototype device for hydrogen catalytic burning was
comprised of a metal reactor filled with a catalyst. For the tests
was applied the catalyst in the form of 0.5%_ platinum placed

! combustion products are usually water vapour and carbon dioxide

on alumina bars of 3 mm diameter, made by Johnson Matthey
Ltd. When operating, the reactor with all its content was heated
from outside with the use of a heating tape and simultaneously
cooled® from inside with water, through a membrane, Fig. 1a
and b. The reactor’s prototype was fitted with a set of measuring
instruments intended for the monitoring of pressure, flow rate
and temperature, as well as an analyzer for the measuring of
hydrogen content in after-reaction mixture*. In Fig. 2 an overall
view of the reactor placed on the test stand is presented.

[

Fig. 1. Elements of the hydrogen combusting device: a) elements of the
reactor; b) ribbing of the cooler; ¢) way of assembling the attachment;
d) the ready- to- use attachement

%e.g. volatile components of paints, thermal insulation materials, maintenance means, etc.

*if necessary
4after leaving the reactor
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Fig. 2. The test stand and reactor s instrumentation: a) reactor and control panel; b) control panel; c) testing system; d) POLYTRON 2XP analyzer;
e) inlet of gas for reaction; f) suction pump and MULTIWARN multi-channel analyzer; g) test stand, h) recording system for test results

THE TESTS

To the hydrogen content measuring the Polytron 2XP
analyzer of the Driger firm® was used, Fig. 2d. Its gauge was
connected with the input terminal of the ADAM4517 A/C
converter of the ADVANTECH firm, Fig. 2b, then through the
RS485/RS232 converter — with the computer, Fig. 2h. This way
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the recording of measurement results with the use of a special
software was made possible.

The measuring and control of heating tape temperature
was preformed by means of the 13253 NEWPORT module,
Fig. 2b. Temperature inside the reactor was also measured by
means of two additional 13253 NEWPORT modules®. To the
tests was applied 2% _ hydrogen mixture in synthetic air, whose



flow was maintained at the rate of about 40 dm?*-min~'. Before
starting the tests the reactor was heated up to about 100°C. The
rise of temperature inside the reactor above 150°C triggered
the tap water membrane cooling to start. The mixture - after
passing through the reactor’ - was directed to the Polytron 2XP
hydrogen content analyzer, Fig. 2d. Hydrogen content values
were read in 30 s intervals, and the total duration time of the
experiment did not excced 2h. The reactor test results for
different temperature values kept on the heating jacket are
presented in Fig. 3. The hydrogen content never exceeded the
value of 0.2%, , that complied with the requirements for the
submarine of KILO class.

Hydrogen content [%, ] | Temperature [°C], |

p flow rate [dm® min™],!

20 Mid-depth temperature . pressure [atrn]_ i
Indicated hydrogen
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Fig. 3. Results of the hydrogen content measurements
at the outlet from the reactor

THE CO OXIDATION REACTOR

The prototype of the device for CO catylitic oxidation is
the same as that before described, however in this case its
working temperature is different. Its tests were carried out in
the same way as before with the exception of the reaction gas
which was now 1.8% CO mixture in the synthetic air.The
tests showed that in this case a much higher temperature is
necessary to carry out the reaction with a suitable effectiveness.
For the measuring of CO content in the after-reaction mixture
one of the channels of the MULTIWARN analyzerg, was used,
Fig. 2f. From the test results shown in Fig. 4 it can be stated
that the CO after-burning process down to the CO content of
0.02%, is possible.
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Fig. 4. Results of the measurements of temperature
and CO content at the inlet from the reactor

Good correlation between the CO content in the after-
reaction mixture and the reaction temperature was observed.
On this basis it was concluded that the temperature should be
maintained on the level of about 300°C, Fig. 5.
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Fig. 5. The relation between carbon oxide concentration
in after-reaction mixture and reaction temperature

And, the effectiveness tests of oxidation process of
hydrocarbon vapours was also performed. From the tests it
results that working conditions of such reactor should be similar
to those for carbon oxide oxidation.

CONCLUSIONS

The elaborated prototype device meets the requirements put
for the similar hydrogen after-burning device installed on board
the submarine of KILO class. However the novel device is 50
times smaller than that compared and is additionally capable
of burning carbon oxide and hydrogen vapours.

Additional note

This project has been finacially supported by The Polish
Ministry of National Defence (MON), (Contract No. 20/DPZ/3/
OTM/S/WR/MON/2002/706)
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5 of the measurement range: 0 ~ 4% H_, and the declared maximum relative measurement error: +5%

v
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ABSTRACT

Application of computer simulation method for determination of the reliability function of

a human being treated as an element of the system was presented in the paper. A method of

considering the influence of the incidental random events occurring in the technical system

or surroundings on committing faults by a human in the condition of stress was discussed.
Computer code and examples of the results were also presented.

Keywords: human factor, reliability, computer simulation

INTRODUCTION

Macrosystem human-being — technology — marine
environment is considered in the analysis of reliability and
safety seeking the probability of appearance of a damage
eventually followed by the accident.

Groups of functions performed by human can be
distinguished in operations of machinery and marine systems
similarly to the other branches of technology. Typically, the
groups are:

Y¢ crew (seaman, steersman, carpenter etc.)

Y& supervisors (captain, officer, boatswain, inspector, insurance
agent, owner)

¥¢ operator (of crane, decompression system, drilling system
etc.)

Y worker (diver, borer, assembler, underwater welder etc.).

Features of a human as an element of the macrosystem are
difficult to define due to individual differences and complex
external influences. The problem is addressed to e.g. in [3, 9,
14, 15, 17].

In the present paper an attempt is made to estimate
analytically the influence of the technical system and marine
environment on the human reliability in the aspect of the
stress arising in the conditions of threat being the result of
random events occurring in the technological system and
environment.

In the human reliability analysis it is necessary to treat the
surroundings of the object and cooperating teams in the way
similar to treating the object. Sea-wave or abyssal stream and
an operator or diver are also elements of the system, they are
only subjected to different rules.
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Features of a human-being as an element of the macrosystem
are particularly difficult to define. The problem is addressed
toin [1, 2, 3,7, 8,9, 11-14, 15, 17]. Attempts to define the
human organism as a system are known [4] as well as attempts
to describe the influence of the psychical condition [10], or
health condition and training on efficiency of acting in the
macrosystem. However, they do not provide a well-justified
description of the reliability as an element of the analysed
macrosystem.

A proposition of description of the human reliability
is presented hereafter which leads to the real results of the
analyses confirming the well-known truth that a man is often
the weakest link of the macrosystem. The proposition is derived
from the earlier works [5, 6]. A reason for commencing the
investigation is resignation from treating a human as an element
of the macrosystem which is often encountered approach. This
can be explained by the lack of a method coherent with the
methods of the analyses of the systems.

Human faults can be divided into three groups:

A. Faults made independent of action of the technical system
and surroundings. Such faults occur when the system
acts correctly and no threats from the surroundings exist.
Probability of occurrence of these faults depends on factors
such as education or training, age, health condition, fatigue
and exhaustion and similar factors dependant on the
performed task.

B. Faults dependant on the action of the technical system and
threats emitted by surrounding. They arise in the result of
stress caused by damages initiating events and impacts of
surroundings dangerous for a man.

C. Technical devices are operated in time T, (Fig.1), relatively
long comparing to time T, suitable for analysis of human



faults. Time T, is typically a few to several years while time
T, can be a few hours (e.g. time of a one shift, watch, flight
etc.). A method of determination of the function defining
human reliability R,.(t) in the scale of operational time T,
is given below. The method is based on the simulation of
probability R . of not committing a fault by the human in each
time interval T  after random time t . Simulation analysis
is performed in the area of systematic and incidental faults
taking into consideration the influence of stress caused by
undesirable events in the analysed macrosystem.

R() 4

Ro—

b)

R() )
a)
[ qx
T23- g | o

Fig. 1. Principle of analysis of human reliability a) scale of time T, of
operating technical system and fault analysis T, b) area of incidental faults

Let us assume that probability of occurrence of the faults
belonging to group A is given by the distribution function based
on corresponding histogram. Cumulative distribution function
allows to define reliability function R,(t) which yields the
probability that a human fault will not occur in the period to
required time. The function will be called efficiency function.
By assumption, the probability density function of distribution
of the faults can be truncated in zero, so the initial value of
the cumulative distribution function F, (0) > 0 and efficiency
function R,(0) < 1. It is the effect of occurrence of group A
faults already in the beginning of the period of the shift.

The question arises how to determine analogical function
R, (t) taking into consideration group B faults. Reaction of
aman to stress depends on his individual features. People
reacting to stress violently commit more faults qualified to
group B. An area can thus be identified where incidental faults
due to stress are located. A reason of stress is to be a random
event occurring in the technical system or surroundings. It is
illustrated by the event tree in Fig. 2 where intermediate events
Z are indicated being the reason of human stress whose fault
is one of initiating events IE denoted by C1.

Random distributions of the initiating events presented
e.g. in the forms of reliability functions R (t) of the system
elements where the events occur are known. It is thus possible
to determine probability density function f(t) of events Z
influencing the human stress (Fig.2). Selected initiating
events defined by function can also be considered as such
events. Function f (t) can be determined using a computational
method — in the case when simple functors are present in the
tree or a computer simulation method — in the case when
conditions are present in the system prohibiting application
of the Boolean algebra. [1]. Functions f(t) and cumulative
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1 4
1 \
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a

Fig. 2. Principle of action of events generating stress. I1E —

initiating events, F —

logical functors, C1 —human fault due to stress, Z — events generating stress
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distribution function f (t) are determined in operational time
T.. Probability of occurrence of an event generating stress in
given time interval At is:

p, () =1(t) - At (0

Since time T, of one shift is negligibly small comparing to

operational time T,, it can be assumed At = T_what means that

the probability of occurrence of an event generating stress in
the period of one shift given by:

P =M T, o)
is constant.

For the purpose of the computer analysis it means that the
time increment should be taken not greater than time T . Since
T <<T, it can be assumed that:

p,(t)=p,=constfor0<t <T 3)

Value of the cumulative distribution function for period
0+ T, is also constant:

F (t,) = const 4)

Assuming that the event generating stress implies fault due
to stress, what corresponds to the absolute stress flexibility, can
be given by limit function of stress R (t). Single event from
group A or B is enough to cause occurrence of a human error.
The function is thus given by:

R, =1-R, (1) [1-F (0] (5)

If there is more than one incidental event generating stress

the probability range of making fault due to stress increases.

If we assume that for occurrence of stress one of the selected

events is satisfactory, the limit stress function is written in the
following form:

k
R, =1-R,(1)" ,Hl[l —F, (1] (6)
where: =
k — number of events generating stress.
Occurrence of stress does not imply making stress by
a human. There is certain probability p, of such an event. Let
us assume that the probability is proportional to the human
flexibility level to stress and that the flexibility can be measured
using a scale. Let the scale have range 0 + 1 where:

The scale can be e.g. 10-grade.

The probability of the event that a given person is flexible to
stress at the given grade of the introduced scale can be estimated
based on the results of the simulation investigation for a group
of persons. Let us assume that the probability is independent of
time but depends on the personality. If the random distribution
of the stress flexibility e.g. in Fig. 3 is known, the probability
can be evaluated:

p, =P, = f(n) - An ®)
where:
An =1 — section of the scale of the stress flexibility.

To evaluate a random value of the human reliability the
computer simulation method can be applied. The idea of the
method is presented in Fig. 4

The purpose of the simulation is to determine the probability
that the fault does not happen in the random period of time 0 — t,
in the period of human activity in time T, (e.g. first shift). Since
cumulative distribution function of stress fault time distribution
F(t) is known — the simulation of time of occurring the event t,
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can be done using the well-known method of generating random
numbers of homogenous distribution L,. Note that the ordinate
of cumulative distribution function F (t) (Fig 1b) is different
for various periods of time from range 0 — T . Then cumulative
distribution function of the distribution of the human flexibility
to stress F(1)) in the range of the scale n is applied to sampling of
random value of human reliability R (t,) using the homogenous
distribution (random number L,). If the operational period is
divided into z cycles (Fig. 1) with time T, it is possible in the
way of multiple repetition of the simulation for each cycle to
obtain human reliability function R _(t).

S(n) A Fn)

small flexibility

]
great flexibility

0 stress flexibility scale n
Fig. 3. Typical random distribution of human flexibility to stress

If the human fault is an initiating event (C1 — Fig.2) in the
other branch of the event tree than event Z generating stress
the analysis should be first performed in the limited area of
the tree so that function F (t) is determined. It is then possible
to evaluate the human reliability. If the situation is contrary
and the human fault impacts the random distribution of the
events generating stress (Z1-Fig.2), the method of successive
approximation can be applied assuming in the first step human
reliability function being equal to 1.

R(0) » F(1) Efficienty function L
F,t
1 A1) e
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1
|
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Fig . 4. Principle of computer simulation
of single realisation of human reliability

Function of human efficiency and stress function as well
as all reliability function of elements of technical system can
be described employing the relationship useful for computer
analysis [10]:

[’i]b

R(t)=e '/ —¢ ; K=In(a) ©)
where:

a — final value of the efficiency function (for t =T)
b=0+ 13 — coefficient determining the curve shape

c — initial value for t = 0.

Limit function of stress R (t) can be determined according
to Eq. (6) employing Eq. (9). Since Eq. (9) defines reliability



function R(n), cumulative distribution function F(n) (Fig.3)
can be defined using Eq. (9) as:

F(n)=1-R(Mn) (10)

Determination of the stress function is easy in the case
when the stress generates another initiating event. Then the
cumulative distribution function of this event is the cumulative
distribution function of the event generating stress.

COMPUTER CODE FOR HUMAN
RELIABILITY ANALYSIS

To present the results of the considerations given above
computer code RELBOOL2 was developed. Logical
dependencies between the events were limited to the
events defined using symbols ,,AND” and ,,OR”. Thus

code RELBOOL?2 analyses only simple trees employing
dependencies typical for the Boolean algebra.

Total operational time T, is divided into z_ time intervals
and the time coordinate t is replaced by a coordinate of interval
number g, (Fig.1). This part of the code provides a possibility
of very fast analysis of multi-element but simple fault trees and
is obviously applied not only to human reliability analysis. For
this analysis an initiating or intermediate event Z is selected
which generates stress and remembers their characteristics
f(q,) and F(q,).

In the next part of the code the procedures are launched
for the reliability analysis of a human acting in conditions of
possibility of stress induced by the intermediate events in the
technical system and surroundings. The procedures compute
ordinates of limit stress function F(q,) in the operational time
loop (q,=1~-z,) and sample intheranget=1+T (q. = 1 + z.)

Input of signs of events

(__Stat  }»—{Input of event tree]>-Input of a, b, ¢ (eq. 9)|

C and 2

Succesive Approximation g, =13

i 4

For 4 =1+2z;
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End

Fig. 5. Flowchart of code RELBOOL2
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time t, of fault occurrence and then sample value R (q,) of
human reliability. The computations are repeated in the loop:
i=1- M times, and for each time interval q the mean value of
the reliability obtained from M simulations. Values M = 1-10*
or greater are applied to obtain smooth reliability curves.

EXAMPLES OF HUMAN RELIABILITY
ANALYSIS

Example P1

For clear presentation of applicability of the presented
approach a simple example of the system is given (Fig. 6). In
the system the divers are lowered in the diving bell using the
single hoisting rope L fixed at the bell with bolt S.

a) | b)

() s
(3 -gate OR

[
I Does not hoist I

1
| Does not go to swface |

Fig. 6. Example P1 of simple diving system:
a) scheme of the system, b) fault tree

Fig. 7. Complex diving system (example P2 and P3):
a) scheme of the system, b) fault tree

In the case of breaking the rope or collapsing the bolt in
shear one of the divers (bell operator N) must release ballast
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B to allow the bell to rise to the surface. The task is performed
in stress induced by breaking the rope what can cause the fault
and the ballast is not released. The same effect can appear due
to failure of the technical subsystem releasing the ballast. The
event tree for this scenario is presented in Fig.6a. Intermediate
event 1 “DOES NOT HOIST” as denoted as event Z inducing
stress and the fault of diver ,,N”.

The following data were taken for the determination of the
reliability function according to Eq. (9):
Rope: a=095b=5¢c=0
Bolt: a=095b=5c=0
Diver: a=0.95 b=5c¢=0.02 - efficiency function R,(q,.)
Ballast:a=0.95 b =5c =0 (release system).

Example P2

For illustration of the influence of the structural quality, the
system was analysed presented in Fig. 7. It is a significantly
better system as it is equipped with umbilical (cable) K and
guide rope P. The cable hose is fitted to the bell using connection
Z. Other denotations in the scheme are similar to those used
in Example 1. During regular operation the umbilical supplies
energy and the other life support means to the diving bell. It is
equipped with the internal strands made of carbon fibres which
are load-carrying elements allowing to hoist the bell to the
surface. Guide rope are normally loaded by the ballast anchor
situated on the bed and strained by the controlled force to move
the bell correctly if the bell is subject to side hydrodynamic
thrust. In the emergency condition the cables hoist the bell with
ballast above the water surface. Releasing ballast is definitely
the last way to rise the bell in emergency. Thus there are three
independent ways to rise the bell using the strands and self-
acting rising to the surface.

Let us assume the following scenario: Breaking the load-
carrying cable or the bolt connection with the bell and breaking
the umbilical or its coupling and simultaneous (in the same
period of time q) breaking the umbilical or failure of the hoisting
winch W make hoisting the bell using the cables impossible.
Then diver N subject to stress makes the fault disabling
releasing ballast B or the ballast release system failure disables
self-acting rise to the surface. The fault tree corresponding to
this scenario is presented in Fig.7.

The following data were taken for Example 2:

All elemens: a=0.95, b=5, ¢=0.
Diver: a=0.95 b=5, c¢=0.02 — efficiency function

R,(90)-

Elements which appeared in Example 1 have the same
reliability.

Example P3

The data are taken as for Example 2. The scenario has been
changed comparing to the Example 2 assuming that the stress
is generated not due to one intermediate event ,,DOES NOT
HOIST” but is an effect of four events: ,,CABLE” (breaking),
“COUPLING”, ‘GUIDE ROPE” (breaking) and “WINCH”. It
was thus assumed that the diver does not react with stress to
event “DOES NOT HOIST” but reacts with increasing stress
to four consecutive events.

Diagrams of the limit stress functions for previously
presented examples P1, P2 and P3 are presented in Fig. 8.
The functions are determined for a single cycle in the latest
operational period that is for q, = z,. For the remaining periods
the area between efficiency and stress functions is less what is
reflected by the distribution function curve. (e.g. Fig. 14 curve
P1). In example P2 the structure of the system is so reliable,



that the distribution function of the event influencing stress is
close to zero. The effect of this situation is that the efficiency
and stress functions are identical. Comparison of examples P1
and P3 is also interesting. It is evident that the assumption of
susceptibility to stress caused by as many as four events can
eliminate positive influence of structure on human reliability.

Rlg.
1 (q') R_: (qz )_
P'l n
“p3 \
R.'i (Qz)
Flze)
__________ e B
__________ Neswswes ac o Pl v oo oo
4.
0 2 :
0 £
Fig. 8. Limit stress functions for examples P1, P2 and P3
)
1 R(‘?I) —I7L_ 0.999
]
R:(g:) T
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q
0.90. 0899\ °F
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Fig. 9. Functions of human reliability R,,(q,) and system reliability R(q,)
for examples P1, P2 and P3

Functions of human reliability R,;.(q,) and system reliability
R(q,) obtained for the presented examples are given in Fig. 9.
The influence of the structure on human reliability and influence
of the number of events causing stress on human reliability for
the whole operational period.

Example P4

A transshipment system was considered (Fig. 10) using
the crane traveling on the gate bridge. Hitting bumper B with
full speed after passing the terminal position is one of the
hazards for the safety of transshipment. It can occur if the
system of electrical braking EBS or control system does not
work. Passing the terminal position can also occur if sensor
S controlling the crane position or the terminal switch ES
fails. A system of the emergency braking is designed in which
operator OP presses button STOP SB starting mechanical
brakes MBS in the case signalization SG informs that the crane
passed the terminal position. Operator acts in the stress caused
by passing the terminal position or failure of the controller
D and can commit a fault of not pressing button SB on time.
Operator’s action can be inefficient if button SB is damaged
or signalization SG fails.

Function of efficiency of a human and all elements was
taken to have identical values as in example P2.

Example P5.

Structure and event tree and human efficiency function are
identical as in P4 while the reliability of other elements was
taken to have less values:

a=0.8
b=5
c=0.

Fig. 12, analogically to Fig. 8, presents the limit stress
functions and efficiency function for examples P4 and PS5.
Deterioration of quality of technical elements while the operator
efficiency function remains unchanged is observed.

Functions of system reliability R (q,) and human reliability
R,,.(q,) in the whole operational period are given in Fig. 13.Itis
not only the structure of the technical system which influences
the human reliability (examples P1 and P2) but also the quality
of the elements. The influence becomes more significant as the
operational time increases what results from the distribution
function of the damage process presented in Fig. 14.

SG
D oP
SB o
ES
B
MBS
S

EBS

Fig. 10. Scheme of transhipment system
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Fig. 14. Cumulative distribution functions of event ,, DOES NOT HOIST”

for examples P1 and P5

CONCLUSIONS

O The proposed method allows to take into account the
influence of the technical system ob the human reliability

in the reliability analyses.
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O The human reliability functions based on the analysis of his
faults in a short period of time (e.g. one watch) obtained
using the presented approach can be referred to the whole
system of operation of a technical system in the given
macrosystem.

O Further research on the function which is referred to
as human efficiency function in the present paper is
advisable

O Application of the proposed approach to the algorithms
for simulation computer codes taking into consideration
complex dependencies between the events is advisable.
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The multidimensional approach to marine

industry development

Part 1.
Obstacles and willingness to the EU
marine industry reengineering

louri N. Semenov, Prof.
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ABSTACT

The paper consists from two parts and generalizes traditional approaches to innovative
transformations in various sectors of the EU marine industry. It is shown that shipping
companies should permanently adapt and keep their business in sync with marketable
changes and be ready to competitive struggle within the global economy. The critical
solutions are determining the functional parameters of merchant ships at earliest stages of
theirs structural designing, as and reengineering. Author offers a conceptual framework of
the co-evolutionary approach to reengineering maritime transport. This problem-solving

approach examines targeted ships in topological aspect as the multilayered configurations composed of

various-of-a—kinds components, and in functional aspect as multicoalitional compositions. Basic attention

focuses on identification of various constrains to innovative activity and choice of improvement strategies,

for turning the European marine industry into the high competitive system. For completeness, in paper are
presented three particular measures for an estimation of maritime transport success.

Keywords: European marine industry, maritime technology,

obstacles to innovative activity,

INTRODUCTION

The increasing globalization is bringing in more competition
in the market. In the European Union’s Member States some of
the shipbuilding enterprises and shipping companies operate
under high overhead costs, such as labor wages, and find

overcoming barriers strategy

themselves faced with tough price-oriented competition from
low-cost producers in Asia [13, 15, 16].

The ability growth of maritime transport to navigation and
operation is impossible without innovative transformations
(Tab. 1). However, the globalization does not bring in only
challenges but also presents an opportunity to internationalize

Table 1. Basic innovations in history of the maritime transport

Milestone event Basic innovation

Period Examples

Primitive raft constructed of the cane

3500 B.C. -2700 B.C.

The floating (ancient Mesopotamian)
vehicles moving
by man-power Timber boat powered by oar

(ancient Scandinavian)

3000 B.C. — 500 A.D. |~ Ships distinguished by
a carvel-built wooden hull

The floating
vehicles moving
by nature-power

Ship propelled by sail and constructed
of the wooden (ancient Egypt, Viking)

with constructive fastening

2700 B.C.— 1900 A.D. |~ Ships distinguished by
double hull out of high-

Ship propelled by steam- engine and
constructed of the iron

strength steel

1770 A.D. — 1915A.D. |~ Ship’s huu with changing
configuration

The floating Ship propelled by low-speed or medium-speed
vehicles moving diesel (gas-turbine) & constructed of steel

— Ship’s hull out of a smart
1915 A.D.—2030A.D. | materials created under
nanotechnologies

by engine-power

v’ renewable energy engine
v" hull with changing geometry

Ship hull from super-light alloys differing by:

2030 A.D. -
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Fig. 1. Long-term cycles and short-term changes of European transport development

sales in new, rapidly growing maritime markets and thereby
to generate additional revenues [27, 28].

Therefore among the European important problems within
the next few years is the rapid development of energy-saving
vessels and risk-free shipping technologies; implantation of
ship’s propulsion systems differing by high hydrodynamic
efficiency, as well as improvement of onshore management
techniques.

Tools towards these goals are increased partnerships both
in the “knowledge triangle” — research, education, innovation
and in the “innovativeness triangle” — idea, development
and implementation [2]. A comprehensive investigation of
business activities demonstrates that the EU Member States
are important players in market, putting innovative solutions
into practice by various ways [20, 21].

Herewith, in a number of the European Regions the world
experience of innovative development is generalized and made
use to improvement of various modes of the EU transport. Such
tendency takes place for a long time (Fig. 1). Today numerous
European Regions make use of world experiences of innovative
development as part of their strategies for multi-purpose renovation
of various sectors of staple industries, including marine industry
[10, 12]. In a number of cases European Regions are focusing
attention to commercial viability of various new solutions by
the analysis of utility and profitability, but with less attention to
quality of innovative activity. Unfortunately, some of the Regions
do not take significant steps in the implementation of innovation
availability evaluation a though they recognize its importance.
A serious threat for the economies of such Regions is a lack of
innovations as a result of scanty investment into RDI (Research,
Development and Innovation), and poor cooperation of domestic
researchers and various enterprises of the marine industry,
as well as government and regional authorities. Developed
European Regions are focused on large-scale reengineering of
harbours’ infrastructure as key commerce hubs, and improving
of navigation activity as vital transport mode. Herewith, on
the one hand takes into account social opinions about risk-
free and eco-efficient shipping technologies, and on the other
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hand the estimation of future market demands and profitability
forecast of innovative transshipment technologies. This gives
an indisputable advantage as it allows the following:

+ to make timely solutions with regard to the large-scale
modernization of maritime transport, through the technical
achievements and shipowners’ wishes

to adapt the production of the European shipyards to a large-
scale commercialization, taking into account interest of
freight forwarders, as well as passengers preferences.

+

Therefore, today’s active debate is devoted to the analysis
of an innovative policy and interpretation of transformation
results both into various transport modes, and into shipbuilding
industry [2, 12, 14]. The European Commission is key player
in this area. The special attention of the EC is focused on quick
adaptation of verified innovations into the European marine
industry. In the author’s opinion single and multipoint sources
of the constrains to successful implantation of innovative
solutions can take place both in the process of converting
new ideas into lighthouse projects, and later into robust
transportation systems. Such variety requires a systematization
of these obstacles and definite proposals of efficacious strategies
to their overcoming. Usually researchers are contented by the
limited number of barriers, including [8, 9]:

Lack of ability to use new technology
Expensive human resources

Lack of skilled human resources

High interest rates

Problems with access to finance

Hard to protection intellectual property
Lack of market demand for innovation
Did not plan to innovation.

DO

DUDUIDUIDUIDCY

Such approach essentially constricts range of problems.
Fig. 2 shows the importance degree of the above-listed
obstacles to innovative activity for the EU enterprises on
basis [8, 9, 15, 22]. The more detailed barriers classification
to innovative activity follows in Tab. 3.
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Fig. 2. The main constraints to innovative activity in the EU-27

First let’s analyze modernization features of the European
Union’s marine industry.

MODERNIZATION FEATURES OF THE EU
MARINE INDUSTRY

The marine industry is a complex and diverse branch of
international economy with many sectors, which are confronted
with an increasing international competition on all market
shares. The worldwide economic cycles are very important
to the European marine industry development too [24, 25].
It is typical for all sectors of the marine industry including
shipbuilding, maritime transport, marine tourism, fishing,
as well as maintenance and transshipment of various ships.
A leading position in the European trade still is identified with
merchant fleet and passengers’ conveyance. Centuries-old
experience reveals that both cargo carriers and cruise ships
are complex engineering systems. As rule, each ship belongs
to a shipping company, which is supercomplex socio-technical
system, and consequently can be classified by various attributes.
Such systems classify according to their topological space, as
well as to functional parameters, e.g., [6].

In context with the problem of presented article, technical
systems can be classified through their structural features,
which determine occurrence of those or other obstacles to the
subsequent modernization of these systems:
¥ structurally linear systems; an obstacles to their

modernization are cumulative (the predictable) barriers;
¥ structurally nonlinear system, i.e., system which does

not satisfy the principle of superposition; an obstacles
to their modernization are both cumulative barriers and
unpredictable synergetic barriers'.

Any enterprises of the marine industry can be considered
as multilayered systems including several levels. Then, full
number of indivisible components, including both the units
of standard-based equipment and the units of innovative
equipment determine the bottom layer (the mini-level) of such
enterprises. Some number of the standard equipment and the
innovative equipment can be coalesced into target coalitions.
These coalitions determine the average layer of the enterprise
(the middle-level). Set of the targeted coalitions represents
the higher hierarchical layer (the meta-level). For example,
a shipyard as multicoalitional system includes the slipways,
dry-docks, the productions lines to fabricate engine rooms
etc. Principle of shipyard modernizations assumes that the
top-managers beginning to improve one or a few coalitions,
first of all should identify eventual barriers; to introduce
only profitable decisions, and also they should step-by-step
overcome all barriers to innovative changes in shipbuilding

activity, as well as keep shipyard’s production balance. On the
first step, structural composition of the modified shipyard will
be a poorly-compatible. At the next stage of modernization
such enterprise should be transformed to a mature-compatible
composition by significant improvement of compatibility
between standard-based equipment and the new embedded
coalitions through overcoming internal and external barriers,
and as result, reconfigurations of intercoalitions connections.

Analogical sequence of equally likely events is characteristic

for modernization process of any enterprises including shipping

companies.

Every next effort of the top-managers should be focusing
to maximum increase in interoperability of the modernized
enterprise with its business environment. Any firm of the
marine industry is called a highly-compatible enterprise, if it
does not contain a redundant coalition or component, as well
as if works performs without errors or inconsistencies. In the
author’s opinion, only such companies should be target of
the top-managers because of their resilience to global market
influence. One more status of any future-oriented enterprise
is theoretically possible, namely so-called ideally-compatible
state, if it’s impeccably cooperates with every business share,
and always ready to overcoming various barriers even under
asymmetric influences (market, inflationary expectations,
restrictive laws etc.). Therefore, can be formulated the
following substantive recommendations relating to successful
modifications of enterprises of the marine industry into highly-
competitive companies:

# to meet of market requirements, including a freight
forwarders’ needs and a shipowners’ wishes, as and to
identify critical barriers to implantation of new solutions

#* to promote of verified and proven innovations, as well
as risk-based techniques focused to overcoming eventual
barriers

#* to use technique SWOT or method CBA for comprehensive
assessment of opportunities and vulnerabilities of possible
strategies of the planned changes, and at last

#* to systemic reorganization of the enterprise’s infrastructure
through implementing advanced software, hardware
and orgware for efficiently planning, control and
development.

Modernization of the EU maritime transport

Maritime transport systems are supercomplex systems,
characterizing by dual logic. On the one hand, such systems
require stability for maintenance of users’ enthusiasm, but on
the other hand, realization of effectual innovative policy. For
reduction of this self-contradiction, the author has offered
new approach to the innovative support of maritime transport
systems. This approach unifies the methodological basis for
investigations of change/conservation rate and describes by
parameter “Dimensions of Systems’ Renovation”. Further in the
article, this methodology is referred as DSR approach. Under
condition that dimensions number more than one (N > 2) such
approach increases both simulation veracity of renovation of
engineering systems, including maritime transport systems, as
well as identifies best way to convertibility of the new ideas.
Let’s explain this thesis.

Early methods in the design of engineering systems and their
subsequent modernization were based upon the use of informal
procedures obtained empirically. Obvious disadvantages of
taking cut-and-dried decisions on the basis of an empirical
approach have led to development of the deterministic

"' The word “synergy” originates from the Greek language and is composed of the word “syn”, which means “together”, and “ergon” meaning “work” [17].
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approach. Such approach considers the designed system as
a structurally-stable composition of various components. At
that, each of these components is a discrete indivisible element
and adaptive interactions between them are linear and weak.
In a general sense the deterministic approach was developed
on basis of formalized procedures for solving such problems
as screening of structural compositions of simple engineering
systems, e.g. single hull tankers or tramp bulk carriers (1960-
70 years); reducing of an informational uncertainty, e.g. of
shipping management (in succeeding years); and at last,
problem of large-scale standardization of decision-making and
the solutions verification.

It tries to predict the properties of a revised system under
very limiting conditions, and under only one control variable,
most often variable “Components Number” (the informational
measure of system’s renovation), and as the result, reflects
readiness of top-managers for overcoming situational barriers
(Fig. 3). Therefore, the deterministic approach is called

D1SR (the one dimension of system’s renovation) according
classification offered by author. The each maritime transport
system has a unique nature because it consists of various
coalitions [26].

New concept of a ship

Creative abilities of overcoming
situational barriers Y
xT

| Layout and construction of new ship |

New needs of Ship -
Owners

| New shipbuilding technology |

| Reengineering of ships |

&L

New concept of a maritime technology
Technigues of overcoming situational barriers

Fig. 3. Deterministic approach (D1SR) to development
of a new ship’s concept

Table 2. Compound- chain of converting new idea-into-product

Stage Activities in an innovative reengineering Results
) — identification of market demand, including of shipowners needs )
Basic — definition of reengineering problem and eventual barriers nghthouse
research project
— research of critical barriers to maritime transport reengineering
— estimation of worldwide experience in reengineering
— definition of problem that aimed at the application of innovative idea into reengineering process
— analysis of eventual barriers to maritime transport reengineering
— definition of complete and unambiguous set of functional & legislative requirements
for activities in an innovative reengineering
— identification necessary resources for overcoming barriers, taking into account funds,
personal skill, public opinion
. — conceptual view and planning process of reengineering, taking into account
Applied : , .
of shipowners’ needs and eventual barriers .
researches . Experimental
(lighthouse |~ problem and data structuring development
project) — development of applicable requirements sufficient to enable satisfactory performance of the
targeted system’s life-cycle activities, taking into account informational compatibility
— choice of innovative solution, taking into account structural and functional compatibility
as a verification results of it practicality
— development of the analytical model and design-making tools
— identification of real barriers and tools for their overcoming using historical experience,
as well as integrated analysis of best practice and cumulative knowledge
— revision and correction of the reengineering conception, taking into account extent
of its conformity to market’s trends
— converting of new idea into the prototype model and its testing
— identification of the weak points of the novelty prototype, as well as probable barriers
at the future realization of innovative project Decision-
Experimental |~ revision and modification of the prototype, taking into account conformity extent making about
development of the prototype to ideally-compatible model rqallzathn of
— definition and description of requirements to competencies and working environment, nnovative
e.g. for crew of new ship project
— forecast how the required technical, quality, and human-centered activities
will be fitted into the life-cycle of maritime transport
— maritime transport of demanding o
: T : -~ X - Decision-
— creation of the in-line documentation and training procedures for overcoming barriers makine about
Implementation to large-scale commercialization of new object larg eigs cale
- development of the strategy fpr large-gcale comme'rcializatiqn, taking i'nj[o account maturity production
and readiness extent of a business environment to implantation of maritime transport
— commercial production of the targeted object, e.g. top-class ships Wide
Large-scale |- realization of selected strategies for competitiveness support of the new ships during period expansion of
production of large-scale commercialization new ships or
— standardization of new solutions for the EU maritime transport technologies
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Unfortunately on initiative stage of renovation process,
new coalition embedded into the modernized transport system
rarely will improve its quality; similarly new qualities’ giving
to such system of isn’t always accompanied by positive
functional effects. The author proposes the following sequence
of converting new idea into a new shipbuilding product or
putting maritime technology (Tab. 2).

In the middle of XX century for study of engineering
systems as a whole, including both its complexity and
development dynamics was proposed systemic approach by
L. von Bertalanfty [1]. This approach integrates a synthetic and
the analytic methods, taking into account the informational and
topological measures of systems design (the second dimension of
system’s renovation), as and enables to investigate the cumulative
internal and external barriers. Therefore, the systemic approach
should be called D2SR according to classification offered
by author (Fig. 4). Later investigations allow formulating the
so-called principle of co-evolutionary development. Its earliest
use was connected with research by biologists and concerned
the analysis of community evolution and the reciprocal aspects
of interaction between organisms of different species in nature.
Subsequently the co-evolutionary dimension began to be used
by scientists from the other scientific domains.

The qualitative modernization of the EU industry sectors
requires the multilevel compatibility and interoperability of
approved innovations through multilateral adaptation of standard
and innovative solutions, taking into account both the interactions
diversity and the eventual barriers to innovative changes, i.e.
evolutionary measure of system design (the third dimension
of system’s renovation). The combination of the evolutionary
measure with structural and informational measures (the first
& the second dimensions) enables a modernization of transport
system through the so-called Three-Dimensional (D3SR)
approach. Such approach allows use of various tools, covering
numerous aspects of systems modernization, e.g., increase
of safety and competitiveness, as well as an amplification
of operational and economic efficiency through integration
of transportation modes into the local, regional or global
maritime transport systems distinguished by a user-friendly,
environmentally sustainable development and stable resistance
to critical failures. The D3DA focuses on process research of
converting in the “from-idea-to-product” chains, using:

¢ unified designing space for conjoint analysis of transformed
maritime transport systems via structural, informational and
evolutionary measures

¢ the integrated index of conformity degree of innovation
with the ideally-compatible model for estimation of
renovation decisions’ efficiency, taking into account
various positive effects as a consequence of innovative
activities.

This process include the basic and applied researches, an
experimental and implementation phases, as well as diffusion
phase of a standardized solution, which covers the improvement
actions. Let’s consider this assumption in details:

* the first stage is all attention on initial choice of innovative
solutions satisfying to modernization requirements of the
maritime transport systems; as a rule, on this stage make up
a complete multitude of verified and proven innovations,
as well as identification of critical barriers to their using.
These barriers have cumulative nature

* at the second stage is paying attention on the embedding
of innovative coalitions into the maritime transport
systems with permanent verification of inter-coalitional
compatibility; as a rule, this stage leads to formation of
targeted system, characterizing by partial compatibility in
view of existence of a latent barriers. These barriers have
synergetic nature

* the third stage is focused on improvement of inter-coalitional
compatibility; as a rule, this stage leads to targeted system,
characterizing by mature internal compatibility on the
one hand, but on the other hand, requiring the further
improvement through overcoming residual barriers. These
barriers have synergetic nature, as and cumulative nature

* at the fourth stage is focused on overcoming barriers to
implantation of the improved maritime transport system
into a business environment; this process allows to increase
compatibility of inter-system up to greatest possible level,
and at last

* the fifth stage is listening carefully consequences of
diffusion of the improved maritime transport system, as well
as it’s prepare to subsequent standardization, i.e. creation of
regulative barriers for widening life-cycle of the modernized
system.

Set of innovative solutions

Policy -driven requests

New needs of shipowners

Market dynamics

Obstacles to
Internal barriers reengineering External barriers

Situation assessment / Resources adequacy

Compatible innovations

Informational Legal Topological |{Ship-Owners Legal Ecological Safety
measure measure measure preferences | regulations|| standards Code

Scenario of large - scale commercialization

Situation assessment / Resources poor
Incompatible innovations

Scenario of competitiveness loss

Willingness of decision - makers to reengineering

Reengineering of maritime transport system

Fig. 4. Two-Dimensional Approach (D2SR) to choice of investment strategy
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The three initial stages represent the pre-commercial period.
Decision-makers identify the targeted transport system, as well
as choose, correct, test and develop appropriate technologies and
techniques within the context of the innovative problem. At the
same time, they develop quantitative and qualitative measures for
close estimation of innovative solutions’ potential influence on
intra-system compatibility. The goal of these stages is to support
innovative transformations using necessary resources, strategies
and tools, as and timely decision making to overcoming of various
barriers. Therefore, the outcomes of third stage will help decision-
makers identify shortcomings, evaluate risks, and invest in the
best combination of innovative strategies, minimizing influence
of eventual barriers, and as result, to increase competitiveness
for improved transport system, as well as help to estimate the
resulting benefit from the innovative idea.

The fourth and fifth stages represent the commercialization’s
period. At the fourth stage, decision-makers correct the plan of
activity, considering the obtained results of estimation at the
third stage. The market penetration strategy develops, taking

into account marketing research, the regional market condition
and the competitors’ profiles. The goal of this stage is to evaluate
the potential of the innovation and ability of its adaptation to
changeable wishes of consumers. At the fifth stage, decision-
makers take steps to the complete standardization of the novelties.
The main goal of this stage is large-scale market expansion.

Barriers to innovative activity
within the EU marine industry

The RDI activities are keys to renewing economic growth,
strengthening competitiveness and boosting employment.
Successful implementation of innovative knowledge-based
products with enhanced utility and profitability may help
for the EU shipping companies, on the one hand, raise both
service quality and environment safety, and as result to achieve
a domestic promotion, and on the other hand strengthen their
competitive position in global market through overcoming
various barriers [11, 17, 29]. Author offered new classification
of barriers to innovative activity, shown in Tab. 3.

Tab. 3 Barriers classification to innovative activity on the European-wide scale

Barriers to innovative activity
Negative barriers
Positive barriers Bi-criterion classification . . .
Subiccti Obiocti Multi-criterion classification
ubjective jective
Labor obstacles: Business environment obstacles:
« Threat of * Skills shortages of a staff | + Economical cycles (economic Internal
CCONOMIC * A high level of intra-staff | recession)
Individual collanse conflicts » Market uncertainty By source
barriers: | In dliavi dual * Staff passivity to * Limited potential of domestic localization
ethical code innovative changes market
» Workers unwilling-ness |+ The peculiar regional External
to retraining environment
« Public moral Regulative obstacles: Single
code Individual obstacles: * Restrictive laws and government | By number
« Multi- aspect | » Lack of entrepreneurial ~ |Tegulations sources
liability spirit * Long certification procedures Multi
to future « Lack of intelligence & * Universal service obligation
¥ coological |+ Lack of task awareness | Adminisirative obstacles:
Social | .- e . * High level of bureaucracy S
- . o . urmountable
barriers: hvn.l.g . Prejud}ce against * Long external decision -making
conditions innovative changes
- architecture |+ Undisciplined behaviour processes -
&afl(? tori «Hich level of * Strong requirements to novelty By ability to Partial
tls grlc . flg i've (i Ftaint submission overcoming | surmountable
protection tntormationat uncertamnty, |, pisconnect between science
- landscape as result of lack of .
i firsthand knowled and business
pre;etrvatlon rsthand knowledge « Unawareness of support Insuperable
-satety ete. importance of new initiative
Organizational obstacles: |Industrial obstacles barriers:
* Corporate culture *Three-dimensional
 Antitrust does not encourage complexity of innovative changes Cumulative
rules innovativeness * Conflict for resources;
e Obligatory |+ Lack of innovator - * Bundling (high interdependency)
. |ecological decision maker contact of technology
Regulative S
barriers: assessment * Undue 'centrallzatlon By
" |+ Obligatory |e Formalism, long inte-rnal | Financial obstacles: mechanism
safety testing; |decision-making processes | Lack of funds
* Intellectual |+ A low level of imple- * High innovation costs Svneroctic
property rights | menttation control; * Inflation risk ynerg
* Incorrect business-plan/ |« Exchange rate risk
master-plan * High credit rate
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This necessitates efforts to bring new and more profitable
products into the consumer market. Experience shows, that
identification and research of critical barriers to an innovation
are important, but creation of strategies and tools to overcoming
barriers to innovative process has even more values. The most
investigations of innovative process are focused on two types of
barriers to converting of new ideas into new products. First of all,
it is internal and external barriers to innovative transformations.
Secondly, ones are so-called business environment barriers
forming under of market fluctuations [3, 5, 7].

In author’s opinion such classification of eventual barriers is
adequate, if an innovative process is described for structurally
linear systems. On basis of many investigations [18, 20],
and author’s researches, we can contend that for structurally
nonlinear systems main obstacles to rapid achievement of total
success are connected with poor encouraging motivations for
innovative actions, as and lack of systemic approach to leveling
or removing of various barriers to implementing novelties.
Properly, the dominant barriers to European innovative activity
can be divided into ten groups: financial, labour, administrative,
industrial, regulative, business environment, organizational,
operational, individual and natural barriers. Fig. 5 and 6 shows
the importance degree of barriers to innovative activity in the
EU, on basis [4, 8, 9, 15, 16, 22, 23].

Natural

Organizational barriers
barriers

Financial barriers
Operationall barrier.
Individual barriers

Labour
barriers 4

Business environment e

barriers

Regulativel barriers
Industrial Administrative
Fig. 5. Main obstacles to the European innovative activity

Otherwise additional classification of such barriers is
required, considering the sources forming mechanisms,
a surmountableness level, etc. Also the author classifies
barriers to innovative activity by one more criterion, namely
by predictability:
= The predictable cumulative barriers. These barriers foresee

at the early design stages of any engineering systems. These

are divided into predictable positive barriers including
external and internal, as well as, predictable negative
barriers.

The nature of the predictable positive external barriers

lays in aspiration for the support of public and ecological

safety as well as in liability to future generations. The
predictable positive internal barriers, i.e. barriers within
the organization, focuses on identification and development
of promising innovations through demand to the innovator
to give a detailed suggestion of the innovative changes or

a business plan which shows the way to commercialization.

The nature of these barriers lays in aspiration for the

avoidance of additional expenditure. The high moral

standards and professional ethics of personnel are the
positive internal barriers too, e.g., refusal to novelties use
without intellectual property rights.

= Unpredictable synergetic barriers. Generally, the nature
of these barriers is closely connected with resonance
phenomenon induced by multidimensional innovative
changes. In most cases this phenomenon generating
structural, information and evolutionary complexities, and
as result critical obstacles to end-to-end innovative process.

According to numerous investigations [6, 29]:

¢ structural complexity is a measure of topological
features produced by differentiation and integration
in the spatial dimension of the improving system. It is
determined by extent of structural compatibility through
mapping intra-coalitional level, inter-coalitional level,
and inter-system. Structural compatibility within inter-
coalitional level implies spatial compatibility between
both innovative and standard coalitions embedded
into improved system. Structural compatibility within
inter-system level implies spatial compatibility between
updated maritime transport and business distinguished
by administrative, regulative and/or market barriers

¢ information complexity is a measure of conceptual
features of targeted system and its conformity extent
to market’s expectations. It is described both by basic
characteristics and distinguishing features of the
updated system, as well as by groups of conformity
between these descriptions. Information complexity is
determined by informational compatibility which means
an opportunity of legal, language, and/or knowledge
barriers, and

¢ evolutionary complexity is a measure of transformations
features carried out within the system’s modernization.
It is determined by integration of all changes in the
temporal dimension through three aforementioned
systems levels. Evolutionary complexity within intra-
coalitional level implies age-related barrier between all
elements embedded into each coalition. Evolutionary
complexity within inter-coalitional level implies
operational barrier between coalitions embedded into
renovated system, which is determined by timeliness
of replacement of outdated coalitions by innovative
coalitions. Evolutionary complexity within inter-system
level implies advancement barrier between consumers’
demands and supply, which is determined by maturity
and readiness of a business to implantation of new
solutions.

IO

o]

50 8 Unsurmountable @ Surmountable

Natural
Individ.
Fig. 6. Percentage composition of main barriers to reengineering
of the European marine industry
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All barriers should be divided by positive barriers
and negative barriers. Positive barriers play a vital part in
an attempt both to the environmental protection and the
maintenance of operational safety. Negative barriers are
obstacles in development. Such barriers are the responses of
obsolete systems to innovative solutions. Some reasons for this
opposition are unwillingness of top management to changes,
lack of creativity, a low level of motivation, aspiration for the
avoidance of high economic risks as consequence of market
uncertainty high level and lack of pressure from customers.

The multilevel contradictions between innovative activity
obstacles generate the so-called Domains of Incompatibility
(Dols). The mini-level contradictions lead to forming the
intra-coalitional Dols and to the drop in competitiveness of
separate shipping company. The middle-level contradictions
lead to forming the inter-coalitional Dols and to the reduction
of regional economic activity. The meta-level contradictions
lead to recession in the marine industry and to the drastic
growth of market uncertainty, and as result, to the pressing
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need of various tools and resources to overcoming predictable
and unpredictable barriers, forming into various the European
Regions. The marine industry is very important part of the EU
economy. Let’s discuss some facts. First of all, in 2006 years,
the European shipbuilding was characterized by [10, 13, 15]:
® approx 9 000 production and supply enterprises, with more
than 350 000 workforce

an annual turnover of more than € 35 billion, more than
half of it through exports

stable positions on global market in sophisticated
shipbuilding production, particularly fast ferries, chemical
tankers, cruise ships, megayachts, FPSO

nearly 10% of turnover spent on Research, Development
and Innovation (RDI) activities.

At the same time, the European maritime transport plays
major role in the international and internal trade of the EU.
In 2005/2006 years, key data of this sector of marine industry
were:
¢ almost 90 % of the European Union’s external trade
(imports and exports combined) is transported by seaways,
in particular that relating to bulky and low value goods
more 40 % of the internal trade between the EU Member
States is realized by the maritime transport and inland
waterways
more 4,000 mln tones of a freight loaded/unloaded in the
European Union harbours.

The level of risk factor plays an essential part in acceptance
of new technique or technology by any shipping company or
shipyard. Quite enough one tragic event, so that the freighters
or shipowners’ preferences have been radical changed, and
their Dols are extended.

Enlargements of an individual dissatisfactions of permanent
participants of innovative process (e.g. eventual freighter/
shipowner) takes place as a consequence of the enduring increase

—4— (Green scenario

Yellow scensrio == Black scenario

Fig. 7. Risk-mapping of the barriers’impacts to the innovative activity
within the EU maritime industry

ofthe various requirements to a risk level of investments, to the
transportation quality etc. Best tool for investigation of Dols
is risk-mapping techniques (Fig. 7). Therefore, critical goal of
each innovative process is choice of high-quality strategy for
rapid growth of the European economy (Tab. 4).

Forecast of the barriers impacts to the innovative activity
through creation of various scenarios are necessary before
the beginning of innovative changes with the purpose of the
negative results’ minimization. This problem is very important
for the Polish maritime industry too. Therefore Part II of this
paper will be devoted to the multi-objective analysis of the
obstacles in the Polish maritime industry development.

Table 4. The basic strategies for European Regions development through overcoming barriers to innovations

Key strategy Convergence Regions Phasing — in Regions Competitive Regions
Thp pohcy of Upgrading of regional economy Intensification of Strengthening position of
main Regional h h fworld . ional h h ional 1 elobal

barriers through use of world experiences regional economy throug regional economy in globa
overcoming of innovative development incremental innovations knowledge economy

— increase co-operation between

The strat . iti
¢ strategy inventors and sea-port authorities

of Regional . . :
L — 1ncrease mnovative -
barriers in g L .
R — capabilities of shipping companies
marine industry . ” : e
. — implant of “catching up learning -
overcoming

techniques

wide innovative activity

new sectors of marine industry
implant new ideas in sea
transportation systems
establish of joint-ventures
companies

— enlargement of bases of
knowledge

— embedded of radical
innovative solutions

— enhance interaction of
regional industry and
decision-makers on new
market shares

The strategy

of Regional |— build up medium level skills -
barriers in |- co-operation increase between -
education shipowners and High Schools,
systems Maritime Academies
overcoming

build up new skills required
inter-regional mobility schemes
through co-operation shipowners
and Universities

— set up both Universities
and High Schools for
growth specialized abilities

— increase attraction of new
skills

creation of a permanent links
between innovative firms for

The strategy

of nglor}al transfer knowledge inside the -
barriers in X
knowledge Region
g — preference to the demand-led
networks
: approach to development of -
overcoming

Regional knowledge networks

stimulation of activity of
knowledge networks

support to new technologies on
National and International
horizons

encourage interfaces between
researchers and marine industry

— all possible assistance of
creation and development
of knowledge networks

— promote Regional
networks among shipping
companies
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CONCLUSIONS

The innovative activity is required to be designed on
the basis of assessment results of their expediency and
opportuneness, i.c. research of real market demands, as
well as utility of planned changes and resources necessary
for its execution.

Early identification of cumulative barriers, as and the
forecast of synergetic barriers to required innovative
changes are very important.

Creation of effective strategies, helpful resources and
instruments for overcoming barriers before beginning of
improvement process plays a key role to the innovative
project’s success as whole.

The more carefully innovative project is elaborated, the
barriers to successive modernization of maritime transport
are less, and at last the risk of a misfortune is lower.

It is necessary to remember that the increase of uncertainty
in free resources raises the probability of the unpredictable
barriers’ evolvement to the modernization process of
maritime transport.

Simulation of innovative process is required to be executed
under condition that the black scenario of shaping of
negative effects during barriers overcoming takes place.
It is recommended to choose decisions to overcoming
barriers to the modernization process using risk-mapping
techniques.
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Application of expert systems in diagnostics,
management and logistics
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ABSTRACT

There has been demonstrated base terms concerning expert systems and analysis of their

organisation structure. Some possibilities of the expert knowledge codification worked

out on the basis of different application of the object-attribute-value triplets have been
presented as well.

Keywords: diagnostics, expert systems, logistics, management, power plants, simulate human behaviour

INTRODUCTION

Since the Second World War was finished the British and
American research workers who dealt with computer technique
have tried to develop research methods which would enable
the computers to simulate human behaviour. As a result of
such activities a new interdisciplined science domain arised.
Nowadays the domain is called artificial intelligence. Within
the artificial intelligence expert systems develop in especially
dynamical way. They are viewed as intelligent computer
programmes that are able to solve complex medical, technical,
economic and organisation problems by means of proper
usage of available utility knowledge [3, 4, 5, 8]. The solved
problems usually need significant human expertise. From such
apoint of view a generated expert model belonging to the best
practitioners as well as implemented infer procedures represent
a necessary knowledge to perform an ordered decision task.

Contemporary expert systems posses a lot of merits thanks
to which they may supplement perfectly action of ,,alive” expert.
They might be even more reliable in some circumstances. It
results from imperfection of human being that characterises:
* tendency, lack of consequence and flexibility in estimation

of real situations
* lengthened reaction time on quick changeable events and

facts
* difficulties in formulating logical conclusions in case of
uncertain and incomplete information
* frequent weariness, insufficient concentration, limited
possibilities in reminding themselves a big number of date,
that are deepened in difficult, stressful situations.

Additionally, growing popularity of the expert systems

results from organisation regards and as a consequence
imperfection of the reality surrounded us:
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+ personnel rotation within expert cluster

+ high service charges, the higher expert class and complex
(expensive) diagnose object the higher service charges
are

+ limited possibilities of transporting “alive” experts.

ORGANISATION STRUCTURE OF AN
EXPERT SYSTEM

The expert knowledge represents the base of the organisation
structure of each expert system [1]. The knowledge consists of
following elements:
= facts — standing for information matter of an expert object

that is commonly available and arranged by the expert of

the considered domain

= heuristics (rules) — being in the majority of cases personal,
in some circumstances subjective and discussible rules of
proper interpretation of the possessed facts. The facts are
consequently adjusted according to probable, possible to
acceptation reasoning and characterise decision taken by the
expert in the determined detail level depending, of course,
on the extent of the knowledge possessed.

For instance, technical state evaluation of a device by means
of an expert system application is carried out by the particular
way i.e. mainly on the basis of characterising symptoms occurred
during its improper running, observed by the user. The system
gathers the knowledge about a technical shape of the device by
means of inquiring the user (directly). The answers are selected
in an operating memory of the system [4, 6, 7]. The knowledge
depends on subjective, often suggestive estimation done by
the user who must carefully stare at and listen to the device’s
running before starting work with computer-expert. That is why
the knowledge is sometimes “washed away”” and even uncertain.



The user should be also able to answer the questions asked by the
computer program at once.

Computer — expert taking into consideration appropriate
confidence factor (CF), formulates diagnosis. Its correctness
depends on information incorporated into the knowledge base.
The base represents a main junction of the expert system, besides
deduction mechanism—Fig. 1. An operating memory is coupled
to the knowledge base. It contains current information about
the expertised object, obtained from the consultations

Some subsystems are coupled to the deduction
mechanism:

» knowledge acquisition
» explanations
» user’s interface.

WORKING

KNOWLEDGE MEMORY

BASE
(RULES)) (FACTS)
]

>

DEDUCTION
MECHANISM
T
! i i
SUBSYSTEM
oF EXPLANATION USER
KNOWLEDGE SUBSYSTEM INTERFACE
ACQUISITION
EXPERT OR
KNOWLEDGE USER
ENGINEER

Fig. 1. Organisation structure of an expert system

The deduction mechanism contains deduction strategy
and controllers the expert used while manipulating with facts
and rules.

The problem of knowledge representation consists
in finding such a method of figurative expert knowledge
codification which reflects precisely what the expert knows
and subsequently — transforming the knowledge into computer
language. The specialists constructing the expert systems
(having the knowledge base as a ground) deal with foregoing
problem. The main task of the computer, that is viewed as
the system device relies on efficient manipulating with this
knowledge.

Building the semantic networks represents the most frequent
method of an expert knowledge representation. Deduction rules
are the main link of the networks. They have following form:

,,1f CONDITION, then CONCLUSION.”
where:

v« CONDITIONS — define a determined requirement
(requirements) that must be fulfilled in order to apply the
given rule

¥ CONCLUSIONS — determine statement (statements) or
activities, that should be done in case while the condition
has been fulfilled.

Expert’s diagnostic activities are very often connected with
(because of various reasons) illogical, imprecision observations
and data or even their lack, moreover the gathered information
(from expert interviews) are often subjective and difficult to
univocal interpretation [1, 2]. Thus the sensible deduction
mechanism should be equipped with confidence factors
defining a level of correctness for each deduction rule. They

are assigned to the conditions as well as the conclusions within
deduction rules, implying scopes of their permissible values
and connected with them, a probability of the existence within
the scopes. The confidence factor defines accordingly, that is
to say, the boundary conditions, that univocally determine
what value of the confidence factor is able to activate the
determined deduction rule. According to the most common,
familiar approach towards the deduction issue there is a classic,
double value Boole’s algebra [2], where only two value of the
confidence factor is distinguished:

& CF=0("NQ"), it means - false

& CF=1("YES”), it means - true.

Widening the deduction mechanism by i.e. “washes
away” reasoning there is distinguished fractional values of
the confidence factor given from the scope between 0 and 1 or
from the scope between -100 and +100 [3,4]. The confidence
factor represents, in this case, probability of choice (expertise)
existence on condition that the particular attributes of the
expertise object take determined values. They are defined by
means of the probability p, within the successive deduction
rules, n. The confidence factor may be determined from the
following formulas:

» as an average value of the probabilities:

Zpbk
CF:HT (1)

» as dependent probabilities:
n
CF = kr]l pbk (2)
+ as independent probabilities:

CF=1-(1-p,)d=py,)d=pp3)---Ad=py) 3
OBJECT — ATTRIBUTE - VALUE RELATIONS

The most common way of writing the expert system
knowledge is fact’s representation by means of OBJECT-
ATTRIBUTE-VALUE relations. Within such a notation the
particular ATTRIBUTES (features) having particular values
are assigned to the OBJECT. The OBJECT may be viewed as
a physical unite (concrete, thing), like: human being, technical
device or a notion unit, like: a fact of device’s purchase as
well as a selection of the company manager. In general the
ATTRIBUTES are characteristics or features connected with
the OBJECT. Dimensions or physical chemistry features
stand for typical ATTRIBUTES to the physical OBJECTS.
For instance, the purchase price or income tax (VAT) may be
the ATTRIBUTE for an events of the device purchase. The
OBJECT-ATTRIBUTE constraint is a “have” type.

A VALUE that defines precisely a character or nature of
the ATTRIBUTE during especial situation of the evaluation
process, represents particular, the last one element of the
characteristic triple of the expert knowledge notation. The
ATTRIBUTE-VALUE constraint is a “be” type. For instance,
a human high may be “tall” or an income tax of the purchase
price may amounts “7%"”.

Inthe Fig. 2 we can see an example of the facts representation
for expert system by using OBJECT-ATTRIBUTE-VALUE
relations. In the analysed case, a flow path of a gas turbine
engine stands for the OBJECT. A technical state of flow
passages is one of the flow path’s ATTRIBUTES. It is possible
to attribute VALUE “fouling” to the “technical state of flow
passages”.
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Technical
state of flow
passages

Flow path
of a gas
turbine engine

Fouling

VALLE

OBIECT

ATTRIBUTE

Fig. 2. Object-attribute-value relation
Diagnostic applications

Engineering

Expert systems are very useful, commonly applied
diagnostic ,,tools” for assessing the operation shape of complex
technical objects. A necessary expert knowledge is gathered
in the form of “failure-symptom” correlations incorporated
as a result of:

X experimental examinations carried out on the real
objects,

X simulation experiments carried out on computer programmes
which are especially built for this purpose (if there is no

possibilities to examine a real object) [4, 6, 7].

An example of object-attribute-value relation applied
within diagnostic evaluation is presented in Fig. 3. The
diagnostic evaluations concerns a compressors unit of the
naval gas turbine. Diagnosing process relies on the analysis
of thermogasdynamic parameters of the air flow along the
considered unit. The parameters’ alterations are observed during
the engine’s unsteady processes: acceleration and deceleration
of the engine shafts.

Aunribute
Pr the ai Values
TesSure Ot UG Alr stateSnl stateSn2 stateSn3 stateSnd stateSns
accumulated in
™ the 1mercom1.1rcss:.1rs-i 1 | 1 I 1 I 0 I ]
passage — Spp,
Object
Compressor unit|| | Temperature of the air
of anaval gas [ behind high ]1rcssurc_,| 0 | 1 | 1 | 0 I 1

turbine engine compressor — 8T %,

Mass of the air
accumulated in the
iﬂ[UTCl)ﬂ'l]‘.lfC.‘iﬁ(]D&
passage — P,

oo ] 1]

Fig. 3. Object-attribute-value relations within the expert system for
diagnostic purposes of the compressors unit of a naval gas turbine engine:
., 17 —diagnostic parameter oxj reacts to the unserviceability state Sni by
10% exceedance of the tolerance field limits, ,,0” — diagnostic parameter
does not react to the unserviceability state.

The presented relations results from the simulation
experiments worked out on the adequate mathematic model.
The following unserviceability operation states of the
analysed compressor unit were introduced into the simulation
model [7]:

Snl — fouling the low pressure compressor’s flow passages

Sn2 — the simultaneous intensive fouling the inter-blade
passages of both the compressors mating in series

Sn3 — the air leakage from the intercompressor passage
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Sn4 — the leakage of one out of two air bleeder valves behind
high pressure compressor

Sn5 — the defect of the automatic fuel supply system of the
engine, resulting in engine acceleration process (it
was assumed that the time of the air pressure increase
behind the high pressure compressor shortened).

Measurable symptoms of the technical state alterations
that put up maximum quantity of gained information about
simulated unserviceability states represent the object’s
attributes [7]. It is relevant from the data in figure 3 that the
observed values of the respective diagnostic parameters enables
performing a univocal identification of considered failures of
the compressors unit.

Medicine

Diagnosing optic nerve illnesses as well as illnesses of
subsequent sections of the optic way represent vulnerable
area for an expert system implementation. While the optic
nerve is damaged the significant handicap of sight eye or
even total blindness of the particular eye may occur. Such
disturbances result, among the others, from trauma, optic
nerve, inflammation, ishaemia, tumour press or because of
atrophy. This is possible to localise focuses that damage
the optic way. It may be achieved on the basis of analysing
anatomic data of the optic way and disturbances within visual
field correlated to the optic way. Precise examinations of
a visual field are carried out by means of computer perimeter
[9]. Every one of registered lack of display legibility within
visual field correspond to particular localisation of damage’s
focus. Possible cases of disturbances within visual field have
been presented in Fig. 4.

LVF

ey e DU T
VISUAL FIELD _-@.__
Ty

LEFT EYE

VISUAL FIELD
DISTURBANCES

‘OD
0

CPTIC
CHIASMA

5 <
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RIGHT EYE j]@@
2 9
OF THE OPTIC = i o= 31
NERVE IS 9
NASAL FIRER}
OF THE OPTIC \‘

LATERAL NERVE 6)
GENICULATE
BODY
7
OPTIC 7
RADIATIONS
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Fig. 4. Visual field disturbances. I, II, III, IV, V — sections of visual field,
LVE RVF — respectively: left and right visual field, 1 — right eye ipsilateral
blindness, 2 — loss of temporal (external) part of the right eye visual field,
3 — loss of nasal (internal) part of the right eye visual field,
4 — total blindness, 5 — bitemporal hemianopsia, 6 - left hemianopsia,
7 — left superiol quadrantanopsia, 8 — left inferiol quadrantanopsia,
9 — homonymous hemianopsia with macula saved

LEFT VISUAL
CORTEX

RIGHT VISUAL
CORTEX \9

Arab numerals denote possible places where optic way’s
damages may occur and responding to them disturbances of
the visual fields:

Example 1. Entire damage of the optic nerve of the right eye
before the optic chiasma gives right eye ipsilateral blindness.

Example 2. Partial, medial damage of the right optic nerve
gives loss of temporal (external) part of the right eye visual
field.



Example 3. Partial, external damage of the right optic nerve
gives loss of nasal (internal) part of the right eye visual field.

Example 4. Entire damage of the optic chiasma gives total
blindness.

Example 5. Partial, medial damage of the optic chiasma
gives bitemporal hemianopsia.

Example 6. Entire damage of the right optic nerve behind
the optic chiasma gives left hemianopsia.

Example 7. Partial, external damage of the right optic
radiations gives left superiol quadrantanopsia.

Example 8. Partial, medial damage of the right optic
radiations gives left inferiol quadrantanopsia.

Example 9. Partial damage of the right optic cortex causes
homonymous hemianopsia with macula saved. There is possible
that the quadrantanopsia may also appear among damages of
the optic cortex.

In order to improve diagnostic inferring process concerning
physiopathological state of the optic nerve, that bases on
a digital notation registered by computer perimeter, it should be
firstly defined an adequate set of object-attribute-value expert
relation within neurological knowledge that is supported by
appropriate results of clinical examinations.

In Fig. 5 there has been proposed the simplest 0-1 (Boole’s
algebra) approach to the codification of the estimation relations
with reference to considered cases of visual field disturbances.
It is relevant from the numerical data ascribed to the particular
attributes of the examined object that it is possible to define
synonymously the state of optic nerve physiopathology. For
instance, it can be concluded, when analysing the set of the
diagnostic parameters, that a right eye ipsilateral blindness
(Sfpl physiopathological state) happens, if the result of
{0000011111} appears during the diagnostic investigation. No
identical result appears elsewhere.

Attributes
riputes Srp|

It is worth pointing out that disturbances within visual field
shown in Fig. 4 represent a significant simplification and occur
rarely in so typical manner. In daily experience we usually
deal with lacks in visual field that are much more varied,
less regular, difficult repeatedly to univocal interpretation. In
such a situation result (display) of clinical examination might
be characterised by “washes away” values of optic nerve’s
attributes. As a consequence one test result may correspond to
several focuses damaging the optic way.

Managing applications

Very often in our profession there is a necessity to evolve
the best candidate for managing position between the company
workers. In all the cases this is a very complex and responsible
managing task that decides about a father development of the
determined organisation cell. Getting to the realisation of the
task there should be considered following organisation issues
with many-sided way:
< How to define vital criteria (attributes) for estimation of

personal-professional features of the intended manager of

an organisation cell?

<~ Which personal values (rational and irrational) should be
assigned to the respective candidates?

<~ Which one out of destined features are especially vital and
which one have less meaning?

In order to obtain proper answers for such a way formulated
questions (and similar) there should be performed multi-
repeated simulation experiments on possible selections of the
candidate that are worked out by means of the expert system.

In the first stage of an estimation process there should
be properly written a knowledge of the company expert-
manager The knowledge should be written in the form of
object-attribute-value relations. In Fig. 6 there has been

Values

Sfp4 Sfp5 Sfp6 Sip7 Sip8  SipY

Sfp2  Sip3

Loss of sight
in section I LVF

0

0 0 1 0 0 0 0 0

Loss of sight 0
in section II LVF

Loss of sight 0
in section 111 LVF

| Loss of sight 0
in section IV LVF i

Loss of sight
in section V 0
(central) LVF

Object

Optic

Loss of sight

nerve ) : .
in section | RVF

Loss of sight
in section Il RVF

Loss of sight 1
in section 111 RVF

Loss of sight 1
in section I'V RVF

Loss of sight
in section V 1
(central) RVF

s

Fig. 5. Object-attribute-value relations within the expert system for estimation of optic nerve physiopathological state Sfp1,...Sfp9 — successive optic nerve
physiopathological state — known and recognisable cases of visual field disturbances ,, 1" — registered (computer perimeter) loss of sight, ,,0” — correct sight
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demonstrated an example of such a notation in relation to
maritime university.

Perennial organisation experiences encountered from
maritime university activity have given possibility to elaborate
a wide list of attributes in the considered case of personal-
professional features of the created manager of an organisation
cell. They represent a psycho-physical portrait of the intended
candidate. The silhouette of the potential manager involves
professional qualifications as well marked out personality
features that the candidate should possess.

Following values have been assigned to the defined
attributes:

ZPwW — much more above requirements — the range of
suitability coefficient: (+90)+(+100),

PwW — above requirements - the range of suitability
coefficient: (+70)+(+90),

SW  — fulfils requirements - the range of suitability
coefficient: (0)=(+70),

PnW — below requirements - the range of suitability

coefficient: (0)+(-70),

ZPnW — much more below requirements - the range of
suitability coefficient: (-70)+(-90),
NSW  — does not fulfil requirements - the range of suitability

coefficient: (-90)+(-100).

Four candidate have been subjected to the estimation
procedure. They have been maritime university lectures.
Respective values of the attributes, that influence the worked
out professional duties have been assigned to the candidates.
The main aim of the expert system consists in carrying out
the estimation of the competence for each one candidate and
pointing out which candidate is the best choice for the future
manager

Logistics applications

An adequately created expert system is able to support the
choice and purchase processes concerning different products.
The heart of its usage consists in estimation: which one from
considered objects is the most suitable to the user’s needs. In
order to work out such a formulated expert task there should

Attributes Values
candidate A candidate B candidate C  candidate D
— Age —»[ Pwwi70 | Prwia30 | SWis0 | SWi50
—»  Maritime experiences Swis0 | Swis0 | Pnwre30 | NSWI-SD |
) Physical fitness L[ Priwi30 | PwWi70 | PwWi70 | Prw/30 |
Knowledge of foreign
> i SWiE0 | Swis0 | Priwi-a0 | Swis0
) Scientific title —» SWi50 | SWB0 | SWih0 | SWis0
— Ambition [ SWiE0 [ ZPwWiS0 | Prw/-30 | Prwi-30 |
Self-control in difficult
—'I il I—’I Pow-30 | swis0 [ Prwk30 | Pwwi7o |
—»  Persuasion ability >t PnWi30 | PWWIT0 | PwWI70 | PwWO |
L Mood stability I—»[ ZPrWi70 | SWis0 | SWi0 | SWis0
—-| Reality sense |—p|—swrsu T Prwia0 | SWis0 | SwWis0
—»  Reflectiveness [ ppw/a0 | swis0 | swiso | Pwwio |
—»  Ability to concentration |—#{ _SW/50 | ZPwWwWig0 | SWi50__| PWWi0 ]
o T R e 072 8 I 2
Object —> Dynamics —_Pwwi70 | zPwwigo | Powiso | Powiso |
—>{ Intuition > w30 | swiso | swso | PWWITO |
Manager of the = - -
organisation cell of _—-l Quick taking decision I—H_SMU_LMMLI_SM_I
maritime university
: —DI Keeping obligations |—)| ZPwwioo | zPwwwigo | SWIS0D | ZPnWi-70 |
—D| Inclination to take a risk I—*I pow-30 | zewwigo | Powreso | Pwwiro |
] Humour sense —f PrWr30 | PwW70 | SWiS0 [ SWis0 |
Conscientiousness,
—-[ Hous, |—r| ZPwWia0 | SWis0 | SWis0 | Prwiao |
e Self-organisation | SWi50 | Pwwi70 | SwWis0 | SWis0
Openness to alterations, SWI50 | PwWI70 | PrW/-30 | Prw/i-30 |
development
Endurance, obstinacy to T I T |
failures and obstacles PwW/7Q PwW/70 SW/S0 P30
—-[ Responsibility sense |—¢| PwWi70 | SwWis0 | SwWis0 | Swis0 |
Resistance to weariness
¥ " ond physical effort [P ZO0WIT0 | PwWIT0 | P30 | SWis0 ]
] Diplomacy > PnWi-30 | SwWis0 | SWiS0 | ZPwWiSo |
—-| Self-confidence SWI50 | ZPWWIS0 | Prwi-30 | ZPwWig0 |
Ll Strong will [ ZPwWig0 | ZPwwia0 | SwWis0 | Paw/30 |
] Tnitiative 1—»[ Prwi-30 | ZPwWiS0 | Prwi-30 | ZPrwWi70 |
] Tndustry 1—»[ ZPWWiS0 | ZPwWiS0 | Pnwi-30 | ZPrWi-70 |
—M  Resistance to stress —»f PnW/i30 [ SWis0 | SwWis0 | PwW7O |
| pf Taking others opinion into |y S5 Pwiwi70 | Prwr30 | ZPrwi7o |
—p Spontaneousness > PnWi-30 | ZPwWiS0 | Pnw/30 | PnWi-30 |
L Tolerance > ZPnWi-70 | SWis0 | Pnwi30 | ZPnWiI-70 |

Fig. 6. Object-attribute-value relations within the expert system for estimation of personal-professional features for the selection purpose
of the competent manager of an organisation cell of an organisation cell. Company manager decides personally about desirable values
of the personal-professional features that potential candidate should possess
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Values

Engine a Engine b Engine ¢
is low is medium is high
<3MW AMW >6MW
Atiributes 1s low 1s medium 1s high
. Power J’ <30% 32% >35%
— 1s low 1s moderate 1s high
" Efficiency r <150% per IkW 210$ per 1kW| >250$ per 1kW
Obicct ! Purchase price 1s lngh 1s lagh 1s low
tehyed A Coenssion |_|—' >25ppm >25ppm <25ppm
. — is high 1s high is low
Naval gas turbine —D[ Nox emission |—> =35 pig)m =3 5Pi’;m <25ppm
engine —»  Operation expenses - —
- — is low is medium is high
_— DCSIFCfitd.\ namical < 800% per 1h| 1100% per 1h | >1500% per 1h
SORUTES fong medium short
N Overhaul period acceleration | acceleration | acceleration
time > 300 sec.| time 120 sec. | time < 60 sec.
— Overhaul time 1s long 1s medium 1s short
: - =10 years 6 years <5 years
— Time to the first failure
is long is medium is short
o Mean failure rate >10000 h 2000 h <1000 h
is short is short is long
o Availability <500 h <500 h >3000 h
is high is low is high
>0.03 <0.01 >0.03
is medium is high is low
=0.90 >(0.95 <0.85

Fig. 7. Object-attribute-value relations within the expert system for choice and purchase a gas turbine engine of the vessel s propulsion

be precisely definited the estimation criteria, and consequently
respective measures and values should be assigned to the
established criteria.

In marine practise there are often taken decisions concerning
a selection of the ,,most appropriate” type of the main engine
for propelling propulsion system. In all the cases the issue
needs carrying out universal techno-economical analysis
within the world engine market. The performed analysis should
be supported with penetrating estimation of the geopolitical
situation of the producer’s country.

As aresult the list of familiar units is coming into existence.
It helps to restrict a quantity of the products taken into
consideration. We usually dispose several or even more types
of propelled engines. Their usefulness for the application is
determined with the values of the earlier defined estimation
magnitudes. In Fig. 7 there has been demonstrated a trial of
the expertise expression of such a task. The expert knowledge
is written down by means of object-attribute-value relations.
Within considered case the solved problem consists in selection
of naval gas turbine engine destined as a cruise engine in twin-
shaft COGAG propulsion system.

The attributes of the purchased object represent technical
parameters of the estimated engines as well as general purchase
and operation expenses. Within demonstrated case there have
been only taken into consideration fundamental estimation
magnitudes. Their values results from subjective Author’s
opinion and thus their are controversial and left for Readers
to think their over.

CONCLUSIONS

For last several years there has been observed a tendency to
more and more interest of the human being with possibilities
that a development of the wide-understood computerisation
puts up. Expert systems develop stormily confirming their
high usefulness to solve complex decision problems. They

are created on the base of more and more perfect computer
hardware. The examples of writing the expert system knowledge
in the form of object-attribute-value relation shown within the
paper demonstrate only a piece of possible applications. They
represent for the Author an introduction for further works
concerning different way of formulating the conclusion rules,
as a base link for every expert system.
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expert system of computer aided preliminary
design of ship power plant
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ABSTRACT

This paper presents an algorithm for searching out similar ships, implemented in a hybrid

system for aiding preliminary design of ship power plant, based on new similarity functions

as well as those adapted from literature sources. For searching out similar ships a multi-
criterial optimization method of weighed profits was applied.

Keywords: artificial intelligence, neural networks, expert systems, similarity functions,
CBR method, multi-criterial optimization, ship design aiding

INTRODUCTION

The elaborated algorithm of searching out similar ships
was implemented in a hybrid system of aiding preliminary
design of ship power plant with application of selected tools of
artificial intelligence such as: Exsys Developer expert system
with applied fuzzy logic. Access relational database as well
as artificial neural network of back-propagation of errors. It is
intended for aiding preliminary ship design process in which
designs of similar existing ships are as a rule used.

To this end, the algorithm for searching out similar ships
on the basis of introduced similarity functions (rectangular,
trapezoidal, triangular, Gaussian) and those adopted from
literature sources (that with lower limit, identity test, and
fuzzy logic), was elaborated. For searching out similar ships
a multi-criterial optimization method of weighing profits was
applied.

Models for multi-criterial assessment of design solutions
should be described by means of functions containing main
ship design parameters.

If it is given the n-dimensional vector of searched
parameters, x:

X=[X,X,..x]"€ R, neN (1)

which is assessed according to the m-dimensional vector of
criteria (objective functions), f(x):

f(x) = [f (%), £,(x),... £ (x)]"€ R", me N (2

and under assumption that the coordinates of the criterial vector
are profit functions, then the multi-criterial optimization problem
can be defined as the task of multi-criterial maximization of
the profit vector:

max f(x) (3)
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In the optimum design process the following decisions

can be taken:

2 to select one solution and assume it the best

< to select a subset of solutions out of the set of optimum
solutions

o to rank all solutions in the order from the best to the worst,
i.e. to made their ranking list.

The multi-criterial optimization methods can be divided
into:
» classical ones
» ranking ones.

The classical methods consist in integration of many criteria
into one. Among other, the weighed criteria method belongs to
the classical multi-criterial optimization methods.

The weighed criteria method consists in reducing the
multi-criterial optimization to that one-criterial by introducing
a substitute criterion in the form of the weighed sum of
criteria:

M
Z=Y [w, f,()]>MIN 4)
q=1
where:

0

IA
IA
[—

w
q

(6))

M=

w,=1 (©)

I
—_

q

In the method a problem is to select a priori values of
weighing factors of particular criteria, that may lead to
differring solutions.



DESCRIPTION OF THE ALGORITHM FOR
SEARCHING OUT SIMILAR SHIPS

The problem of searching out similar ships can be reduced
to the task of multi-criterial optimization. Out of the available
methods of solving multi-criterial optimization tasks the
classical method of weighed profits was implemented. In the
method the coordinates of vector of profits (partial similarities)
are aggregated into one function of profits (summary similarity)
by means of the following transformation:

pg(is) =w * pez(is) 7)
where.
pg(is) — summary similarity
pecz(is) — vector of partial similarities

w — normalized row vector of weighing factors:
[w,w,.w_..w, ], w _e<0.I>and Zw, =1

. S P P p ip

is — ship identifier

ip — index of ship parameter

Ip — number of ship parameters

* — scalar product

The process of searching out similar ships begins from the
determination of:
¥¢ parameters (database fields) of designed ship
¥ lower and upper limits and standard parameters:
(P, Py, O, O)).

The searching out is realized on the basis of ship parameters
considered as input data to the algorithm. Number of the
parameters is limited and may be contained in the range from
one to a few dozen.

Fig. 2 presents the example schematic diagram of the
algorithm for searching out similar ships, in which the following
blocks can be distinguished:
= block of similarity functions (rectangular, trapezoidal,

triangular, Gaussian or that with lower limit)
= block of threshold functions which determine minimum

similarity limit for a given phase of searching process.

Threshold value should be greater than zero and smaller

than 1, (8)
= block of products for realization of the weighed sum

pg(is) = w * pez(is)
= block of settings of similarity function parameters: kind

of function, S(x), upper standard deviation (O,) and lower

one (O,), lower limit deviation (PD)), and upper one (P)
= block of settings of the thresholds Pr[ip] and output control.

In the case when any of the ship parameters is of a value

below the assumed threshold then the considered ship is

neglected
= block of determination of vector of parameter weighing
factors.

Between values of partial similarities and the block of
setting threshold values a feedback mechanism is applied to
limit number of found similar events (ships) having too low
similarity.

The elaborated algorithm for searching out similar ships
was based on the application of the following similarity
functions:
= Rectangular function

In the case of finding the ships identical with the designed

ship, design solutions of one of them are used for the design

project under elaboration. The function is presented in

Fig.1a. If in the database is no identical ships then other

functions are applied to calculate similarity in the following

sequence: trapezoidal, triangular, Gaussian, or that with
lower limit — for numerical parameters, as well as the
identity test (zero-one method) — for text parameters (such
as e.g.: (type of main engine, name of its producer or type
of screw propeller).

= Trapezoidal function
For less stringent design requirements the algorithm
can be started by assuming the trapezoidal function as
an initial similarity function, shown in Fig. lc, where:
(P,—0,) > (O, — P)). The similarity in the interval from
O, to O, is assumed equal 1, and linearly changing - below
and over the interval.

= Triangular function
The trapezoidal function can be transformed to the
triangular one, either symmetrical or non-symmetrical
(P, —p) > (p, — P,), by assuming values of standard
. . p 3 . .
deviations equal zero, see Fig.1b. In the diagrams of
trapezoidal and triangular functions different values of upper
and lower deviations are assumed in order to show possible
choice of asymmetry of the functions in question.

= Gaussian function
The Gaussian function, in which asymmetry is also applied,
provides the widest range of searching similar objects. It is
presented in Fig. 1d.

= Threshold function
It determines a minimum limit of similarity for a given
phase of searching out process. Value of the threshold Pr
should be greater than zero and smaller than 1 (Fig. 1f).

H(p,) =p,*H(p,-Pr)

where:
0 <Pr <1, H(p,) - unit jump function (8)
p. Su(p,p) P Su(p,.-p.)
— — — ——
4 P P,
D 4] [x]
Py Py P P, ’
Fig. 1a. Rectangular function Fig. 1b. Triangular function
P. Se(PyP) P So(p,.p.)
— —  — —
Py, PO, Po 0,P:0,
Fig. Ic. Trapezoidal Fig. 1d. Gaussian function
unsymmetrical finction
r .
P. Su(Pysp) P, H(p.)

— — —

P, p,

Pr
Fig. If. Threshold function

Fig. le. Function
with lower limit
Fig. 1. Functions used in the algorithm for calculation of similarity of ships

where:

p, — value of designed ship parameter

p, — current value of existing ship

P, — lower limit of value of the parameter P,
P, — upper limit of value of the parameter P,
O, — lower standard parameter

O, — upper standard parameter
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as well as percentage values of deviations of these
parameters:
= (pp P D, *100% — lower limit deviation,
AP —(p -P )/ P, *100% — upper limit deviation,
AO = (p O 5 P *100% — lower standard deviation,
AO = (p -0 )/ *100% — upper standard deviation.

The searching out of a similar ship is performed in the
following phases:

<+ Ships identical with the designed one are searched out by
using the rectangular similarity function. If the set of similar
ships is empty the phase 2 is realized.

<+ In the case of no identical ships the searching out process
by using the triangular similarity function with decreased
threshold values of threshold functions, is triggered. This
can result in: the empty set of similar ships (then the phase
3 isrealized) or the set containing from one to many similar
ships.

<+ In the case of no similar ships the searching out process
based on the trapezoidal similarity function is realized.
If many similar ships are found then the threshold values
of threshold functions are increased and the searching out
process is repeated so as to reduce number of found ships
down to a few at the most.

+ When no similar ships are found the Gaussian similarity
function is applied for further calculations and if it does not
provide a result the phase 5 is realized.

<+ The similarity function with lower limit is applied. It is
characterized by the feature that in searching out similar
ships it takes into account broader and broader range of
values of ship parameters over design value.

In the successive phases of the algorithm the similarity
functions are called in the same sequence, shown in Fig. 2.

The above specified phases of searching out process are
initiated automatically, however the designer is allowed to
interfere in each of them.

Su(p,-p.)

-

The schematic diagram of the algorithm is presented in
Fig. 3.

/ \
4 \ TP ;
Y, s \?"a'u'a.r'f,qrr.’m' function

~"| Rectanzular fiunction

Similarity
P,

Fig. 2. Ship similarity functions called in successive phases
of the ship searching out algorithm

IMPLEMENTATION OF THE ALGORITHM
FOR SEARCHING OUT SIMILAR SHIPS

The main function of the elaborated algorithm is to search
similar ships out of the database. Number of such ships can
be very different: from one to even a few dozen. The number
results from applied similarity function as well as from size and
content of the database and assumed design parameters such as
ranges and thresholds of similarity function. The parameters
are determined in advance by the designer before initiation
of the process of searching out similar ships. Next, name of
database file and designed ship’s data should be put in. Then
the process of calculation of similarity of particular parameters,
such as main engine’s power and its rotational speed, and of
similarity of threshold function, is started. Final similarity of
a parameter is obtained by calculating the weighed similarity of
the parameter. The calculation process of weighed similarities
of particular parameters is ended when all introduced ship
parameters are taken into account, and their weighed sum
constitutes a partial similarity (of main propulsion system, for
example). Sum of the partial similarities constitutes the total
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Setting the similarity
function parameters

Setting the thresholds
Prlip] W

Setting the vector

e +—
of weighing factors

Block of searching out maximum similarity

Fig. 3. Schematic diagram of the algorithm for searching out similar ships
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weighed similarity of entire ship, on the basis of which similar
ships are searched out.

For practical reasons it has been assumed that in the
algorithm of searching out similar ships percentage values of
deviations of parameters of most similar ships, from their input

Tab. 3. Values of limit and standard deviations of design parameters
of main propulsion system (NG)

Parameter Pp AP, % | AO, % | AP, % | AO, %

values, as well as P, value, are applied, as shown in Tab. 2. Power [kW] | 16500 20 10 20 10
To obtain real values of the parameters the following formulae R )
are used: Ot's/pe.e 110 20 10 20 10
> P, " APD [rpm/min]
=Py~ 7nn 9 T
p=Pp 100 ©) The summary similarities calculated by means of the
% AO database application according to particular functions, for
Op=p _pP—D (10) assumed values of weighing factors, limit and standard
b P 100 deviations, are given in Tab. 4.
P.= pp * APG Tab. 4. Summary similarities of numerical parameters
G— pp + 100 (11) of main propulsion system (NG)
* AQ 5 = =
Og=p, + 10 6 (12) = |2 S | 5| &
¢ 100 = E |8 S| % | B
where = —} g = & 5’ 8
(p -Py) P, *100% — lower limit deviation, o o) = = E £ O 5
P = (p -P )/ p *100% — upper limit deviation, E 2 % % zZ Z.
AO = (p O 5) P *100% — lower standard deviation, A 2 = = = 2
(p OG)/ P *100% — upper standard deviation. 7 £ I~ ~ ~
In Tab. 1 example values of more important parameters of 1241 18 160.00 | 110.00 | 0.47 | 0.50 | 0.31 | 0.35
the main propulsion system of designed ship are given. 41 11816000 11000 | 047 | 050 | 031 | 035
Tab. 1. Values of design parameters
of the ship main propulsion system (NG) 60 | 18160.00 | 110.00 | 0.47 | 0.50 | 0.31 | 0.35
@ = 18 | 17400.00 | 122.00 | 0.46 | 0.48 | 0.28 | 0.31
£ £
o = g E = 109 | 17400.00 | 122.00 | 0.46 | 0.48 | 0.28 | 0.31
@ = = 3 ..g 2,
e =y o~ ° 5= | 2E| & The combined similarities of the NG obtained from
= E = S @ &E 22l 5 summation of similarities of numerical and non-numerical
° ~ = = = E=| = parameters (calculated by using identity test method), are
2 &= £ = £ £ presented in Tab. 5.
£ A = 8 =
2 § z Tab. 5. Combined similarities of main propulsion system (NG)
BXXX | 1 |6RTA76|SULZER| 16500 | 110 1 G -
5 E = = =
The elaborated functions for similarity calculation are E 5 % £ =
presented and tested on the basis of two numerical parameters, = = 2 N Z =
i.e. ME output power and rotational speed. The analysis = = i 5 s -E
was performed for example values of the limit and standard S = £ = s,
deviations of the parameters as well as example values of their 7 _z 3 I~ I~
weighing factors, given in Tab. 2; 2 £ A
Tab. 2. Values of weighing factors of design parameters A
: of main propulsion system (NG) 60 030 | 077 | 080 | 061 | 0.65
(Variant 1)
- 41 0.30 0.77 0.80 0.61 0.65
= )
& E E‘) E . 124 0.30 0.77 0.80 0.61 0.65
é .g E E ag’. E 109 0.30 0.76 0.78 0.58 0.61
53 — -
5 | &E | 8 B = o 18 | 030 | 076 | 078 | 058 | 0.6l
B2 | 2| E5 | S | 5 | B
= S — e =2 =
; -g 5 = _°:’ e Values of limit and standard deviations as well as weighing
= = -E § e factors are of an example character and have been assumed
E = Z. arbitrarily on the basis of the designer’s decision supported
z by his experience and practice. However the elaborated
0.3 0.2 0.2 0.1 0.1 0.1 algorithm for calculation of ship similarity is of a versatile

as well as the limit and standard deviations, given in Tab. 3.

character and can be applied to arbitrary values of design
parameters.
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SUMMARY AND CONCLUSIONS

The functioning of the algorithm was analyzed on the basis
of three example cases:

Case 1. Assumed symmetrical values of limit and standard
deviations of numerical parameters (ME output power and
rotational speed)

Case 2. Assumed greater values of upper limit deviation and
upper standard deviation of both parameters in question

Case 3. Assumed symmetrical values of limit and standard
deviations of one parameter (ME output power), and smaller
values of lower limit and standard deviations, than those of
upper ones, of other parameter (ME rotational speed).

On their basis the following detail conclusions can be
drawn:

O In Case 1 symmetrical values of the limit and standard
deviations of the considered numerical parameters
(ME output power and rotational speed) were assumed.
The applied increase of values of weighing factors of the
selected non-numerical parameters (ME number and type)
and the simultaneous decrease of values of the weighing
factors of the selected numerical parameters, resulted in:
= the increase of values of the summary similarity of the
non-numerical parameters,

= the significant decrease of the summary similarity of
the numerical parameters as well as the decrease of
values of the combined similarity, most in the case of
application of the trapezoidal method, and least — in the
case of Gaussian method. The same similar ships were
searched out.

O In Case 2 the assumption of greater values of the upper
limit and standard deviations and smaller values of the
lower deviations of both selected parameters (ME output
power and rotational speed) resulted in a relatively large
decrease of the similarity values for all analyzed similarity
calculation methods, however it was the greatest in the
case of the triangular method, and the least — in the case of
Gaussian one. This did not result in a change in searching
out similar ships: the same similar ships were found.

O In Case 3 where symmetrical values of the limit and standard
deviations of one parameter (ME output power) and smaller
values of the lower limit and standard deviations, than
upper values of other parameter (ME rotational speed),
were assumed, the following was observed:
= almost the same decrease of similarity value in the
case of application of the trapezoidal and triangular
functions,

= the greatest decrease of similarity value in the case of
application of Gaussian function,

= no change of similarity value in the case of the function
with lower limit. In the Case 1 a greater number of
similar ships was selected than in the Case 1 and 2.

The above presented example cases illustrate that the
algorithm is flexible in searching out similar ships. The
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designer, by choosing values of weighing factors, is capable
of searching out ships having one, strictly defined feature, or
some purposefully emphasized.

Also, by correcting values of the standard and limit
deviations, increasing or decreasing tolerance of calculated
results can be achieved.

It is also possible, by proper choice of similarity function,
to assess similarity within a given range of values, as well as
to obtain distributions of sample size of ships.
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