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SIMULATION MODEL FOR OPTIMIZING THE MATNTENANCE
POLICY OF A PULP AND PAPER MILL '

ILKKA VIRTANEN, FINLAND.

e Maintenance of an industrial enterprise
1.1,  Introduction

Attention has been wvigorously drawn in recent times to the
importance of mailntenance among the branch activitles of a
production plant. This is the result of such matters as growing
autom;tion, increased speed of ouiput and rising quality

- requirements. All these factors impose higher demands than ever
on mainitenance, Fulfilment of these demands means an incréase
of costs., Finding a solutiom to this series of probiems must be
regarded as the prime objective in every study of the mainterance

question.

Thé meintenance of gn.industrial plant fulfilling specifie
purp&ses of production has béen defiﬁed as followa1): "Haintenancﬁ
is organized purpossful activity and preparedness applied to the
machinsry, equipment, buildings and grounds of a production plant
with tﬁe principal aim bf making the planned use of tha.lattar ae

reliable as possible, and with a minimum of outlay."

The task of maintenance, therefore, i1s to arrange the investments
which guarantee production acecording to aims in such a way that
expectations and requirements are fulfiiled to the utnost. It must

be borne in mind, however, that objectives sometimes conflict: on

1) Malaska, p. 87. & similar definition appears in the English
Glossary of General Terms Used in Maintenance Organization:
Maintenance = work undertaken in order to keep or restore every
facility, i.e¢. every part of a site, bullding and contents, to
an acceptable standard, Planned maintenance-work (as above)
organized and carried out with forethought, control and records.’
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the one hand the plant sust @e made to work dependably and a state

of preparedness achieved which redutes the effect of breakdowns
to a minimum; on the other, costs mustrbe kept as low as possible.
In consequence, maintenance is a function of an enterprise which
constantly gives rise to situations where decision-making is
necessary within the framewdrk of the conflicting objectives
mentioned above, The purpose of the present study is to analyze

a situation of this kind and to introduce one preocedure which

provides suitable assistance,

1.2, BStructure of maintenance

The organizaiion responsible for maintenance creates the activity
and preparedness mentioned in the definition by
(a) reserving and making available the necessary resourcesj

{b) organizing the appropriate use of these resources.

Chiefly impértant in thergauging and reservation of resources Bar'e -
the maintenance staff, machines and equipment, working premises
_and spare parts store, also arfangements for the employment of
cutside maintenance serfices if reguired. In.the gaﬁging of
rTesources nofe:mﬁst be téken of reéularly recurring or otherwilse

" predictable maintenance work,iand also of unforeseen breakdowns.

For achievement of results the main factors are the distribution
of sfaff in shifts, the amount of overtime, stock policy azid the
division of maintenance activities into categories of work,

" Noteworthy questions with regard to these categories include the
follewing: should a fault be repaired immediately it appears, or
éhould repair be left till a more suitable time (at the risk of
further damage) ? 3 should equipment under repair merely be
restored to its former state, or improved? j; should a programme

for prevention of faunlts in advance be adopted?

’
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1+3. Maintenance strategy and pelicy

B& using the means which have been referred to above in general

.terms the maintenance organizaticn of a production plant

establishes an operational reliability which grows with the size
of the maintenance contribution. Maintenance strategy can n;w be
defined as a colleciioﬁ of methods and activities by which the
operational reliabhility aimed at by the general maintenance policy
of an enterprise can be achieved, A certain level (Ro) éf
raliabiiity can generﬁlly be achieved by several different
strategiesj thé best of those is.the stracegy which keeps

maintenance costs to a minimum (see Fige 1).

Maintenance costs

o strategy 2 is optimum for

. ! achieving reliability level R,
strategy 3 : . .

s

strategﬁ 2

strategy 1

i

|

! Reliability
¢] Rt ' 100% :

C

i

1. Dependence of maintenance costs on operational reliability
and the maintenance strategy producing it.

Fig.
Satisfaction with a certain operational reliability signifies
acceptance of.a certain degree of deficiency in thét reliability.
This deficiency is revealed in‘such matters as work stoppages anq
failing productivity, and in the losses caﬁsed by them. In the
search for mainteﬁanée optima these deficiency coasts must be taken

fully into account alongside maintenance costs proper. Thus an

optimal maintenance polier is formulated by a combination of

operational reliabildity and optimun maintenance strategy in which
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maintenance costs proper and operational deficicency costs arc part

of ontinal values as determined by the aims of the'enterprise.

T+%. Criteria For optima

Theé eriteria according to which an optimm maintenanee policy may h
be Tixed are largeiy dependenf on the enterpgise connexrned. For
this purpose, lhowever, enterprises can be divided into the
following basic types..

a) Enterprisés in wﬂich ;he efforts of breakdewns can be measured
in rwoney terms, Ilere the criterion is minimization of the total
volume of maintenance costs and prsductiﬁn losses caused by h.
deficient operational reliability. The optimum maintenance -
policy is in this casc compesed of {see Fig; 2} -the operational

reliability R, and the (optimum} strategy §, by which that

operational reliability is brought about with minimum costs in f:

maintenance itself, C

1 represents optimum total costs.

Cost
S

total costs

production losses . maintenance:coéts
3 MC
Ca o~ /)1L3
Lo : 2, —=. MCp

’ by R, =-level optimum
-gf__,_,pf._.——”’ stralegy S]
. 2 Reliability

Fig. 2. Determination of optimum maintenance policy.

b} Enterprises like those in a) except that they demand a certain
lovel of operational reliability (R,) because of production
requirements. This implies minimization under constraints, and
frequently alse a rise in costs compéred'with the unrestricted

optimum (costs Cp in Fig. 2).

maintenance costs MC] caused

= 139 -

q) Enterprises in which deficient operational reliability may have
fatal results, e.g. a human life may be jeopardisad. Max imam
operational reliability within the budget available for this
purpose is the only possib;e eriterion. In the case of Fig. 2,
with maintenance budget M03 it is possible to achieve

operaticnal reliability R3 ; total costs are then CB,

2. Formulation of the problen

In the foregoing a general framework for the study 6f mgintenance
is briefly described. Within this framework the problem arising
in each separate case is specified and formulated in detail. For
the empiricﬁl study with which we are concerned this implies a
detailed descriftion of the enterprise takenrag an e;ampie, and

a clarification of its maintenance objectives.

2.1. Description of the énterprise

1)

A combined pulp and paper mill has been chosen for examination

as a representatlve of industrial processing. In this type of

- factory maintenance problems are particularly acute. There are

several ‘hundred machines and a great variety of equipment whose

,operatlons are so lnterllnked that the breakdown of a single

piece of machlnery may, in the worat cases, bring the whole plant
to a standstill. Also, the level of capacity employed ia so0 high

that it is imposéible to compensate for lost productlon later.

2,1.1. Activity diagrams

The structure of the production plant is illustrated by means of

" diagrams composed on three levels to serve as a model: plant,

‘machineline and department diagrams. The plant diagram illustrates

the structure of the factory with the accuracy of process diagrams

1)} Oy W. Rosenlew Ab, pulp and paper mill in Pori.
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and a macﬁine ca;d index containing plant information, The
components of a plant diagram are machines, machine parts,
equipment,'pipingiand storage containers, i.e. parts of a process
which function independenfiy. COmponents of the plant diagram

number about 200.

The next level 1s the machine~line diagram, This is obtained from
the plant diagram by combining its components on a certaln
principle to forp a machine-line. The latter signifies here the
greatest number of'consecutive apparatuses to be found between

two storage containers without the process diwiding into branches

in this interval. Fig. 3 illustrates the formation of machine

lines.

Fig.'B, Formation principle for machine-lines,

The machine=l1line is therefore the widest group of eguipment in
which damage to 6ne'apparatus can put the whole group out of action.
The production plant to be examined is shown in the form of a

machine-line in Fig. 4,

The third level is the department diagram, formed fxom the machine=
line diagram by combining the machine-lines between two containers.
In many cases the "departments" thus formed corfespond to the true
physical departments of a production plant {(e.g. cocking departiment
between chip silo and blowing container in Fig. 4.}, but sometimes
a department in a diagram consists of one_machine-line only {(e.g.

chip carriers between chip store and silo).
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In the macihine-line and department diagrams the impertance of
intermediate containers in the process is emphasized. Although

the primary signifiéance of containers lies in their improvement
and balancing of raw material quality, they can also be used with
effect for maintenance purposes. A work stoppage caused by planned
repair work or sudden breakdown can be confined to one parf of fhe

process if containers are sppropriately used as buffers,

ﬂith reference to th; coﬁponents of activity diagrams at the
various lovels it sﬁould now be noted that componenté of plant and
machine-line diagrams are assumed to be either in working condition
or out of order, whereas departments are able to function at some
stage between.the two, If, for instance, apparatus E3 is broken
(Figs 3)5 machine-line ML2 is put out of action, whereupon the
department between containers 01 and 02 is reduced to half its

normal functioning rate.

It has proved expedient to incluae ali three activity diagrams in
the model: the planf diagram is an indisﬁensable guaranfee'of
correspondenée betﬁeen'the model and reality, while the machine-
line and department diagrams enable the condition of eaéh par€ of
the process.to he observed, e.g. the nocessity to use buffer .

containers, production losses etc,

2.1.2., Data relatings to the plant

The foregoing picture of a production plant, provided by activity
diagrams, c¢an only be sufficient when the componehts of diagrams

are supplemented by data on their capacity, functioning etc. These

data are gathered mainly from structure specifications and activity

reports, with some recourse to estimates by responsible personnel.

- 199 -

Information has been collected from the following factors

connected with the plant and affecting its activity:

digtribution of failure rate for each apparatus

- = distribution of repair time for each apparatus

» proportion of faults which have caused a étoppaga in the
use of apparatus

* . o dietribution of size of repair teams ussd in maintenance
worlk :

=~ capacity of containers

- performance capacities of individual machine-~lines (as parts
of adjoining lines) compared with normal level of usa, )

2.2. Objectives of maintenance in a pulp and paper mill

Tt is necessary for operational reliability in a production plant

of the type described to be relatively high, because breakdowns

rapidly extend their-effectg to final output, causing expense in

-the form of production losses. Owing to the great aize of *he

units {paper machines) which manufacture the final product,

. stoppages of only a few hours may be equivalent to the maintenance

casts of days and even weeks. Thug, considerable efforts are worth
making for the prevention of heavy machine damage or for its rapid

repair.

.

In view of the complicated interlinking of components, however,
it is not worth while to make the whole system fully reliablse,
nor is this posaible in practice. The optimum policy must cleaxrly

tolerate a modicum of deficiency in operational reliability.

¥hen deciding the degree of deficiency to be permitted in a wood=-
processing plant, the earlier statedraltarnative.a) will serve as

a eriterion: minimization of the combined cost of maintenance
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proper and deficient operational reliability. The character of

the plant ensures that §perational reliability will be high. The
prqblem therefore is to determine, by applfing the above criterion,
-an acceptable degree of deficiency, a corresponding operational
reliability and the optimum strategy by which this policy can be

realized.,

3, Structure and functioning of model

-

3.1, Introduction

In order to examine the problem described in the last section it
was decided to compose a model whiéh should 59 used for experimenté
or simulations. aimed at the discovery of an optimum maintenance

policy.

The essential features of simulation are revealed by the

; 1 . ) '
definition ); "Simulation is a numerdical technique for conducting -

experiments with certain typés of mathematical model which describe

the behaviour of a complex system'oﬁ a -digital computer over

extended pericds of time".

Simulation, therefore, is a method by which the actual course of
events - the real'system - is illustrated by a model which is
usually put inte the form of a computer programme and elucidated
by computer. In connection with analytic mathematical models the
normal techniques {e.z. optimation) are replaced f&r simulation
purposes by experiments to be performed through the model.
_Simﬁlation thus enables questions of the type "What is the result
if we do this?" to be answered instead of "What is the best

procedure in these circumstances?"a) If simulation is performed

1) Naylor, p. 2.
2} Andersin - Sulonen, p. 13.
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a sufficient number of times - by studying all alternatives which

logically arise - the best alternative is discovered,

The following factors have been mainly rosponsible for the clioise
of simulation as a study method (instead of the analytie model}):

= in wiew of the extent of the problem the analytic model
would become unavoidably large, and thus awkward to handle

and elucidatej

= owing to the intricate correlations prevniling in the system
of realities the analytic model would become. either

impossible to elucidate or over-31mp11fied|
- the inelusion of stochastic elements in an extensive analytioc
. model is difficult.

The simulation model, which counterbalances all these factors, is
fairly easy to compose: it can include stochastic elements, it is
graphic and easily understood, and its elucidation by means of
iarge; effiéient computers is econﬁmical. It is.noteworthy of |
malntenance study in general that 1nvestlgat10ns frow the
macrocoamic standpoint - observation of maintenance as one complete
whole, Wlth all production devices and operatiunal alternatives
cons;dered - are based on slmulamlon models as a rule ). Analytic
methods are at their best in microcosmic scrutiny, which aims at
the optimum maintenance of a specific device or'grﬁup of devices.

Replacement problems, for instance, belong to this field.z)

3.2. Assumptions in the model

A basis for composition of the model and planning of its working

principleé was provided by the activity diagrams of a production

plant and the data linked with their components. Within the scope

of these factors illustrating the structure of the plant rules of

1) See e.g. Jeanniot and Bodnarchuk, Burling, Widawsky

2) See @.g. Barlow and Proschan, Jorgenson et al.
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operation have been drawn up which accord as far as possible with
the general principles to be observed in the working and mainten-
ance of the plant. The activity diesgrams with their relevant data

are explained in section 2.1. In the model the following

assumptions are made regarding principles of working and maintenance.

The factory in question is a threewshift process plant where the
ﬁaintenance staff must élways be on hand. On evening and night
shifts and at weekenés only urgent work is pesrformed, however, and
“the staff is considerably smaller at these timer than during the

day shift. The model is so constructed as to allow variaticn in the

siie of staff in accordance with weekdays and shifts,.

Wérk.is carried out.in obedience to the following principles. When
a fault appears 1ts nature is first examlned in order to decide .
whether urgent repair is needed (apparatus has stoppgd working) or
not (apparatus sti111 works despite fault), and how many men are &
needed for tﬁe task, Urgent work is started immediately and
continued without a break till finished. Nénfurgent work is

performed only during day shifts.

It sémetimes occurs that sufficient repairmen are not available
" when a faulf ‘appears. Repair work must then await its turn. Urgent
ana non=urgent hévé separate priorities, the former taking prefer=
ence_.
In cases where insufficient men are available, overtime may be
fesorted to if the overtime guota laid down in maintenance pelicy
has not been exhausted, Overtime costs are.naturally highex than

those of normal work.
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When a fault in any depariment leads te a fall in the activity

rate, recourse is had to the departmeﬁt's buffer container in order
to prevent a decrease in the amount of the end product. If this
buffer reserve does not suffice, use is made of the pulp store
proper, the pulp tent. If the latter is emptied or the production’
line following it broken,.production loss is unavoidable. Containers
&epleted'during breakdowns are refilled when normal conditions
pfevail. Emptying and filling.speeds are calcﬁlated hccording'to
_thg'differences in activity rate between departments limited to the

container in question,

343

Action »nrincinles of the model
3e3s 14 Bvents

The real system to.be examinéd, a pulp and paper factdry_with its

. ‘operations, is'continuous in character with regard to time, The

51mulation model xllustratlng 1t, however, may be built as a
dlscrete system based on events. By an event is meant a phenomenon
whieh chwn”es the conditions prevailing in the system at. that
moment. In the model this takes the form of changes. in the values
of the endosenous yariables, Conditions hetween events remain as
before, and so, therefore, do the values of variables in the model.
Events arise:

1, in accordance with laws deterministically known {e.g. events

such as shift changes which are based on the calendar)

2. stochastically, in accordance with fhe probability distributions:
of the system (e.g. damage to apparatus)

3% from the combined influence of deterministic and stochastic

factors (e.g. emptying container).
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‘The t;ming and interdisposition of events are the concern of the
model's internal "elock", which indicates the time at which each
event occurs and places the event at its correct point in the
caiéndar of events, Steps to be taken in the handling of an event
inqlude the followiﬁg:

- the nature of the event is analyzed

- = mnew events originated by the current event are searched for

and placed at their correct points in the calendar of events

- events are removed from the calendar which are already placed

there but have been made insignificant by the event examined

- - the values of the model variables illustrating the sfate of
the sygtem are changed by amounts corresponding to the effect
of the event :

- statistics on the effect of the event are gathered in
quantities relevant from the reperting standpoint, i.e., the

values of the model's ocutput variables are updated.

The' performance of one simulation run signifies that a certain pré-
selected period is passed through in the model; Forward progress

is pbtained by moving from one event to anothef. Thus the time.
interval to be advanced through on one occasion is of vafying'
length, equal to the interval beitwesen two consecutive evehts. After
eaph time addition éll counters of the model are updated - the
internal, endogenous variables and the output variables coﬁstructed
for reporting. At thé end of the simulation period summaries are
drawn up and the desired quantifies illuatrating-aﬁ operation and

its success are put out.

3.3.2¢ Stochastic elements in the.model

The real system to be examined is subject to many stochastie

factors. This is most clearly apparént in the processes by which
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faults arise and are corrected., Separate §alues for the interval
ﬁetwaen faults, type of fault, duration of repair and resources
demanded by repair cannot be known with certainty in adance;.over
a long peried, however, the values acqﬁired by these quantities .
follow a certain regularity which can be presented in the form of

distributions.,

in the model distributions of random variables are shown as

- empirical cumulative distribution functions. For the generation

of tﬁese events, whbse origin is wholly or partly stochastic, the
model contains.special random number generators which produce
values for the random quantity distributed as desired. Generators
are based on the production of uniform distribution whese values
are converted throﬁgh the cumulative distribution function into

those of the.particular distribution concerned.

343+3% FElow diagrams of the model

The basic logic structu;é of the model is shown in simplified
fofm as a flow diagram in Fig. 5. In the framework of this.simulator
thé main sections are: .

1. Preliminary measures., Values are here glven to.the model
constants and.parameters, output variables are reduced to zero,

.the lenzth of the simulation period is indicated, the values
of exogenous fariables are fixed (the mainteqance policy to be
followed is defined) etc;

2, Generation of the initial situation. Starting valuea-are
assigned to the endogenous variables of the model, i.e. the
state of each unit of the system is generated at the start of
the similation period, the first event for each unit is

generated, repair work in hand or awaiting performance is
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specified together with positioning of the worlk crew, etc,

Search Tor and analysis of the nearest event. Events are

divided into the following types for handling purposest

(a) calendar events arising at regular intervals owing to shift
chanres

(b) railure events caused by faults in equiﬁment

{e) repair events signifying the start or finish of repair werk

(d) contminer events signifying the emptying or filling of a

buffer container,

Hendling of the event, Effects characteristic of the type of

‘event nre taken into account. They inciude changes in the number

. and positioning of repairmen, Iin the composition of work

priorities and in events to come.

 Updatin§ of counters, Here the wvnalues= of the mortdel s endo-
: gonuu§ i output variables are updated in so far as handling

“rules conform to the types of event {states of units, necarest

events, production losses etc),
-5 are repeated until the simulation period ends.

To conclude the simulation the values of ocutput variables are
reported, also the summaries drawn up on their basis to

illustrate the maintenance policy practised.

In the condensed form of this article no detailed presentation of

the simulator's operational sections can be attempted, To show the

content of the sections more precisely, however, simplified flow

diagrams are showﬁ‘of the section for generating the initial

_situation (Fiz. 6) and the calendar section (Fig. 7).
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3.3e4. Programming the model

Available for simulation was a very large and efficient UNIVAC
1108 computer, Of the many programminé languages on offer, which
included the general languages.FORTRAN, ALGOL, PL/I and the
special simulation languages GPSS, SIMSCRIPT and SIMULA, the
programming language chosen was FORTRAN V. Decisive reasons forx
this were the model composer's familiarity with thé language and
its suitabilitf for work of this type. Also, simulation runs with
a model programmed in FORTRAN are shorter than when simulation
languages proper are used. It must be noted on the other hand that

FORTRAN demands a considerable amount of programming work,

Programmes.were composed on a module principle. Under the
supefvision'of one main programme are 20 subroutines which deal
with the model's various subsections. Module formation ensures
adaptability er-the making of later additions and chanées in the
structnre of the model. The basic'logic structure of the main

programme is in accordance with the flow diagram show in Fige. 5.

4, Simalation runs and results

ho,1. Performance of simulatien runs

¥When a simulation model is used, a large number of computér runs
are required., In the presernt work there were sevéral hundréd. In
such a situation it is indispensable for individual runs to be
performed smoothly. 4 data file was opened containing not only thé
values of constants and parameters buf also those of exogenous
poelicy variables. In this way constants and parame£er5 were

preserved in the computer memory, and for each run it was only

necessary to fix the values of policy wvariables, i.e. distingulshing

marks of the maintenance policy to be practised.
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When an experiment is made by a stochastic system or by a stoche

astic model illustrating that system, its resulis always contain

‘a gertain random variation: experiments made in precisely the same

conditions give different results on different occasions. Random
variation was checked by the following procsdure. First a
simulation period of sufficient length was chosen, namely four
years, Second, simulation was repeated with the same policy
variable figures several timeé, so that on different occasions the
randonm processes prodused different figures for the random
variabhles in accordance with distribution. By this means not only
the average results Tor each poliey under study were obtainad, but
also measurements of the degree of random variation cont#ined in
those resulis. The figures given are for a peried of four yearsj

they indicate average values in general.

Computer time needed for one simulation run varied from one to

three minutes.'Lgngth of time depended greatly on the maintenance
poliecy under examination: if a maintenance crew in the model was
.small, for instance, ropair work had often to await its turn and

much exitra time was required for computing.

4,2, HResults

4.2,7. HMaintenance crew size and its division between shifts

In the model.fhe policy.variables connected with the maintenance
crew ¢learly téke the central position. Regarded as the first of
these is the size and structure of the crew {its division betweén
shifts). ¥ith refereﬁce to the components of maintenance pelicy
it should be noted that optimation proper is only performed with
regard to crew size and compositioni for other factors the
cbservations made are to be taken as examples for purpeses of

quidance. This is owing to the resources of the modal building:
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the model had to be constructed on the basis of existing data
. material, and there was no opportunity for the planning and
reorganization of data collection which 18 so impertant in this

connection.

The results of simulations perfoxmed In search of an optimal
solutioen to fhé crew question ave shown in Table 1, Maintenance
costs in the table are represented by wage and social costs. The
aﬁsance of material costs from those of maintenance {and also from
total costs)} is ex;lained by the fact that they may be conﬁidered
.independent of the ecrew question, The inclusion of material costs
would only ralse both maintenance and total costs without
affecting the structure of the optimal erew,., Observations from

the results shown in Table 1 include the Cfollowing:

1, Minimum total costs were achieved by the c¢crew arrangements:
48 men on day shift, 6 men on evening, night and weekend shifts.
Production losses, wagé and total costs amounted to 3.80 mill;
mks.; 6.72 mill, mks. and 10,52 mill., mks. respectively
(éverages for a four-year pefiod). Deficiency costs were caused
by 1520 hours of wofk stoppages {380 hrs/year), which

" corresponds to 95.7 % gerational reliability.

Tﬁe opfimum result is quite insensitive to small changes in
crew structure, especially in the number of men on day shift.
A result differing at most 1 % from the optimum (0.1 milz, mk. )
is obtained by séveral different methods (cf. encloded area’
in Table 1). If the random component in results iz also taken
inté account, it is perhaps more legitimate to speak of an

optimum area than an individual opiimum point,

The power of random factors is illustrated hy the following

figures computed from results. The average production loss,

®

213 -

‘Production’' {rew size for evening and night

‘losses
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7.06
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.33
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1 11,60,

3.65
7.90
11.55
3.50
8.00
11.50
3.45
8,10
11.55
3,38
8.20
11.58
3.25
8.4L0o
11.653
3,10
8.80

11.90

Table 1. The deperidence between structure of the maintenance

crew and costs

standard deviation, largest and smallest value in the optimum

point were respectively 3.80, 0.73, 4.62 and 3,08 mill. mk.,

the corresponding figures in total costs being 10.52, 0.73,

1134 and 9.80 mill, mk.

bo2.2,

In the foregoing examinations there was no pessibility of making

Overtime

use of overtime for fulfilling the c¢rew resource requirements.

.11.30

4,13
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Delilberate use of overtime, however, is an essential part of

efficient maintenance policy: it makes possible the lowering

of production losses (by avoidance of delay) and of wage costs
(by kee?ing total strength of crew smaller), Factors
controlling the growth of overtime are higher umit cests and
restrictions contained in wage and working agreements,
Regarding overtime the folioﬁing obgservations were mada with

the model.

« .

Vith a crew composition of 486 the permitted (not necessarily

practised) degree of overtime affected coats as shown in Table 2,

Deégree of Production Yages Total
overtime ‘ losses {mill, mk.) costs
permitted (mill., mk,) {mill. mk.)
{5

L 3.80 6.72 10.52

1 J 7 6.74 10,21

2. 3. 31 6.75° 10.06

3 . 3.26 6.75 10,01

4 9.24 ’ 6,76 10,00

5 3410 - 6.76 . 9.86

Table 2.7 The dependence betweén the degree of overtime
permitted and costs

An overtime degree of 5 % was sUfficient to remove all delays,

and to reduce total costs to 9,86 mill. mlk,

By means of overtime it is possible to make up most of the crew
requiment of evening and night shifts, and even to lower total
_costs by so doing, This is clear from the results of Table 3.

These results refer to a day shift strength of 438 men.

eld ~

L 1

Number of Optimum Production Vages Total
men on eve- {degree of losses {mill., mk.)]| costs
ning and overtime (mill, mik,) (mill, mk.}
night shifts

6 5 : 3.10 6,76 9.86

4 6 3.10 _6.17 9.27

2 10 3.70 5,854 8,94

1 13 3.10 5.66 8.76

Table 3. Optimum degree of overtime with different structures

of the maintenance crew (48 men in the day shift)

To continue in this way would be possible. It might even be
thoqghf that an Yoptimal overtime policy" could be looked for,
i.e. a crev composition and a Aegree of overtime corfesponding
to‘ié;which_would enabie total costs to be reduced to a minimum.
But £he problem is not so simple, As the figures in Table 3
alreéady indicate, the degree of overtime in that case would be
very high, and operation at such a levei, if continued, protuces

saveral injurious effects which cannot be measured (restricted

~ freedom in planning, susceptibility to risk). The werk of the

model would thus be confined to observétions which are merely

suggestive, like those already described.

4e243, Pre-sezviging

By pre-servicing is here meant not only lubrication, oil-changing
and other indispensable measures of care, but also the prescribed
or regularly repeated inspeciion and repair work by which hidden

faults are found and corrected before they cause breakdowns,
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A pre~servicing programme to put operations on a aeéure basis

- by reducing breakdowns and/or shortening repair times -
involves certain costs when put into effect, It is profitable,
hoyever, if it reduces production losses to an axtgnt at least
equal to those costs. The following typical example will explain

the use of the model in dealing with these questions,

The Jordan miil is an important device in pulp milling. There ﬁre-
several mills in each 'paper machine line, both in pre-milling

and in milling itself (¢f. machine-line diagram, Fig. 4), They are
somewhat liable to damage, and require a good deal of maintenance.
It was now postulated that a pre-servicing programme might be
carried out which would decrease the average bremkdown frequency
of the mills by 10 % and also sherten repair times by 10 %, In
the model such a pfe-servicing programme can be expressed by.
converting failure rate and repair time distributions in- these

respects,

The resulis of the simulations following these conversions weTe
that average production losses fell.from the 3.80 mill, ﬁk.
mentioned in section 4.2.1, to 3,42 ﬁill. mk,, a decrease of
0.38 mill. mk, This sum of 0,38 mill. mk, is a reduction in
deficiency costs achieved by incfeaéed operational reliability.
A pre-~servicing progfamme is profitable if the cost of its
implementation does not exceed this sum. A second important
observation was a decrease in the standard deviation of results
in sirmlation rounds from 0.73 mill. mk, to 0,48 mill., mk., i.e.
a reduction of the random variation,., This means, of course, an

improvement in process control from the maintenance standpoint,

4,2,4, Preventive maintenance

By preventive maintenance is here meant action which prodﬁces in
the object of maintenance such functional or other changes as

vitally imﬁrove its operational reliability. To the question of
whether such action is profitable, whether the saving it effects

is greater than the cost of performing it, an answver may be sought

by means of the model, First to be ascertained are the effects of

the action on the funceisning and repairability of the equipment
concerned. Thenceforward the model is used in exactly the same

manner as I'or pre-~servicing.

4.3, Iurther uses of the model

Maintenance effectiveness is often limited by factors deriving
from the structure of the production plant. Previous dispositions

may have piven rise to bottlenecks or areas sensitive to breakdown.

In the_last'resoft it is = mattef of organization whether the

responsibility for removal of such production bugbears lies with
the general management or with those ip charge of maintenance.
In the enterprise under study these matters are considered part
of investment planning, and the general management is therefore
responsible, For this reason the action tec improve coperational
reliability which is now to be described is not regarded as part
of maintenance policy, and is therefore examined separately. It
should be noted, however, that practical performance is generally
a matt;r for the maintenance organization, But the foregoing
remarks have no influence on the use of the model: examinations
are performed on the same érinciple as for the components of

maintenance policy.
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4,3.1. Reserve eguipment

The safeguarding of a process unit by means of functionally:
simiiar reserve eguipment which can be incorporated in the
process if the regular unit is damaged is a freguently used
method of improving operational reliability. How far it is
economic to cafry the use of this method depends naturally

ont the relation between cost of reserve equipment and decrease

of production l&ss.

.

The fellowing example will explain the possibilities of the
maintenance model as an aid in deciding the profitability of
reserve equipment, The model structure was changed by providing

a reserve line for the-ﬁilling machine-line in each paper machine
branch, The original results of section 4.2.7. now changed as
follows, Operational reliability increased from 95.7 % to 96.3 %y
and average production loésés fell in consequence from 3.80 mill,mk.
to 3.35 mill. ﬁk. The power ﬁf tﬁe random cémponent in results

was se reduced that the sténdard deviation of production losses

in simulation runs shrank from 0,73 mill, mk. to 0.43 mill, mk,

For decision-making purposes the model therefofe-direcfs as

follows: if the improvemenﬁ in operational reliability indicated

by the model, the resultant saving in costs and better process
control are considered of greater value than the cost and upkeep

of reserve aquipment, then these measures cén be regarded as .

profitable.

4.3.2. Comparison of equipment

When new equipment is chosen, the primary question naturally is
whether it will meet the technical and productive demands made

on 1ite. If several sets of equipment meet these demands,

comparisons of economy must be made. It may already be obvious
that the model can be of assistance here: data on each set to be
considered are fed into the model in turn, and simulations are
then made, keeping the model values uniform in other respects.
The conclusions reached by the model on the effect of the
equipnent on operational success will provide an important

share of the information needed for a sound purchasing decision,

4:3.3.

Dimensioning of intermediate containers

The primory function of containers placed in ihe centre of the
process is production-technical: they act as quality homogenizers

of raw material, mixing tanks for chemicals etc. Thus the main

‘griteria in their dimensioning have naturally been the demands

made on these activities, Beside their original fﬁnction, however,
their employment as buffer storage has become highly important

in casces of breakdown.

Clogely linked with this bgffer aspept is the questiou of optimal
dimensioning from the standpoint of maintenance. Too small a
container is not fully capable of counteracting a breakdown,
while large containers are expensive from the construction and

other points of view.

Numerous examinatiﬁns were made with the simulation modeljto
determine the effect of container size. The pulp tent between
thé.pulp and paper factories (see Fig. 4) is purely in the nature
of a buffer storage peint. In earllexr examinptions its capacity
has been for 48 hours. In the simulations carried out its capacity
was varied within the limits 0~120 h, with resﬁlta as shown in

Fig. 8.
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Production losses
{mill. mk.)

2T s . Capacity of
b the pul
T , tent (h
+ 1 i b
o 24 L 2 a6 120 4

Figure 8. Dependence of production losses on capacity of the
pulp tent,

The fall in production loss achileved by the container (depending
on container size) may be regarded as the gain gfecured. The
optimal container size can now be determined if the cost function

of the container (also depending on size) is known.

Other examinations concentrated mainly on pulp containers in the
final stage of the process. A special case toc be mentioned here
is the following hypotheticél example. A change was made in the
model to place in advance of the paper machines containers which
were not present in the actual process. Their importance from
the production loss standpoint was negligible. The model thus
confirmed what was already known in pfactice, that the placiﬁg

of containers at this stage of the process is pointless.

5. Conclusions

As work proceeded, the suitability and usefulness of simulation

for the plamning and development of maintenance in a processing

production plant were very clearly seen, Examination by means

" of a model links maintenance much more c¢losely than before with

production activity proper. Maintenancg cannot be developed in
isolation from production. On the contrary, wise production
planning and contrel must take mainteﬂance aspects into éccount.
Thus the achievement of optimum maintenance muzt be considered
part of the rational development of tha enterprise as a whole,

a creator of the conditions necessary for continued successful -

activity.
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