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ABSTRACT

The maintenance function accounts for a substantial
part of the total rumning cost of any large production
unit. Increased complexity of equipment, higher production
rates, tighter delivery schedules and rising inventory costs
have forced industrial management during last thirty years
to have a more objective view of the role of maintenance
in reducing production costs. Maintenance, however, is
still an area of industrial activity in which the gap
between theory and practice is extremely wide. The application

of operations research and mathematical techniques to opti-

mization of maintenance policies in actual situations is

lagging far behind their development. The need for optimal

maintenance management is all the more imperative in developing

countries.

In the present investigation, first an exhaustive
literature survey has been carried out to bring into focus
the essential nature of the maintenance models proposed to-
date and their relevance to industry. The survey brings
together at one place the total state-of-the-art, its thrusts,
limitations and future directions. It also brings out the
reasons for the poor application of the results of theoretical
research in industry. It is shown that the reasons for this
are both theoretical and psychological. Most theorastical

models make over-simplifying assumptions regarding the nature



of the maintenance work or are too complex. The data
required for the purpose is not available in many cases,

There is also an inherent hesitancy on the part of the

maintenance decision makers to venture into newer areas.

Three subsystems of an alumina plant are then studied
for maintenance optimization, The subsystems include
evaporators, slurry injection pumps and spent liguor
heaters. Prescriptive models have been developed for the
evaporators and spent liquor heaters while a descriptive

model is used for the slurry injection pumps.

The evaporation Subsystem igs used to increase the
concentration of spent liguor recovered in the precipitation
area. This is done by heating and flashing the liquor in
multi-effect evaporator units. As the liquor passes through
the tubes of the heat exchangers scale formation occurs
inside the tubes due to deposition of salts. This increases
the amount of steam required in the live-steam heaters and
hence the annuzl operating cost for the subsystem. The

scales are removed by periodically cleaning the subsystem
by circulating concentrated caustie solution through the
tubes, A mathematical model has been proposed to find the

optimal frequency of caustic cleaning for the subsystem so

that the tota] annual steam cost plus caustic cleaning cost

is minimized. It has been shown that a saving of Rs.2.64 lakhs



per year can be obtained by changing the cleaning cycle
time from the present 90 days to optimal 47 days., A
gsensitivity analysis has been carried out to find the

effect of model parameters on optimal maintenance policy.

The slurry injection subsystem uses three pumps in
the old unit and two in the new unit. The performance of
the pumps has been studied over a period of & monthe to
establish the failure characteristics of the pumps and
the causes for charging loss in the subsystem. The possi-
bility of preventively scheduling pump changeover so that
switching losses due to standby unit not being ready, are
minimized is also investigated. It has been found that
the optimal maintenance policy for the pumps is to run
them upto failure. Scheduling pump changeover preventively
is not expected to yield any increase in plent availability.
Increasing steam availability and checking erosion lezkage
in the o0ld unit appear to be the most promising avenues

for increasing plant uptime,

The third subsystem is used to preheat the spent
liquor in stages before feeding it to the disgesters. As
in the case of evaporators, continuousoperation of the spent

liquor heaters causes scale build-up in the heater tubes

with a consequent increase in steam required in the digesters,
It aleo results in a reduction of flow due to plugging of the
tubes. A mathematical model is proposed for finding the
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optimal cleaning frequency for the heaters to give minimum

total increase in steam cost plus cleaning cost per year,

A brief discusgion of the basic considerations in

effective maintenance management and the practices usually

followed in the industry is also included., The activities
of the alumina plant mechanical maintenance (digestion)

group are then reviewed in the light of these observations,

Maintenance investigations of the type carried out here
evaluate the effect of operating parameters on plant availa~
bility and production cost, give theoretical support to
existing policies based on trial and error, suggest desirable
policy changes when necessary and effect considerable savings
by optimizatian, It is for the first time that a systematic

effort of this kind is being made in Indian situation,

69 369 3% 6% K
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1 INTRODUCCION AND PROBLENM ST AT EMENT

1.1 INTRODUCT ION

The importance of the maintenance function in
industry can hardly be over emphasized. According to
one estimate (14) about 40 percent of the unutilized
industrial capacity in India is due to the absence of
prover maintenance of plant and machinery. An invest-

ment in production effort presupposes the existence of

necessary maintenance to keep the assets in working
order. Neglected maintenance results in a reduction
of mroductive capacity and hence amounts to canital
erosion and that too at a fast rate as deterioration
in the productive capacity increases with each year of

neglected maintenance.

This neglect of maintenance duties is not peculiar
to India alone. Maintenance was given a low priority
all over the world till very recently, The reasons for
this neglect of maintenance are not difficult to pinpoint.
The maintenance function has neither the glamour of
marketing or research function nor the visible importance
of the production function so long as the equipment is
working properly. Maintenance was, therefore, considered

a necessary evil that must be tolerated - like taxes and

fringe benefits. ZExpenditure on maintenance was kept at

a minimum rather than an optimum level,



Increased complexity of equipment, higher production
rates, tishter delivery schedules and rising inventory
cofits have forced the industrial management to take a
more objective view of the role of maintenance. in the
1ast thirty years. These factors have tended to sharply
increase the down-time penalties thereby emphasizing
the importance of the maintenance activity. Enlightened
top management has discovered that the maintenance
function is an integral part of the total operation of
a facility and there are substantial cost-reduction
possibilities which have been over looked (71). The
emphasis has, thus shifted towards optimizing maintenance

costs rather than holding them to a minimum. The mainte-
nance engineer is no longer expected to somehow cope

with the break down problem, he is required to continuously
operate in an optimal way., The decisions regarding ins-

pection, overhauling or replacement of equipment are
expected to be taken in quantitative terms based on
mathematical models rather than by trial and error or
individual preference.

This awareness of the importance of the maintenance

function and the potential for extensive industrial

application has stimulated active theoretical interegy

in maintenance research., A number of maintenance models



have been proposed some of which are theoretically
very challenging and innovative. A wide range of
mathematical and operational research techniques have

been used in developing these models.

surveys of maintenance literature (15, 59, 90),
however, reveal that maintenance is one area of industrial
activity in which the gav between theory and practice
is extremely wide. The increase in use of operation
research techniques in maintenance activity is much
slower than in other areas of manufacture. The theoreticians
and the practitioners continue to talk in different
languages even in the industrially advanced countries.

This gap between the theoretical research worker and
the practical decision maker must be nsrrowed if mainte-

nance research has to significantly contribute to

reducing production costs. Two things need to be done

in this respect. Firstly, it is necessary that the
present state-of-the—~art in maintenance research be
1ooked into critically to pin-point the differences in
the theoretical and practical approacn to the problem,
Secondly, efforts should be made to apply more and more
maintenance models in real life industrial situations t$o

demon strate their effectiveness and make them acceptable

to the practical decision maker. The present investigation

is an attempt in both these directions in Indian context



1.2 THE NEED FOR MAINTENANCE

in equipment is said to need maintenance when it
fails to perform its intended function effectively.
For the equipment that deteriorates with use, the
capability of the equipment +to perform its function is
nrogressively reduced resulting in increased maintenance
costs and lower production. The equipment thus becomes
progressively less profitable as its age advances. It
may also have several stages of service, being relegated
from more important to secondary type of service after
some years. Finally when the equipment fails, it may
be brought back to 'as new' condition by a major overhaul

or replacement,

In the case of items that fall in service the
units have a 'terminal life' after which they are
subject to sudden failure. They can render no further
service and must be replaced. They also generally have

no salvage value,

Repair of equipment may be carried out at the time
of failure called 'failure maintenance' or preventively
before failure occurs, called 'preventive maintenancet,
Preventive mainbtenance is preferable to failure maintenance
because failure maintenance being unscheduled usually
takes longer time and causes higher production loss

compared to preventive maintenance. Failure of one



component may result in failure of a related component
due to increased stresses or cause substantial loss to
in-process material. Fallure maintenance costs may
also increase due to non-availability of the requisite
materials, spvare parts or man-power for carrying out
unscheduled repairs. Preventive maintenance, however,
is economical only when the eaquipment failure rate is
increasing and the cost of a failure maintenance action

is more than that of preventive maintenance action(44).

Equipment revnlacement may also be similarly done
at the time of failure or preventively before failure
occurs. Preventive replacement may be individual or
group replacement and may be done after fixed time or
fixed age of the equipment with or without replacement
of items that fail in between scheduled preventive

replacenents.

1,3 MAINCENANCE OF LARGE PRODUCTION UNITS

The optimal maintenance policy for any large
production unit is a function of a number of parameters.,
These include the age and condition of the equipment,
the cost and penalties of failure, availability of
labour and materials for maintenance, cost structure

of the plant, management policies and contingencies

of production., The optimal policy for a large plant

can be worked out by first optimizing the maintenance



of its subsystems individually and then synthesizing

these subsystem optimal policies into total nlant

policies.

The techniques used to analyze maintenance problems
belong to the methodolegy assoclated with decision
making under uncertainity. The development of optimal
policy models has relied heavily on orinciples of
renewal theory, reliability engineering, net-work
analysis, Monte Carlo simuletion and linear and dynamic
prograrming, Bodel solutions can generally be obtained
analytically but it is not uncommon to use graphical
solutions., The latter have an advantage in that, in
addition to giving the optimal value desired, they
provide the decision maker with a visual picture of the
effect of deviating from the optimal solution: 1if necessary.
This may quite often be useful in making important mana-
gement decisions. TFor example, if the total cost-mainte-
nance-age plot for an eguipment is fairly flat around
the optimal, it is not really crucial for the management
t0 schedule the maintenance action exactly at the optimal
point. If the exigencies of production so dictate or a
lean demand period is expected in near fubure the
maintenance action might as well be delsyed for some

time without unduly increasing the over all cost,

1.4 MAINTENANCE MAWAGEMENT TH DEVELOPING COUNLRIES

The situation regarding malntenance management ig



much worse in developing countries lilke India. Inadequate
revair facilities, poor technoicgical base, less than
up-to-date repair methods, low level of svecialization,
absence of mechanization of time consuming maintenance
operations and non-availability of spare parts and
replecements are some of the common deficiencies of
maintenance systems in these countries. Very often

new industrial plants and facilities are built and
utilized without an adequate maintenance infrastructure.
The maintenance function is given a very low vriority
and status by the management and hence receives very

1little attention.

There are also certain fundamental differences
in the maintenance situations in the developed and the
developing countries, In developed countries, equipment
is replaced much faster because of fierce competition
and rapid technological obsolescence. Funds for replace-
ment are more easily available and equipment procurement
is much easier and cheaper. Iabour being costlier,
any technological development resulting in lsbour saving
or increased productivity has to be immediately taken
advantage of. On the other hand, in developing countries
replacements may not be easily available because of
insufficient funds, long lead periods or import restri_
ctions, Cost-benefit ratios are not the same in -

the two situations. Much higher spare parts andg raw materials



inventories are also to be mainteined in developing

countries because of uncertain suvply positions.

1.5 SCOPE OF THE PRESENT INVESTIGATION

In the present investigation, first an exhanstive
literature survey has been carried out to bring in-to
focus the essential nature of the maintenance optimization
models proposed to-date and their relevance to industry,
The survey brings together at one vnlace the total state-
of-the-art, its thrusts, limitations, and future
directions. It alsc brings out the reasons for the poor
application of the results of theoretical research in

industrial maintenance.

Three subsystems of a large production unit are
then studied for maintenance optimization. The sub-
systems are a major part of a continuous production line
and comprise of a number of reaction vessels, evaporators,
heat exchangers, flash tanks and slurry injection punps,
The operating and breakdown characteristics of these
subsystems have been studied in detail to establish
their maintenance requirements and costs. Prescriptive

optimal maintenance policy models have been developed

for two of the subsystems,

The units included in the investigation being
typical of most chemical plants, the results of this

investigation are expected to be both of specifie and



general interest.

1.6 AIUMINA EXTRACYION PROCESS AnD THE SUBSYSTENS

The subsystems included in this investigation are
parts of the Alumina plant of a large Aluminum Corporation,
The plant uses Bayer process for extraction of alumina
from bauxite. Almost 95 nercent of the alumina produced
in the world today is extracted by this process (51).

The process is carried out entirely in the aqueous
phase taking advantage of the solubility ecuilibria

of the hydrates of alumina in caustic soda solution. A
flow diagram for the nrocess is given in Fig.l.1l. The

essential stevs in the process are as follows:

1.6,1 Dissolution of Alumina by Digestion with Caustic Soda

Bauxite as received from the mines is first crushed
in cone crushers and hammer mills to about 12 mm size. I%
i.s then wet ground in ball mills till about 80 percent
passges through 200 mesh screen. Wet grinding is
preferred to dry grinding because it requires lesser
power, reduces abrasive action of bauxite and causes
lesser dusting oroblems. The slurry coming from ball
mills contains 50 - 6C percent solids., It is stored in

slurry holding tanks for homogenigzing its composition,

From the slurry holding tank%s the slurry is charged

to large cylinderical vessels called digesters. The pressure
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and temperature in the digesters are maintained at

35 kgf/cm2 and 243°% resvectively by injecting steam.
Caustic soda solution with a concentration of 195 gpl

is supplied to the digesters after being preheated to

210 -~ 212 °¢  in the svent liquor heaters. Preheating

ig done with the help of steam flashed in the expansion
units. During the digestion process the alumina in the
bauxite is extracted as soluble sodium aluminate while

+he impurities form an insoluble residue called red nud.
"he tempwerature, pressure, and the concentration of caustic
used in the digesters.depend unon the commnosition of bauxite.
As seen from Table 1.1 bauxite may contain both trihydrade
alumina and monchydrate alumina along with silica and

other impurities.

Table 1,1 Typical composition of bauxite used in the Alumina

Plant
Constituent Percent
Total Aluming 49,50
Silica (3102) 3.+00
Iron Oxide (F9203) 11.60
Titenia (Tio2) 9.80
Calcium Oxide (Ca0) 0.61
Vanadium Pentoxide (VZOS) 0.25
Combined water 25 .94
Phosphorus Pentoxide (P505) Traces
100,00
Total Available Alumina (TAA) 46,00

Trihydrate Alumina (A1203. 3H,0)  37.00

(A12°3° Hy0) 9,00

Monohydrate Alumina

i e e L ey i D . U 1D i S

- e e
T —
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Trihydrate alumina is digested commlately in a dilhte
caustic solution of 150 gpl at a temverature of 150°¢
in about 3C minutes. lionohydrate alumina, on the other
hand, can be extracted only above 220°C with higher
caustic concentration of above 200 gpl and loager digestion
periods of upto & hours. Silica combined as clay and
other gilicates dissolves easily in the extraction
nrocess while silica present as quartz is generally not
attacked during extraction at lower temperatures and
caustic concentrations. The attack on quartz increases
as temperature and caustic concentration is increased,

gince the amount of desilication nroducts and the loss of

alunina and caustic used in forming the desilication

products increase with the increase of tenperature, the
choice of extraction conditions is made by balancing the
extraction efficiency with the loss due to desilication

products.,

The high pressure pregnant ligquorstream comiag from

the digestion units is brought to atmospheric pressure by
passing it through a series of flash tanks and the blow

off tanlk., As mentioned earlier, the steam generated in

the flash tanks is ubtillized in the spent liquor heaters,

le6.2 Separation and Washing of the Red Mud

The undigested residue from the digesters generally

appears as very fine particles, reddish browm in colour,
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sometimes less than a micron in size, They include iron
oxide, alumina, sodium aluminium silicate, titanium

ovide and various other metal oxide impurities. Because
of their size they are difficult to separate and wash.
These ovperations are nerformed by first settling the
particles in settlers and then washing them by continuous
counter—current decantion. Starch is added in the settlers
to aid the settling nrocess. It acts like a flocculent
1unping the sand particles and causing them to settle

due to pravitly. The underflow of the last washing stage
is sent for dismnosal to the red mud lake while the wash

water is used for diluting the flash effluent stream.

1.6.3 Precipitation of Hydrated Alumina

After a final filtration to remove the last traces
of inscluble mud, the pregnant liquor is sent to the
precipitators where seeds of aluminium trihydrate are

added from previously vprecipitated crystals and the

mixture is agitated. The sodium aluminate solution
hydrolyses in the presence of these crystaline seeds. As
this reaction is carried out at around 50°C, it yields
only alumina trihydrate which is the stable so0lid phase

at this temperatute. The seeding is done for two reasons-
Firstly, the aluminste liquors are metastable at the
temperatures used in precipitation so that the reaction

is slow and has to be primed. Secondly, 1f due caution
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is not exercised ythe nrecinitation yields very fine
alunina particles which can neither be filtered nor
washed. The seeding serves to sunport the nrecipitating
hydrate and ma'es it settle in the form of small agglome-
rates of well crystallized alumina trihydrate. The

precinitation reaction 1s slow and it takes 50 to 80 hours

to obtain the desired amount of precipitation.

1.6.4 Calcination

The precipitated alumina trihydrate is separated
and washed in rotary filters., These filters feed large
rotary kilns where the alumina is calcined at above
110000. This operation is done for the purpose of elimina-
ting the 45 percent of water (which includes about 30 percent
combined water) present in the hydrated material. TI%
converts the trihydrate alumina into nohhygroscopic &« -~ alumina

which is the most suitable form for electrolysis,

1.6.5 Regeneration of the spent liguor

The circulating aluminate solution, diluted by the
water used to wash the red mud prior to precipitation,

is reconcentrated in multi-stage evaporation units.

1l,6.6 Chemical Representation of the Bayer Process

Chemically, the Bayer process may be represented by

the following equations:

Bxtraction in digesters:

Al505 o« 3H,0 + 2NaOH = 2Na AlQ, + 4H20 0 I 1y
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A1203 i 320 + 2NaOH = 2NaA102 + 2H20
(12)
Desilication

i

3A1203 N 3H20 + BNaOH+5S5i0 3Na20.3A1203.58102.5H20

+ H20 (1 93 )

2

BAIQO%. H20+6NaOH+SSiO +H,0 = 3N320.3A1203o58102.5H20

2FE9
(1.4)
Precipitation
2 HaA120 + 4 Hy0 = A1203°3H20 + 2NaOH (1.5)
Calcination
A1203.3H20 - A1203 + 3H,0 (1.6)

Fig 1,2 gives a schematic arrangement of the plant

The plant has a total capacity of 535 tonnes of
alumina dissgolved per day in two units namely the old
unit and the new unit. The old unit has a capacity of
160 tonnes per day while the new unit can dissolve: 375
tonnes of alumina per day.

The three subsystems of the plant selected for
study are:

l. Evaporators

2, Slurry injection pumps

3, Spent liquor heaters

The two units of the plant have only these three Subsygt
STens
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separate for each unit. The rest of the subsystems are

comnon to both the units.

1,7 MAINTZNANCE REQUIRELENTS FOR THE SUBSYSTEMS

The maintenance requirements and the conflicts
involved in selecting ovntimal maintenance policies for

the subsystemns are discussed below:

1.7.1 Evenorators

The snent liquor recovered in the precipitation
area has a caustic concentration of 160 gnl. Before this
linuor can be reused in the digesters, it is necessary
to concentrate it to 195 gpl. This concentration is done
by heating and flashing the liquor in multi-effect
evaporator units, EBach effect in these units consists of
4 vertical shell and tube type heat exchanger with a flash

chamber at the top. The liquor is first heated in the

heat exchangers, then in a live steam heater and then

flashed in the flash chambers of the successive effects,

Since each effect is maintained at a pressure lower than

the preceding one, the excess water in spent liquor gets

evaoorated as the liguor is flashed through these effects,

The recovered svent liquor contains certain amount of
hydrates of alumina and traces of vanadium and dialuminium
sodium silicate. As the liguor passes through the tubes

of the heaters of the various effects, scale formation
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takes nlace inside the tubes due to deposition of the

above compounds. This scale formation results in a
decrease of the overall heat transfer cdoefficient of the
heat-exchangers and a reduction in temperature pick up

by the spent liguor in each effect. Consequently,

liquor enters the live steam heater at a lower temperature.
Since the outlet temperature of the liquor from the live
steam heater must be kent constant to maintein the desired

rate of evaporation, the quantity of steam supplied to
the hegter increases with increase in scale formation,

This increases the operating cost of the evaporation system

with ¢ ime %

In order to keep the operating cost within reasonable
1imits, scales are removed from the heating surfaces perio-
dically by chemical and mechanical methods. Chemical
cleaning is done by circulating concentrated caustic
solution through the tubes while mechanical cleaning
involves phys;cal scraping of the tube walls with suitable

t001s .

The present interval between chemical and mechanieg]

cleaning cycles has been fixed by trial and error. As
can easily be visualized an increase in the interval
between cleanings will result in less number of cleanings

per year and hence a reduction in annual cleaning cost,
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(n the other hand the cost of steam consumed by the
neaters in each cycle will increase thereby increasing
the running cost. A mathematical model 1is sought to

he developed for determining the optimal frequency of

cleaning which yields the minimum overall total cost

per yeaxr,

1.7.2 SLURRY INJRCTION PUNPS

This subsystem; has five pumps in total, three
in the o0ld unit and two in the new unit. At any time
only one pump is sufficient to meet the requirement

of slurry in either unit. The other pumps are provided

as cold standby.

Slurry being a chemically active abrasive substance
pump failures occur frequently. When a pump fails it is

immediately replaced by a standby unit but if the failures

occur very frequently or the maintenance is not properly
scheduled, the standby unit may not be ready when the
operating pump fails. This resudts in a delay in

change over with a consequent loss in the amount of slurry
charged to the digesters and a reduetion in alumina

produced,

From an analysis of the alumina plant records

over many months it 1s found that the number of changeevers
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and the charging loss per month is considerably higher
for the old uanit pumps compared to the new unit pumps.
It is desired to study the operation of all the pumps
in detail to establish their failure characteristics
and identify the units causing maximum charging loss,
The possibility of preventively scheduling pump change
over so that switching losses due to standby units not

being ready are reduced, is also to be investigated.

1.7.3 Spent Liquor Heaters

The spent liquor heaters are used to raise the
temperature of the svent liquor in stages from 8500 to

212°C with the help of flash steam. The old unit uses

Six heaters arranged in series for this purpose while

the new unit has seven heaters.

Just as in the case of evaporator heat-exchangers
continuous operation of the snent liguor heaters causes
scale build-up on the tubes. This reduces transfer of
heat from the tube walls to the liquor flowing through
the tubes. It also frequently results in reduction in
flow due to blocking of tube passages. For efficient
operation, the heaters are periodically isolated and
their tubes cleaned by circulating a weak solution of
sulphuriec acid through the tubes. As the rate of scale

build-up is a function of temperature, the frequency of

cleaning reguired for each heater will be different, The
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variation in performance of the heaters is to be studied
and a mathematical model developed for finding the
optimal cleaning frequency. The cost conflicts are

similar to those for the evaporators.

It may be mentioned here, that the heater mainte-
nance crew is required to look after a total of 42 heat
exchanger bodies as given in Table 1.2 Maintenance of
auxiliary units like condensate receivers, pumns, tanks,

piping ete. 1is also the responsibility of the same crew.

Table 1,2 Heat exchanger bodies in Evaporation

and [Heater areas

0ld unit New unit
Bvaporators 10 10
Tive steam heaters 1 2
Spent liquor heaters 9 10
Total 20 22

1.8 SCHEME OF ANALYSIS AND PRESENTATION

The following scueme of analysis and presentation

is followed in the thesis:

A review of the maintenance optimization models

proposed in the last three decades is presented in
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chanter 2. After giving a broad classification of the
models, major contributions in each area are reviewed
with particular reference to the typre of model nroposed,
methodology used in developing the model, shortcomings

of the model and its relevance to industry.

Chanters 3, 4 and 5 deal respectively with the
maintenance optimization studies of the three subsystems
namely the evanorators, slurry injection pumns and the
spent liguor heaters. In each case the details of the
subgystem are first nresented along with a discussion
of the nature of maintenance reauired, maintenance costs,
dovn-time penalties and the existing maintenance policy.

A mathematical model is then formulated for finding optimal
maintenance policy for the subsystem. Pefformance data
taken from alumina plant logbooks and maintenance department
records is then presented for many months and analyzed
statistically to establish behavioural patterns and find
model parameters. This dats is substituted in the model

+o0 obtain numerical results, wherever possible., Sensitivity

analysis has also been carried out for the models.

Chapter 6 gives details of the maintenance work

carried out by the alumina plant mechanical maintenance (Digestion)
group and the existing organizational set-up. Some
observations regarding effectiveness of the present

maintenance work based on analysis of plant records are
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also nresented in this chanter.

Conclugions of the study and recommendations for

the three subsystems are given in chapter 7. This chapter

also inc udes surcestions for further work in the area.

Contents of various chapters and their linkages

are indicated in a summarized form in Fig.l.3.



aNITLNO S1S3aHL ¢ by

SNOILVON3IWWOD3Y 104 LNOD GNY
GNV SNOISNIONOD |e NOILVZINVOYO

JONVN3LNIVIN
L 831dVHI 9 H31dVHD
T300W 3AILdIHIOS3Nd 1300KW 3A11dIHOS30 T300W 3AILdIBOS 3¥d
SE3IV3IH HONDIT LN3dS SdWNd NOILI3r NI AHHNTIS SHOLVHOdVAS
IJ3YHL W3 LSASBNS OM1l W3LSASENS 3NO W31SASEBNS
S H3ILdVHO vt H3LldVHO € ¥31ldVHO
’ ST1300W NOILVZIW AN3W3ILVLIS W3804d
_ =1Ld0 IONVNILNIVH |a- OGNV NOILONAOHLNI

__ 2 H31dVHD | YW31ldVHO




-+ 25 :=~

2 JAINTENANCE OPPINTZATION NMODEIS

2.1 INTRCDUCTION

is mentioned in chapter 1, there has been a
considerable influx of technical literature related
+o maintenance activity in the last three decades or so.
A review of major maintenance optimization models pronosed
during this period is presented below. The models have
first been divided into two categories namely those
related to maintenance of equipment for which the time-
to-failure distribution is known and those for which this
information is not available. These main categories have

then been further subdivided as follows:

1. Models for equinment with xnown distribution of time-

to-failure

(a) Periodic maintenance policy models

(b) Opportunistic maintenance policy models

(¢) Models for equipment with several states of operation
(d) Multi-stsge maintenance policy models

(e) Repair-limit replacement policy models

(f) Optimal maintenance man-power requirement models

2. Models for egquipment with uncertain distribution of

time~to-failure

(a) Minimax policy models

(b) Models using bounding techniques
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(c) Adeptive policy models

(d) Co-efficient of variation models

#ithin esch subcategory the models are presented in the
following order:

(2) Insnection volicy models

(b) Renair and overhaul policy models

(¢) Renlacement nolicy models

(d) Other models

It may be nointed out, however, that this last classifi-
cation is not very ripid. In many cases, where single
comnrehensive models have been nrovosed for taking
inspection, repair or replacement decisions, the models
could have been classified under more than one category.
In this review, such models have been listed under repailr

and overhaul category

2.2 MODELS TFOR BEQUIPHENT WITH KNOWN DISTRIBUT iON OF

QI}E-T0-FATLURE

2.2.1 Periodic lMaintenance Policy Models

The simplest and best known maintenance policies

are periodic policles. These policles agre characteriged
by a simple decision parameter in that the equipment is
inspected, remaired or replaced as the case may be at

the time of failure or at a specified age whichever occurs

earlier. The equipment is assumed to be in one of the two
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states - good or bad and the overhauls or renlacements

bring the equioment bacl to 'as new' condition.

Periodic nolicies may be further subdivided into
simple periodic nolicies and senuential nolicies. Silmple
periodic policies have a constant maintenance interval
which is calculated only once for the equinment. These
policies are optimal only for an infinite time snan,
Sequential maintenance policies differ from simple mainte-

nance policies in that the maintenance interval is recalcu-

lated at each maintenance action. This is done to minimize

the expected cost of operating the eguipment over the
remaining finite time span. Barlow and Proschan (6) have

shown that the expected cost when following an optimal

sequential poliey during an interval (0,t) is always less

than or equal to the expected cost of the corresponding

optimal simple periodic policy

(a) Inspection policy models

Signorini (86) gave a procedure for determining
optimal frequency of inspection for 128 medium pressure
steam traps installed in a chemical plant using steanm for
heating. It was shown that the optimal frequency of
inspection of the traps (and repairing the ones found

defective) can be exprecssed as a function of total number

of steam traps, total number of defects observed, effective
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numher of defects, cost of inspection, cost of remnairs

and hourly loss per trap when the trap is out of oxrder.

Pritskar (75,76) gave a model for determining the
boundaries on the characteristics of a system beyond
which the system should be subjected to a maintenance
action. He assumed that the system can be characterized
by a centinuous valued control variable., This variable
is measured at equal intervals and a maintenance action
is taken if the measured value exceeds the control limit

snecified,

White (94) used dynamic prosramming to solve the
same problems with a considerably reduced computational

effort,

White, Donaldson and Lawrie (95) and Jardine (44)
develoned a model for determining optimal inspection
frequency for an equipment which is inspected at regular
intervals, It was assuned that major breakdowns occur
according to negabive exponentigl distribution, the time
to repair is small compared to mean time-to-failure, and
repairtimes and insnections are negative - emmonentially
distributed. Under these conditions, the maximum profit
per unit time is obtained when the parameters of the system

satisfy the relationship

d (. )

(o]

gv]lav/
+ |+
x=

P+ R ) (2,13



where

n = Number of insnections and minor repairs carried
out ner unit time.

% (n) -Break dovm rate (assumed to wvary with inspectlon
frequency)

P = Value of outrut per unit time

= Selling price of the product minus material

and production costs per unit time

I

]

Average cost of inspections and minor repairs
per unit time.

R = Average repair cost per unit time.

u = Average renair rate

t, = Mean time required for each inspectlon

If it is assumed that break down rate varies inversely

with respect to the imspection frequency,

A(n) = —%~ (2.2)
and n = VY o ,PiRy (2.3)
TR T

A basiec difficulty in msing this model is tec relate
the failure rate of the equipment to the freauency of
inspection. Two alfernative approahces are possible,
First, to experiment with one's owm equipment and the

second, to collaborate with other companies using similar

equipment and doing same type of work. The first aporoach

gives results which are more reliable and truly representative
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of conditions within one's own plant but the »nrocess is
time consuming and does not lead to immediate solution,
The second apnroach may not give correct results because
excent in very simple cases, it is imvossible to maintain
exactly the same environmental and operational parameters
or unkeenp nrocedures in any two plants even when they use
similar equipment and are apnarently inveolved in the

same type of work,

White et al also showed that if the objective
function of the maintenance policy is to minimige total

down time Eq.{2.3) takes the form

n= VA, (2.4)

Munford and Shahni (65,66) developed a model for

determining optimal frequency of inspection of an equip-
ment for which failure can only be detected by inspection,

A one parameter type inspection policy was suggested
according to which the optimal inspection interval t; is

such that

Prob (system fails in ty 1, til working at ti-l}popt

i=1, 2, 3... (2.5)
The optimal value of probability was chosen so as to give
minimum total expected cost of inspection and undetected

failure state. A nomograph was presented for finding p t
op
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for Weibull distribution of failure time,

Tuss and Kander (53) develoned models for finding
optimal inspection policies when time taken for insnection
jg not negligible comnared to mean time-to-failure of
the enuipment, Optimal inspection intervals were worked
out on the basis of expected loss ver cycle, per unit time
and per unit good time. The models were analyzed by differe-
ntiation and by dynamic programming for exponential,

Erlang and uniform life-time distributions. It was shown
that when the equipment has an increasing failure rate,

tne interval between successive inspections should decrease
but the difference is significant only for the firgt two

intervals.

(b) Repair and overhaul policy models

Barlow and Hunter (4) used renewal theory to obtain
optimal maintenance intervals for two types of preventive
maintenance policies. In policy 1 a preventive maintenance
is performed after the equipment has been in continuous
operation for a period of t; hours without failure, If
the system fails before t; hours maintenance is performed
at the time of failure and preventive maintenance is
rescheduled, In policy 2 the preventive maintenance ig
performed after a constant t, hours regardless of the
number of intervening failures. Whenever a failure occurs

a minimal failure maintenance is carried ont agnd it 1s assumed
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that this minimal repair does not affect the system
failure rate. The policies were evaluated on the basis
of maximum limiting efficiency i.e. fractional amount

of uptime over long intervals, It was shown that for the
case where both tynes of policies are feasible and the
expected time to nerform emergency maintenance is equal

to the exvected time to nerform scheduled maintenance,

policy 1 is sunerior to policy 2 when

Bxpected time to merform minimal maintenance
b e >

Exnected time to perform scheduled maintenance m

(2.6)

o

where t, is the main time to failure and q is the hazard rate.

Holl and licLean (41) used the models developed by
Barlow and Hunter for obtaining optimal maintenance
policies for equinment at the Nuclear Division of the Union

Carbide Corporation, U.S.A.

Noonan and Fain (73) developed a model for finding
preventive maintenance interval for optimal system per-
formance when the failure cannot be detected immediately
or the repair is not carried out due to some reason, The
system availability was used as the criterion for optimality,
The maintenance policy was to reschedule the preventive
maintenance every time a renair was carried out. It was
shown that under these conditions optimal vreventive
maintenance schedules exist even for exponential failure

distributions,.
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Nueuing Theory nrincinles were used by Morse (63)
to establish the conditions under which oreventive mainte-
nance is justified and to obtain expressions for the average
availability of machines and utilization of crews. Graphi-
cal results were presented to show the variation of
fraction of time a machine is available for operation,
under repalr or under preventive maintenance for different
failure time and service time distributions, Optimal

policy decisions were derived from these graphical solutions.

Srinivasan (89) derived expressions for the expected
time-to-failure of a two-unit redundant system subject to
intermittent usage and repair maintenance. Two models
were proposed. In the first model the system failure
distribution was evaluated without consideration of the
demand pattern for the system, In the second model the
demand pattern was also considered. Numerical results
showed that when the system is not continuously in use,
working out reliablility on the basis of its failure time
distribution alone may be considerably biased. This is
due to the fact that a failure of the system may occur

and be rectified when the system is not in demand,

Abbott (1) proposed a model for deciding whether
a vital component of a system which fails on inspection
when received should be repaired or replaced in order to

maximize the probability of system sSucecesg, MThe study was
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related to an unmamned space system in which there is

no chance of maintenance once the system is put in
operation. Tach repair of the failed component reduces
the probability of successful nerformance of the component
by a constant facter. The probability of successiul
oneration of the system is thus a function of the number
of renairs done on the commonent before it is finally
accepted. This number was optimized to give maximum

probability of svstem success when launched.

Roll and Naor (82) proposed models for determining
optimal preventive maintenance and rewnlacement policies
for equipment subject to both a continuous deterioration
and random break down. The level of deterioration with
time was assumed to be known and controllable with mainte-
nance, It was shown that when both preventive maintenance
and replacement are applied %o equipment subject to

degradation and failure, direct optimization of the cost
equation is not possible. A numerical approach can be
used in such cases tv obtain near optimal policies and

to carry out sensitivity analysis.

Thompson (92) and Arora and Iele (3) discussed
models for finding optimal maintenance policy and economic
life of equipment based on maximum rresent worth concent.
The approach essentially consists of finding an optinmal

policy and an optimal life to maximize the present worth



of the machine.

. Davidson (21) developed models for determination
of optimal overhauline policy for the air heaters of
coal-fired, high pressure boilers in an electric supply
company. The performance of the boilers deteriorates
pbetween statutory maintenance intervals, called surveys,
due to deposition of solids in the air heaters, This
increases the cost of fuel per unit time. The maintenance
policy »nronosed was to overhaul the heater tubes at
specified intervals so that the total cost of overhauls
and excess fuel is minimized. Two cases were considered,
first with a constant interval between the overhauls and
the second in which this interwval could vary. The second
anproach is considered more realistic because the excess
fuel cost between overhauls increases with operation due
to deterioration of boiler parts other than the air heater.,

A dynamic programming apvroach is necessary in this case,

Watson (93) presented a case study for determining
optimal preventive maintenance frequency of components to
maximize the percentage availability of eguipment in a
sintering plant. An important aspect of this case study
ic the fact that the data obtained from the plant showed
a significant difference in the average life of components

after preventive maintenance and after break dovm maintenance

The improvement factor defined as the ratio of the nlammed
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maintenance repair life to breax dovn maintenance repair
1ite varied from 1.5 to 2,7 depending on the type of the

job, This is contrary to the classical assunmption that -

all maintenance actions whether preventive or break down
are statistically similar in nature., Two possible reasons
were suggested for this difference. Firstly, the state

of the plant at the time of maintenance 1is different

in the two cases. Preventive maintenance being presche-
duled, the maintensnce area and the various units are
thoroughly cleaned of all materizl, spillage etc. making
the components more accessible and any damage more apparent,
Secondly, planned maintenance is done in a specified time
with no apparent hurry and pressure from the production
department to put the unit back in operation in the least
amount of time which is a characteristic of the breakdown
maintenance. The superivision and inspection are thus
better during planned maintenance leading to a more

comprehensive and careful repair work,

The improvement in life was found to exist onlyupto
the first breakdown after preventive maintenance and

subsequent breakdowns were not affected,

Srinivasan and Gopalan (87,88) and Gopalan and
D'Sovza (32,%3) developed expressionsfor the availability
of a two unit standby system subjected to preventive

maintenance and /or repair with a single repair facility



-1 37 ==~

The fzilure, repalr and preventive maintenance time
distributions were assumed to be known, Both cold and
warm standby redundancies with similar or dissimilar

units were considered.

Nakagawa and Osaki (69) discussed optimal preventive
maintenance nolicies to maximize the availability of a
two unit standby redundant system, Regeneration point
technicue was modified to obtain Laplace-Stieltjes
transform of the noint wise steady state availability.
Optinal preventive maintenance time was obtained as a

unique solution of the equation under certain conditions.

Crabill (17) discussed the case of a production
system in which the service rate can be changed. The
system considered had (N + n) production units out of
which only N were required for production at any time.
The remaining n units could be in repair, waiting for
repair or waiting for being used. The time-to-failure
distributions for the units were considered to be inde-
pendent and exponential. A single service facility was
availzble with First Come First Served (FCFS) type of
service discipline and exponential service time distrie
bution. The service rate could be changed to k different
values with copresponding cost rates. Iong range expected
average costs were minimized to find the optimal service

rate as a function of the system state.
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It was observed by Tay (48) that the availability
or percentage up time is not always the best criterion
for judging the effectiveness of a preventive maintenance
policy for production equipment. Ile showed that effective
cost per unit time or effective profit per unit time may
give optimal values that do not maximize availability
but yield better nercentage inerease in revenue or
decrease in maintenance cost. A decision model for
determining the optimal criterion for many types of
distributions was presented. An aporoximate method was
suggested for finding optimum maintenance interval when

the failure times follow a Weibull distribution.

toheen (31) considered an W out of (N + n) cold
standby redundant system with k repair chamnels., The
costs considered included a repair cost and a penalty
cost when the number of machines operating falls below
N, The failure and repair times were assumed to have
Erlang distributions. It was shown that the problem of
assigning the failed machines to repair facilities so
as to minimigze the long run average cost can be expressed
in terms of a simple non-linear programme which has an

optimal solution.

Winstor (96) also considered a case in which the

repair facility could be operated at several rates, The
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maintenance svstem consisted of a finite number of
machines with a single service repair facility. The

costs incurred were taken to be function of the production
loes and the rate at which the repair facility was
operated. Conditions were developed for finding optimal

renair rate.

Handlarski (37) showed that the conventional two
function aporoach of trying tc obtain imprcvement in
machine utilization by maximizing machine availability
and minimizing cost invariably results in suboptimization,
He proposed a single function optimization namely maxi-
mization of profit which incornorates both availebility
and cost functions. This approach makes it possible
to compare effectiveness of various maintenance policies
on the basis of one function., Using this approach it was
shown that age replacement is always more profitable than

block replacement,

(c) Replacement Models

According to Dean (23), Terborgh (91) was the
first to develop a theory for equipment replacement
based on the assumption of time-dependent linear operating
cost function, He considered obsolescence by extrapolating
the historical rate of obsolescence into the future on
the assumption of a uniform rate of technological

discovery. It was shown that for optimal replacement
- H )
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the average increase in cost due to onerating inferiority
should be equal to the average annual denreciation in

caniltal,

Clapham (16) discussed a simole model for deter-
mining the economic replacement age of an enquipment based
on the minimum average annaul depreclation plus maintenance
coat. Straisht line depreciation was assumed with no
salvage value, The maintenance cost was faken to be
an increasing fimction of age of the equipment. Under
these conditions it was found that the optimum occurs
when the current rate of maintenance cost is equal to the

average total cost to date.

Crookes {(19), Blamning (9) and Woodman (97) commared
five different strategies for replacement of equipment
that fails in use. These strategies were defined as
follows:

A Malke service replacemenis only

B Make a planned replacement every t units of

time regardless of the age of the component
then in use. Make service replacements
whenever required,

¢ Make a planned replacement when the component

has reacned an age t, When a failure occurs
make service replacement,

D Make planned replacement every t units of time



-t 41 :-

ag in stratezy B. lake sérvice replacemeints
only unto a time (t-t') &1 each interval
(£1'<t)., If a failure occurs in the interval
(t-t',t) the system is to be left idle upto

time t.

=

Make only nlenned replacements every t units of
time. If a failure occurs in the interval (0,t)

leave the system idle upto time t.

It was shovn that if,

2e

5 = Average cost of planned renlacement ner

P
component
k; = Cost of a unit of idle time per component.
1 = [ixpected value of time-to-failure
v = Variance of time~to-~failure

£(t)= Failure density function and

#(t)= Cumulative distribution function

Stratecy B is preferrable to strategy A if
2

ko<o1/2 (1 - ~ ) 2.7)
L

Strategy C is preferrable to strategy A if
1
w P (=) Py (2.8)
P
where P(«) is the value of the age-specific failure
rate

pt) = L) a4~ e, (

2.9)
1-F(t) '

Strategy D is always profitable and the optimal value
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of t' is given by the equation

kgt (L -~ P(t')) =1 (2.10)
4. Strategy E does not lead to any opntimal value of %

The costs kp and k; used in this analysis were
nornalized so that the cost of service renlacement

per component becomes unity.

A comparison of age and block renlacement policies
was given by Barlow and Proschan (7). It was assumed
that units failed independently with monotonically
increasing or decreasing failure rates and that time
required to make renlacements was negligible. It was
shown that if the failure rate is increasing, the number
of failures in interval (0,t) is larger with an age
replacement molicy compared to a block revlacement policy.
The number of planned replacements and the total number
of removals—sum of failure replacements and plaﬁned
replacements - is, however, smaller wilth the age replace-

ment policy,

Ghare and Torgerson (3C) considered the effect of
inflation and increased productivity on machine replace-
ment using sunk cost method. It was shown that the effect
of inflation is to increase the taxable income at a rate
faster than the increase in the rate of inflation., The

sunk cost (difference between the cost of the new machine
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and the sum of resale value and accumulated depreciation
for the old machine) decreases with time resulting in
more freaquent replacements., The effect of increased
productivity is opnosite to that of inflation. Under
favourable conditions increased nroductivity can
neutralize the efrfect of inflation comnletely resulting

in less freauent replacements.

The model proposed by Ghare et al is wvalid for

a constant inflation rate only.

Eilon, ¥ing and Hutchinson (27) were orobably
the first to propose replacement models taking into
account tax concessions available on investment of
capital for equipment replacement. They presented two
models for replacement of trucks in a fleet of fork 1ift
trucks. The first of these models was based on minimum
average cost per truck per year and the second on discounted
cash flow approach, The discounted cash flow model
gives increasingly larger replacement intervals compared
to those obtained from average cost considerations, as
the interest rate increases. The discounted cost function,
however, becomes less and less sensitive to interest
rate and almost becomes constant at high interest rates,
Tax allowances result in shorter replacement intervals

compared to those obtained without consideration of these

allowances,
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In their discussion of the above paner liortimore(64),
allen (2) and Jones (46) rointed out that the models
pronosed by the authors could be made more realistic by
including the penalty costs which arise due to non-availa-
bility of the trucks. Hackemer (36) gave a case study to

illustrate the importance of such costs in optimal mainte-

nance policy models.

It was shown by Schwitzer (85) that for systems
with exponential and hyper exponential failure distribu-
tions block renlacement policy is costlier than failure
replacement, For rectangularly distributed times, block

renlacement is preferable to failure replacement only if

the ratio of the cost of individual replacement with
block replacement policy to that with failure replacement

policy is less than 0.3862.

Jardine (45) discussed basic types of »nrobability
distribution functions used in replacement theory and
developed models for deterministic and probabllistic
replacement strategies. The models discussed included
preventive replacement after fixed interval and after
fixed age with or without consideration of time taken to
make failure and preventive replacements., The total
expected cost per unit time was used as the objective

function for optimization.
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lent (50) discussed a method for determining
apnroximately the effect of using discounted cash flow
on the replacement age and the total annual cost of an
equipment. According to simple replacement theory using
undiscounted costs, the optimum renlacement point occurs
wnere the rate of growth of maintenance costs equals
the rate of fall of capital depreciation costs. Expressions
were developed to give aporoximately the delay in the
replacement point and the saving in real costs that would
accrue as a result of using discounted cash flow in the

analysis.

Wicholson and Pullen (72) and Daniel (20) considered
the problem of optimally phasing out a groun of similar
units of canital equipment over a specified time period
so as to maximize the long-term compounded assets of the
company., The former authors proposed a two-stafe heuristic
model for the problem. Daniel simplified the apnroach
by transforming the problem into a transportation type

of problem which can be solved by linear programming.

The decision oroblem concerning the replacement of
units of a fleet of fork 1lift truels during periods of
inflation and economic uncertainity was discussed by
Christer and Goodbody (18). The procedure adopted

differs from the conventional net present value concent
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in that relatively short term estimastes of costs and
discount rates only can be used justifiadbly under such
uncertain conditions., The alternative criterion function
develoned can be used for both constant and wvariable
discount rates. It can also tale care of factors like

tax allowances, regional development grants and technology

improvements.

(d) liiscellaneous Iodels

Graveley (35) gave a detailed comparison of failure
maintensnce and breal down maintenance policies based on
man-power requirement, records to be kept, spare parts
needed, inspection nrocedures, job scheduling and cost
control, It was vnointed out that although usually
preventive meintenance is less costly and better organized,
there are situations where failure maintenance is more

econonical.

A dynamic nrogramming model was proposed by Falkner
(28) for finding the optimal spare part inventory level
and maintenance policy to yield the minimun expected
cost of operating an equipment for a finite planning
horizon., A vprocedure was also given for deciding the

reorder values for the spare parts.

An interesting application of theory of replacement

of parts was presented by Kendal and Sheikh (49), Dhese
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anthors applied the time-to-failure probability models
to the machining process. A procedure was develcned

for finding an optimal tool replecement interval and
cutting speed to minimize expected cutting cost., The
cost equations were develoned by assuming variable

cost ner component to be a function of the tool renlace-
ment strategy and the cutting smeed. The renlacement
strategy called for a preventive replacement after an
optimal time and a failure revnlacement at the time of

failure.

2.2.2 Onnortunistic Maintenance Policy Models

Opportunistic maintenance policies relate to mainte-
nance of equipment with several parts or to large mmlti-
component plants. ihen a plant is subjected to intensive
continuous or semicontinuous operation, ooportunities for
preventive maintenance of its equipment are limited
because of the cost involved in stopping the entire

production line. Such an equipment may, however, occasion-

ally cease 4o operate not because of its own failure but
because of failure of other equivment, scheduled overhauls,
neriodic insmpection or production breaks between batches,
hen this occurs, an opnortunity arisges for nerforming a
preventive maintenance of equipment that has not reached

a failed state. A decision must be made whether to take



advantace of thisg onnortunity to maintain the equinment
or te wait till next such onmnortunity arises. Because
the renlzcement of enuirmment at each such onmortunity
is optional, replacement volicies of this tyne have

been termed Ovtional Renlacement Policies by Woodman(98).

Fairly simnle onnortunistic policies can be developed
by assuming that though the system contains many components
the failure rate and the costs associated with failure and
replacement are independent of the failure of the other
components., This assumption is, however, often not
strictly valid in industrial situations., Failure of a
component may cause unduly high stresses on the remaining
system or change the operating environment sufficiently
to alter the failure rate of other comvonents. Again,
the cogt of revlacement of a component is generally
reduced when more components are to be replaced at the
same time. Opportunistic policies have also been used

to exploit these economies of scale (83, 24, 80, 59),

Sasieni (83) and Nreyfus (24) considered a bladder
replacement problem occuring in the rubber tyre manufacturing
industry. Two such bladders are used on a machine for
producing two tyres simultaneously one on each bladder,

If a bladder fails in service a faulty tyre is produced

and a cost ¢y is incurred. Replacement of the bladder
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involves a cos?t G? as the cost of the new bladder and

a cost 03 as the labour cost for strivping the machine
for effecting the replacement, There is also a cogt 04
for lost production time if the bladder has to be
replaced during a production shift. Economy of scale
arises from the fact that once the machine is strinnped
for replacement of one bladder, the second bladder can

be replaced at the cost of bladder alone,

Sasieni represented the problem as a Markov chain
process while Drevfus used dynamic programming for its
solution. The dynamic programming annroach results in
an optimal sequence of decisions at each stage yielding

. e
a lower overall cost compared to Sasienis: model.

MeCall (59) discussed opportunistic policies for
a system composed of two parts 1 and 2, DPart 1 has an
increasing failure rate and the cost of replacing the
component before failure Cy 'is 1less than the cost of
renlacing after failure Gi. Part 2 'ig assumed to fail
exponentially with a replacement cost C, when the part
is: replaced alone but if both parts "zre replaced

together the cost "is only Cy,. The inequality
Cqio < (Cl + Cg) (2.11)

signifies economy of sScale possible in this case.
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The optimal maintenance nolicy model was developed
by assuming the »arts to have stochastic Indevendence as

far as their failure patterns were concerned.

It was suggested by licCall that the above analysis
can easily be extended to include part 1 and ¥ exponen-
tially failing parts. The calculation of the (N + 1)
decision parsmeters of the general model can easily be

handled by dynamic nrogramming.

Woodman (98) used dynamic nrogramming to show that
for any block replacement policy, regnlar or random, there
is always an ontional nolicy which is cheaper and that
for components having increasing failure rate the best
ontional policy at each opnortunity is to reolace the
component if it has reached a critical age otherwise to
wait for the next opvortunity. The critical age was found
to be a function of the ratic of plamned revnlacement cost
to repair cost and was not influenced much by the choice
of a distribution to represent the time-~to-failure. For
a given cost ratio, control limits were found to be lower
when the opportunities for replacement arise at regular
intervals as compared to Tthe case when the interval between

these opportunities is exponential.

Duncan and Scholnick (26) extended Woodman's mogdel

to include both optional replacements and interrupt revlacememnts
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According to their model, renlacerment of items is effected
2t the time of production brealx as in foodman's model,

In addition, if the onnortunities for replacement arise
only sparsely and the time to the next opvortunity is
exnected to be too long, a replacement is made by interrup-
ting production instead of risking a failure replacement,
It was shovn that the optional interrupt - oprortunistic
replecement strategy is better than pure age replacement

or pure opnortunity renlacement strategies., Also, as
exnected, the advantage to be gained by interrupt-opportu-
nistic replacement pclicy is a function of the opportunity
rate defined as:

mean_time to failure (5.1

mean” time between renlacement FARRERSRY
opportunities

Onportunity rate =

As the opportunity rate increases, the advantage of using
interrupt.-opportunistic strategy over pure opportunistic

strategy is reduced.

2.2,3 lModels for BEquipment with Several States of Operation

Just as the perlodic maintenance policies can be
generalized by permitting the equipment to have more than
one component, a second generalization permits the
equipment to occupy several states of deterioration
between the good and falled states. The equipment having

one or more components is assumed to move from one state
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to another stochastically, The exact state of the equip-
ment can be determined by insnection at suitable intervals.,
A variety of rerair actions may be nossible at each of
these insnections which return the equinment to a higher
state of »nerformance. A eeneralized nolicy statement

for nroblems of this category is 'to male a decision

d_, (1) at each inspection which transforms the equipment
from its ohserved state i to state s and svnecifies the
next inspection interval k periods hence', Maintenance
problems of this type may also be extended to include

the possibility that insvection may be imperfect i.e. the
inspection may not detect a failure or may call a good
equipment as failed. Multi-gtate maintenance models

have been considered by kine and Kawai (61,62), Proctor
and Wang (79), ¥McCazll (59) and Brown and Martz (11,12).

o]
Mine and Kawai considered a two-unit parallel'system

with state degradations. The units were identical,with
good, degraded or failed states. The transition rate from
one state to the next was taken to he constant. The

effect of degradation was to cause an increase in failure
rate and repair maintenance rate and a decrease in income
per unit time. The net »rofit per unit time was maximiged,
The method vproposed requires a set of lengthy equitions

to be solved,.

Proctor and Wang (79) presented a model for findine
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ontimal preventive maintenance policy for a single unit
swvstem that can have (n + 1) states: 0(good), 1,2,,,,,(n-1),
(degraded) and n (failed)}. The maintenance policy was

to nerform a nreventlive maintenance after topt hours of
continuous operation without failure. Optimal maintenance
interval was found on the basis of maximum availability

of the system,

Mine and Xawai (61) discussed preventive replacement
policy for a one unit system with three possible states:
normal with constant hazard rate, wear out with monoto-
nically increasing and unbounded failure rate and failed.
Tvio models were presented: First with a fixed feriod
for normal state omeration and the second in which the
constant hazard rate neriod 1is variable, In the first
case the state of the equipment, good or wear out, can
be identified by its age but in the second case an inspe-
ction is necessary to identify the state. For each model
the exvected total cost associated with inspection,
preventive replacement and corrective replacement was
minimigzed yielding optimal preventive replacement policies
based on hoth age and state, Conditions under which the

policies are effective were also discussed,

Brovm and Martz Jr. (11,12) considered the replacement

problem for a multi-component system. The replacement nolicy



was to insvect the system at reguler intervals and to
renlace its components, if necessary. The system was
assumed to be composed of n components each of which

could deteriorate to (7 + 1) different states. How

many and which comnonents to renlace were determined

by a two-vhase algorithm nsing dynamic programming

(11) and Monte Carlo simulation (12) so as to minimize

the expected overall cost. The relative importance of
each component to the system's nerformance was reoresented
in terms of a 'weightage factor' for each component in

each state.

2.2.4 Nulti-Stage laintenance Policy licdels

lulti-stage maintenance policy models are related
to replacement of eguipment in systems containing a
large number of similar units which can be divided into
groups on the basis of their replacement costs. Consider,
for example, a system containing N identical units of a
certain item which fail in service at random and are
required to be replaced when they fail. If some of
these units are critical for the operation of other
equipment in the system the replacement costs associated
with these units may be much more than the replacement
costs associated with other units which are not so critical.

I-t h_as been Show'n by Barth()lome'w (8), I\Taik and I\Tair (67’68)
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and others, that for such systems, under cartain condi-
tions,; a policy of multi-stage renlacement may be more
economical than simple renlacement of individual units

as they fail.

The multi-stage replacement policy consists of
dividing the I units of the system into n stages containing
Ay NQ..Nn units such that the cost of replacement of
each unit in stage 1 is Cy, that in stage 2 is C, and
so on. Initially new units are installed in all stages.

As fallures occur in any stage, these failures are repnlaced
not by new units but by units already operating in the
previous stage. Thus failures in stage 1 are replaced

by units operating in stage (i-1), failures in stage (i-1)

as well as the units transferred to stage i are replaced
by units operating in stage (i-2) and so on. Uew units
are introduced only in stage 1. Such an arrangement
obviously does not change the failure rate of the system
as a whole but it does result in an overall saving because
the higher fsilure rates are transferred to the stages

where the cost of replacement per unit is lower.

Two rules for transferring units from one stage to
the other have been considered:
1. Transfer of the oldest unit

2. Transfer at random
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Aule 1 invariably results in lower costs commared
to Rule 2 but in actual practice it mey be difficult to
distinguish between units of different ages and as such
transfer at random may be the only choice. Ilioreover,
the cost benefit obtainsd by transferring the oldest
unit may not be high exnough to justify the additional
effort involved in recording the renlacement of each

unit separately.

Bartholomaw (8) discussed the nroblem of multistage
repnlacement considering only two stages. It was shown
that a two-stace renlacement nolicy is alwayvs cheaver
than a single-stage policy if the failure rate of the
items is monotonically increasing or decreasing. Specifi-
cally, if the failure rate of the items is monotonically
increasing, two-stage replacement czn be cheaper than
simple replacement if Cq > C,. On the other hand if the
failure rate is monotonically decreasing, two-stage
replacement would be cheaper 1f C,< Gs. Further, if the
cost of transferring an item from stage 1 to stage 2
is negligible, the condition for two stage replacement
strategy to be cheaner than single stage replacement
is given by

N

, 4
Rg ¢ Myt \2.,13)

depending upon whether the failure rate of the item is



-: 57 -

inereasinge or decreasing, where RS is the transfer rate
from stare 1 to stare 2 and | is averapse life of each

unit.

Taik and Tair (67)extended Bartholomew's 2-stage
stratesy to an n-stace replacement strategy. The
conditions under which an n-stage renlacement nolicy
is more economical than a single stase replacement
policy were discussed and it was shown that the savings
obtained by using an n-stage policy increase with
increase in number of stages. However as the number
of stages increases the totzl transfer cost of all units
from all stages becomes considerable even when the
transfer cost of each unit from one stase to the next
is small. This fact, actually determines the number of
stagzes to bhe used. The number of stages may also be

limited due teo practical constraimg.

As a further refinement of the n-stage failure
replacement model, Nailk and Nair (68) introduced the
effect of finite time talten to transfer units between the
stages and the vrobability of failures occuring during
removal, transportation and insertion, It was sugzested
that if down time during transfer is to be completely
eliminated interstage inventories should be established
in the system. Replacement in the stages can be done

from units in the inventories which can then be restored
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b transferring units from the nreceding stages., In
the equilibrium condition these inventories will be
completely made up of units onerating in the preceding -
stapes and ne additional cost on inventory stecl will
be incurred. The ontimum size of these inventories

can thus be established by balancing the additional
cost of maintaining them against the reduction in

lost benefits due to dovmtime during transfer.

Ilarathe and Nair (56,57) discussed some aspetts
of economy and ordering of staces in the n-stage failure
revnlacement strategy given by Naik and Nair in the above
two paners, They also vrovosed two multi-stage replace-

ment strategies involving planned replacement of units

between stages. The first strategy called multi-stage
block replacement strategy involves renlacement of all

the units in a stage enbloc at regular intravels. All

the units in stage 1 are replaced by new units at intervals
of time tq . Working units removed from stage 1 are used

to replace units in stage 2 at intervals of time t, and

S0 on. Failures occurring in any stage i during the

time (0 - t;) are replaced by new units available at

the stage. Units released from the nth stage at intervals

of time t, are removed from the system. Between replace-

ments units are stored in interstage inventories. fThe

second strategy called multi-stage planned renlacement
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strategy by age involves replacerent of components in
any stace after a fixed age or failure whichever is
earlier. In penersl, a unit entering a stage i will
have an age Xj_3 and will be onerated in this stage
until its age is x;. If it fails in the stage before
reachineg age xj, it is revlzced by a unit having age
B

Both mlanned renlacement strategies result in a
reduction in number of failures in the system compared
to simple multi-stage strategies, but the requirerent of
new items increases. Replacement by age eliminates the
possibility of replacing components much before failure
as could occur with a block replacement strategy. But
with this strategy it is necessary to record each new unit
and schedule and reschedule its replacement in case of
fzilure. If the cost of recording and scheduling is
negligible, multi-stage vlanned revlacement sirategy
by age is more economical than multi-stasge block renlace-
ment strategy. If this cost is hish or it is not considered
desirable to distrub the system frequently for making
replacements, multi-stage block replacement strategy nroves

cheaper. The latter strategy also permits bulk transfer

of units between stages.

Jain and Nair (4%) compnared the n-stage failure



renlacement, n-stase bloclk renlacement and n-stage ace
renlzcement strategies with the corresponding sincle-
stage replacement strategies for an item with monotoni-
cally increasing failure rate. Rate of failure renlace.
ment, rate of planned replacement and average cost per
unit time were used as the basis for comparison. Follow-

ing conclusions were drawn:

1. The n-stage replacement strategies are always
cheaper than the corresnonding single-stage
strategies because of the transfer of failures
from high-replacement cost stages to stages
where these costs are lower.

2, If the inter-stage inventory costs are negligible,
n-stage block renlacement is cheaver than n-stapge
failure replacement because in n-stage block
renlacemeunt some failures are eliminated,

3. If the cost of recording replacements in each stage
is negligible, n-stage age renlacement is cheaper
than n-stage block replacement because more
failures are transferred in the case of n-stage
age replacement,

4. n-stage age renlacement involves larger number of

failure replacements than the n-stage block renlace-

ment but the number of plaaned replacementsis more



in the case of n-stare block renlacement,

2.,2.5 Repalr Limit Renlacement Policy Models

The policy of renlacing equirment at predetermined
intervals of time based on minimum averarce cost or maximum
arverare production ner unit time has a basic disadvantage
which remains however accurately the renlacement interval
may be determined. If the equipment requires exnensive
repairs just before its replacement age, and it is not
expected to have a resale value at the time of replacement,
the expenditure on repairs may not be economically worth-
while. GZven when the equipment does have a resale value
there is a limit to the maximum maintenance expenditure
beyond which it is advantageous to replace the equivpment
instead of repairing it. BEauipment replacement strategies
based on a repair limit unto which the equinment should
be repaired and beyond which it should be revlaced
whatever ,its pnhysical age, are called Repair Limit Replace-

ment Strategies.

The basic theory of the renair limit renlacement
strategies was given by Drinkwater and Hastings (25),
Howard (42) and Woodman (99). 1In these strategies
whenever a repair action is called for, the equipment
is first insvected and an estimate prepared for carrying

out the repairs. If this estinateis less than the renair
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limit, the equinment is repaired otherwise it is renlaced.
This anproach is expected to result in a more economical
oneration of the eauipment comnared to that with renlace-
ment strategies based on economic life. It also provides
a systematic policy for equipment reovlacement under

which renlacement decisions are taken whenever due

without being delayed due to red tane or false sense of

eCconony .

Jastings (38,3%9,40) used dynamic programming to
establish repair limits under a variety of decision
situations. Tt was shown that where repair/renlacement
decisions are to be made at regular intervals, say at
the beginning of each time period revair 1limits can be
determined from a simole recursive relationship of the

following form:

6 (i,2] = min s{x) + 2 (x) ¢(Q,r-1)

+ (1 - p(x)) ¢ (i1, r-l)] (2.14)

where
c(i,r) = Value of the state (i,r) defined as the
meatt- total cost incurred when the system
starts with an age 1 and operates under
ontimal maintenance policy for the remaining

r years

¥ = Repair limit
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z{x) = Tmmediate exnected cost civen by the

exnresaion
X

z(x) = [ x f£(x) dx + 2.7 (X) (2.15)
O

f(x) = Probability density function of the renair

cost distribution
P (X)= [ f(x) dx (2.16)
% .
Q0 = Renlacement cost

The recursive relationshin (2.14) can easily be

modified to include random failure pattern, discounting,

availability, obsolescence and so ons

In cases where planning horizon is finite, the
resulting equations can be solved by value iteration
vrocedure starting from a known final state and proceding:
backwards. When the nlanning horizon is infinite it is
necessary to use apnroximations in policy space to obtain

ontimal vpolicles.

As an illustration of the vprocedure suggested,
Hastings solved the Army vehicle repair problem discussed

by Drinkwater and Hastings (25).

Lambe (52) pointed out that the repair limit replace-

ment method preposed by Hastings suffers from a limitation
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in that by this method it 1s nossible to identify a
machine having excessive exnenditure on an individual
repair but it is not nossible to isol=te a machine

havine consistently mere frequent and hisher repair costs
than an aversage machline of its class. The method also
requires a complete record of repairs for a fleet of
similar machines. He proposed a renair-limit model based
on the renair data of the narticular machine and whatever
prior knowledge is available about the renair characteris-
tics of that class of machines. Baye's formula is used

as basis fecr modifying the model parameters as information
regarding the performance of the vnarticular unit accumu-
lates. Dynamic programming is avoided by assuming that,
after being adjusted for inflation, renair costs do noi

change with age.

De Veroli (22) postulated that the optimal preventive
replacenent policy- is a function of the optimal repair
limit and developed a mathematical model for considering
simultaneously the problem of preventive replacement and
replacenent in case of failure. It was shown that the
optimgl repair limit is the solution of an ordinary
differential equation and its value determines the optimal
preventive replacement policy. An algorithm for finding

combined optimal volicles was given in thds paper;.
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The reoair limit revlacement models discussed so
far use estimated cost of 2 repnair operation to decide
whetn=r %o renair or scrap a pilece of equinment. Nakagawa
and Osaki (70) proposed renair time as the controlling
parameter for making such a decision. According to this
anproach the failed equinment is renaired if the renair
time is short bhut if the repair is not comnletad upto a

time called renair limit time the equinment is renlaced,

The renair limit models hased on this annroach are
particularly suitable in situations where it is difficult
to estimate the expected cost of a repair. These models
can also be used in situations where the outcome of an
operation is not certainly known. A typical example of
this type occurs when deciding the optimal time %o be
spent in seardiing for a lost item. The maximum search
time in this case corresponds to the optimal repair limit

time in the maintenance case,

Mahon and Bailey (54) proposed a modification of
the repair limit model given by Trinkwater and Hastings
(25) to take care of vehicles having exceptionally
high or low mileage compared to average vehicles of
their age. This was done by basing the repair limit

on equivalent age which was a function of actusl age ang

the mileage completed.



2.2,6 Ontimal Vaintenance Mannower Reaquirement liodels

Phe ontimal man-nover reaquirement for the maintenance
operation and its distribution trade-wise and skillwise
is obtained by striking a balance between the cost of non-
availability of the equinment for nroduction due to lacik
of maintenance and the cost of maint-aining this equi»ment,
The nroblem is generally more serious for equinment that
is subjected %o continuous or semi-contintlousoperation.
Standby equipment, in nrocess inventorles or excess
capacity may be provided to reduce the immact of equipment

brealt down in such situations.

As mentioned earlier, lorse (63) used queuing

theory to develop models for finding optimal size of
maintenance crews and their nevrcentage utilization for
maiatenance work. Nueuing theory was also used by Nann
(55) to find optimal crew-size for maintaininga bank of

COMMIessors.

Reed Jr. (81) suggested that optimal man-power
allocation for maintenance can be obtained by working
out separately the man-power requirement for performing
the regular or preventive maintenance work and for
emergency operations. High man-power utilization can
be planned for regular maintengnce while percentage time

utilization for emergency meintenance are generally much lower
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Goswami (34) discussed the immortance of setting
standard timings for revetitive activities in maintenance
overation., An examnle was given to show how the mainte-~
nance man-power reauirements and job schedules can be
worked out with the help of standard timings =snd net-work

aralysis.

Carruthers et al (13) discussed the man-nower
requirement for the maintenance workshop of an onen cast
coal mine. The Vorkshop was responsible for the maintenance
of large number of dump trucks, excavators, tractors, and
bull dozers. The records of the nlant were analyzed to
determine the average failure rate, average revair rates
and the averase size of repair teams. Oueuing theory was
then used to calcnlate exnected dovm time cost, idle time
cost and the number of service, crews to he provided

for eacll section of the workshon separately.

Yakirundi and Darat (100) similarly studied the
man-power requirements for maintenance devnartment of a
large mechanized foundary. The man-power requirements
vere found by first sampling a large number of wor'k
orders %o find the utilization of man-power while attending
to breakdown work and average standard strength of each
crew., The expected number of macnines requiring service
gimultaneously in each section wag then determined fyonm

the records of the malntenance department thus giving the
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man-nower reaquirement for break down worlk, lan-power
reauirement for general maintenance could be calculated
directly from standard time and manaing requirements for

the machinesg.

Clasgification of man-nower required, into different
waze grouns was done on the basis of skill required,
professional 'mowledge necessary, effort required, res-
ponsibility for men, machines and materials and environ-
ment of wor's site. Rach listed job was given a weightage
for each of these narameters. The wage eroun of the
members of the squad was decided by the point value of
the job and the number of people in the squad. The Total
daily man-hours of each wage group were then calculated
and percentage of each class determined. The daily
cunmilative percentages were calculated till they became
steady., These steady state nercentages were then taken
as the percentage of various wage groups in the total
man-power for each section. Suitable adjustments were
made for absenteism, overtime, deterioration of equipment

and change of oproduction level.

A case study for determination of maintenance man-

power size was also presented by Boden (10),

2,3 MODEIS FOR EQUIPHENT WIVH UNGERTAIN DISTRIBUTION OF
T IME_TO_FAI IURE T

The maintenance policies discussed so far relate
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only to systems for which the time-~to-failure distributions
for system components are 'mown with certainity. DMaintenance
nersonnel aquite freguently run into situations where such
information is not available or is only partially available,
?he different apnroaches that have been tried in the
literature to tide over this difficulty include the
following:

l. Use of minimax policies

2. Use ¢’ bounding tecnniques

5. Adavtive policies

4, Use of coefficient of variation

2+.3.1 Minimax Policy Models

Minimax policies are useful when the decision maker
nas no information at all regarding time-to-failure
digtribution of the equivment. These volicies aim at
finding the maintenance strategies that minimigze the

maximum nossible loss.

It has been shown by McCall (59) that for an
equinment that is contimously inspected and has an
increasing failure rate, a strictly periodic minimax:
policy is to schedule no preventive maintenance i.e,

optimal minimax policy is to set the replacement interval

egual to infinity.
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For an equipment that has to be inspected, 1f Cq
is the constant cost of each inspection and Co the constant
cost per unit time the eguinment failure is left undetected,
the insnection strategy that minimizes the maximum possible

loss is given by

. o T [ n;—J I"nI'I‘M’T: . )
-ti — l-r) f‘n“:_l i __:: ‘| I]]‘\‘ : 1 —_ (l -+ 1)), 1 = O,lc.zl (2.17)

-

where n is the largest integer such that
i 2
Gy P n +Cqp(2 = »)n + 2(Cy - P C,T) C O (2.18)

p is the nrobability that an inspection detects a failed
equipment and ? is the maximum time between inspections.
A minimax strategy was also proposed by Fox (29) to find

optimal renlacement age with discounting.

2.%2,2 lodels Using ° Bounding Technigues

The bounding techniques are used to establish upver
and lower bounds on the expected cost per unit time when
at least some information regarding the stochastic behaviour
of the equipment is known. The decision maker might, for
exarmle, know the exmected value of the failure distri-

bution and that the failure distribution is monotone

increasing,

It has been shown by Barlow snd Marshall (5) that

if F is a failure distribution with an increasing failure
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rate and known mean (y), the probability R(t) that the

equipment has not failed by age %, is bounded from below

by an exponential distribution with the same mean i.e,
_t/“

R(t) > V(t) = l:e » K H (2.19)
0 , otuerwise

Similarly, R(t) is bounded from above by the relation

R(t) ¢ W(t) =1 -x, (2,20)
where Xq satigfieg the condition
£Ep7
X, = 1-¢€ 1 (2.21)

These bounds have been expressed in terms of the cost per
unit time and used to compare various preventive mainte-

nance policies,

2.3,% Adaptive Policy lodels
Adaptive maintenance policies are used where the
decigion maker has atleast some sgubjective information

about the failure distribution of the equipment and further

statistical data is expected t o accrue with time, The

process starts by first assuming an initial policy based
on whatever information is available., This policy is then

progressively revised as more data becomes available,

The basic theory of this method was given by Jorgensgp
and MeCell (47) and White (94), Sathe and Hancoek (84-) —
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the aporoach for determining minimum cost rate nreventive
maintenance schedules while Lambe (52) used the method

for developing a renair limit replacement model.

ireicel (60) discussed a method for finding maintenance
schedule for a complex eguinment in order to get the
desired ITBF without actually evaluating ILBF or knowing
the nrobability distribution of failure. The technique
consists of initially choosing a schednle of maintenance
every t; units of time., After the i1 th failure at time ti
since the last failure a new schedule of maintenance every

t. units of time is instituted such that

i
by =ty -1 +ag g ($5_1=0U)s L =2,3..(2.28)

a

where a; is a scaler quentity such that a; = 7= and 11,

is the desired IT'BRF, It was shown that under reasonable
assumptions the procedure converges to give the desired

AT BRF.

2,3.4 Models using Coefficient of variation

A somewhat different approach to obtaining reliabi-
lity and optimal revlacement policies was suggested by
Pandit and Sheikh (75). They suggested that most of the

commonly used life time distributions could be revlaced

by a dimensionless factor called 'coefficient of variation!

d i ;
efined as ] Standard deviation

K = ST e—— — —————
]Hean (2 o 23 )
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and a l1ife narameter called 'characteristic life' which

may be mean, median, mode or a given. fractile. The
coefficient of variation determines the shape and sypread

of a distribution around the mean value and usually

remains constant or varies slowly with operating conditions.
Characteristic life determines the location of the distri-
pution and generally varies widely with operating conditions.
The coefficient of variation provides a dimensionless

format for the optimal replacement strategies and gives
simple graphical solutions of the otherwise complicated
optimal replacement equaticns. This approach is parti-
cularly helpful when the choice of a distribution is
difficult becsuse of inadequate knowledge of failure
mechanism and/or insufficient failure data or the failure
dsta is available at one overating conditions but renlace-

ment policies are needed at different conditions.

2.4 CONCIUSIONS

2.4.1 The State-of-the-art

From the above discussion it is clear that by far
the maxinum amount of work done in the maintenance ovnti-
mization area relates to single component, two-state type
of systems with known time-to-failure distributions,

Both continuously inspected and preparedness types of
situations have been studied, Dynamic vrogramming hag

proved to be the most helpful technique varticularly in
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situations where the »nlannine horigon is limited due to
fast nrocesc deterioration or technolosicnl obsclescence,
ther techninues live Monte "arlo simulation, network

analysis, linear nrosramming, and queuins theory have also

been used fairly widely.

Stuaies in multi-component and mutti-state~tynes of
systems have generally been simplified by assuming cost
and failure indenendence. Use of milti-stace and renair
limit strate~ies is not very nonular because of the
lengthy computations involved. Simil-rly models for mults.
state systems with varizble service rates are also not

comron because of their comnlex nature.

Cf the various methods used for finding ovntimal
maintenance strategies when the distributions of times—
to-failure are not nrecisely known, RBaysian adantive
annroach annears most anrealing hecause of itsg inherent

ability to apn»nly in-process corrections as further dats

becomes available.

Determination of optimal man-nower requirement for
maintenance work involves detailed investigation of break.
down patterns, maintenance times, crew sigzes and maintenance

effectiveness, Time standards need to be developed for

all repetitive type of worl and reporting and analysis

activity strengthened to continuously undate the data base
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isccording to Chanin and Snhicals (15) the decision
roblens arising in maintenrnce manscement cen be classified
into following catesories.

1. Insnection frequencies.,

2. Denth of insnection,

Overhaul intervels,

AN
®

hether or not to do renairs,

4
5. Renlacement rules for conmmonents.

6. Renlacement rules for canital eaninment,
7

‘/hether or not an enuinment modification should

be made.
8. Reliability considerations.
9, Liaintenance crew sizes.
10, Composition of machines in a workshon.
11. Spares nrovision rules,

sequence rules for jobs requiring some form of

12,
maintenance effort.

13. Scheduling start times for constituent jobs of a
maintenance project.

14, laintenance nerformance monitoring,

15. Personnel management, training and develovment .

16, Payment, incentives and merit rating,

17. Organizational problems like location of maintenance
groups, rationalization of interdepartmental relations

decentralized versus centralized control, facili+s
=y K titias
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nlannine for maintensnce oneration, nrestize and status of

wmintenance emnlovees =and so on.

Trom the review it is clear that not all of these
nroblems have the same arneal for the research worker,
Lathemetical tractability and nossibility of using known
oneration research techniques for ontimization seem to he

t+he major factors influencing choice of nroblems.

The cap betwreen tne theoreticians in the maintenance

field and the »ractical maintenance decision makers has

arisen nrimarily die uo the fellowing reasons:

1. The theoreticians mainly concenirate on such
sroblems as can be easily modelled 2nd analyzed mathematically.
liost of the models deal with one or two units, homogeneous
or crews, comlete gegresgation of functiong

rrouns of machines

of maintenance grouvs, known distridutions of failure and

maintenance times, predictable effect of maintenance action

on equipment state and so0 on. The practitioners on the other
hand are faced with intricate comnlexitizs and interdenendenoy
of maintenance issues and are interested infinding solutions

to the multi-machine and multi-crew tynes of problems,

5. Many of the assumptions made by the theoretical

model: maxers to simpllfy the models do not anpear valig

to the practitioners. Assumptions like envirommental, cogt
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and siochastic indenendence, neecligible maintenance times,
salvace value, imnediate availabilitv of tax conce-
ssions, ability cf maintenance function to continuously
return the equinment to 'as new' state and ahsence of
technological obsolescence seem easily questionable.,
Paced vith a large number of differences in his situation
and that studied by the wsesearch worker, the maintenance

decision ma'ter tends to nlay safe,

3, l'aintenance models need a considerable amount
of data regarding the behaviour of the eauinment, renair
times, crew sizes and maintenance costs. Because maintenance
has not heen a focal business activity, littls need has

been seen for maintainine such data and as guch none

avists in most nlants.

4. halantenance models cover only a narrov range of
sctivities of the maintenance manager. Maintenance managse-—
ment practice reguires managers to solve many complex nroblems
which do not apneal to the researcher or arve not easily

anantifiable. llence the hesitation to be unduly obsessed

by maiatenance models,

5, There are many behavioural problems associated

with imnlementing theoretical maintenance models, Mainte_

nance managers feel threatened by the cormmlexity of thege
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nodels and resist chances that the immlementation of
these medels may brins, Absence of enoush authentic

case sthdies showing advanteres to he cained by scientifie

maintenance manarement helps in continuing the statns ano.

6. A& need exists to deal with-maintenance nroblems
not indenendently but in their totalitv and interdenendeney.
mractical considerations and limited resources, narticularly
in develoning countries, force maintenance management to
ta'ze maintenance decisions in the overall interest of
the plant rather than by sectional subsysten ontimization
considerations. No. comprehensive studies of this natuyre

have apnecred in literature %o help the practical mainte—

nance engineer,

2.4.2 Future Directions

o -

All these difficulties notwwithstanding, the immortance

of the maintenance. optimization nrocedures has been amnly

demonstirated by the few case studies revorted in literature
" »

Pronerly managed maintenance reduces ruming and inventory
costs, increases equinment availability  improves emnloyvee
morale, increases oroduction rate and, in general, leads

to higher overall profits. Industrial enternrises exigt
in order to make nrofit and maintenance denartment must

contribute to that objective, With the productivity in

manufacturing processes appearing to be rogressively
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> habhah 4l ~h 3 n 7 + i s ) v - 5 + .
: ozchi 1ts asymptotio ~rouwth limit, maintenznce

one of the last aress where cost economie@s are to

is
be effected. The need for ontimal maintenance manacament
is all the more imnerati-e in develoning countriss where

maiatenance must fisht an unequal battle for allocation of

Sc=rce resources rvith more nressines demanda of scarcitv
manacenznt, social Aevelonment and national security,

Annual maintenance costs run into crores of runees
and the rate of increase of maintennance costs is ‘mown to

be much higsher than the comparable increase in production

coats (90). iEven minor imwrovemtns in malntenance effective.
ness =re bound to have significant impact on nation's economy

The task of fubure researchers is to study and develon

vrocedures that will help in making scientifie management
more popular and acceptable to industry., The currens
of malatensnce menagement have 4o be reviewed and

nractices

improved. The theoretical models have to he made more

vractical and system oriented. HNore case studies have to

be presented to demonstrate the use of maintenance models

in real life situations. Data colleetion methods have +q

be standardized and vonularized as source data for mavine

maintensnce decisions. The management must be convineeq

ahout the need to give the maintensnce function its due status

and improve its technological base. The tas' is hy nn SO

easy but there exists a wide potential and g Tery strone need

for future research in these areas of maintan.
AT enance Mahasement ,
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3., EVAPORATORS

3.1 SUBSYSTEM DETAILS

It was pointed out earlier that the evaporation
subsygstem is used to increase the concentration of spent
liquor recovered in the precipitation area from 160 gpl
to 195 gpl. +(nis is achieved by evaporating the excess
water in the spent liguor in primary evaporators, feed
flash tank and secondary evaporators arranged in series
as shown in Fieg.3.1. The subsystem actually has four

primary evaporators, one feed flash tank and six secondary

evaporators in each unit but one primary evaporator and
one gecondary evaporator (along with a live steam heater

in the secondary evanoration area) are kept out of circuit

for maintenance work. In addition to the units mentioned
ahove, the evaporation subsystem also includes condensers,
intercondensers, steamjet ejectors, condensate receivers

and circulating pumps as shown in the figure,

3.,1.1 Primary Evaporators

Each primary evaporator consists of a vertical shel]l
and tube type heat exchanger with a flash chamber at the

top. The heat exchanger has 4 tube side passes and one

shell side pass. Inhe flash chamber is a c¢ylinderical

unit connected to the shell side of the heat exchanger

at the top.
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About 6000*litres of spent liquor at 60°C is pumped
per minute from spent liquor tanks to the tube side of the

first effect primary evaporator through a flow control
0
valve. This liquor is heated to about 75 C by the vavours

released in the flash chamber of this effect and the
condensate from second effect. The wvapoursget condensed
and give their latent heat to the tube side liquor while
the condensate gives its sensible heat. A part of the
condensate also gets evaporated in entering the shell
side of each effect because of the difference in pressures
between the condensate and the shell side of the parti-

cular effect. Thevapours so formed also give their latent

heat on recondensation.
The heated liquor from first effect enters the second
and the third effects in successlon and gets heated to 89°C

and 100oc respectively in the same way as in effect 1,

The liquor coming out from the third effect enters
the primsry evaporation 1ive steam heater where its tempera-
ture is raised to 122°¢., The live steam heater has two

tube side passes and one shell side pass, Heat is suvplied

in the live steam heater by steam at 1.06kgf/em” (gauge)

pressure condensing on the shell side. A part of this stean

is obtained from excess Steam produced in the digestion area

—

¥Phe numerical values given here are for the new unit.
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a conductivity of less than 200 mhoem in order for i%
to be suitable as boiler feed. The conductivity of the

condensate is a measure of its caustic contamination,
The snell side of each heat exchanger is connected

to a common hesder through a vent line for removal of
non-condensable vapours. These vavnours, if not removed,

will seriously reduce heat transfer between the tube walls

and the condensing vapours.

About 27«2 tonnes of water is evaporated per hour in

primary evaporators. The steam consumption is around 16

tonnes per hour,

341s2 Feed Flash Tank
Feed flash tank is a cylinderical vessel maintainegd

at a vacuum of 58 cm of mercury, This tank receives about

1000 1pm of svent liquor directly from the primary e Vvapo-—

tation by-pass line and the rest from the flash chamber

of the first effect primary evaporator. Because of the

low nressure in the feed flash tank further flashing of

liquor takes place in this tank and about 13,2 tonnes of
water is evaporated per hour. The flashed vapours are

removed by the parometeric condenser and are condensed
by direct contact with industrial water. The outgoing
liquor from the feed flash tank is at a temperature of

61°¢ and has a caustic concentration of 176 gpil.
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2.1.3 Secondary Evaporators

The constructlion and working of the secondary
evaporators and the live steam heaters is similar to
that of the corresponding primary evaporator bodies.
About 6400 1lpm of thick liquor is supplied to the secondary

evaporators from the feed flash tank with the help of

evaporation feed pumps. The liquor enters the tube side

of the first effect and gets heated by the vapours
released in the flash chamber of the same effeet and

condensate Trom the next effect in the same way as in

the primary evanoratol effects. The outlet temperature
of the liguor' from heat exchanger and the pressure in the

fl1ash chzmber of each effect are civen in Table 3.1.

Heat exchanger outlet temperature and flash

Table 3.1
chamber pressure in different effects of the
secondary evaporation unit.
outlet temperature Flash chamber
EBffect Ho, og pressure
1 T2 49 cm of Hg. Vacaum
2 82 25 cm of Hg'y Vacuum
2
3 99 0025 kgf/cm gauge
4 107 0970 kgf/cm‘ gauge
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Liguor from the last effect enters the live steam
heater where it is heated by 7.03 kgf/cm2 Steam to 13400.
About 13.5 tonnes of steam is S8Upplied per hour to the
live steam heater. The quantity of steam suvnlied ig
controlled in such a way that the out-let temperature
from the live steam heater remaing constant. The high
temnerature thick 1iguor coming from the live steam
heater then enters the flzsh chambers of various effects

where flashing takes place and water is evanorated,

The condensate from the live steam heater sces to
the shell side of the fifth effect, that from the fifth

effect to the shell side of the fourth effect and SO on

in succession. The condensate from the last effect is

collected in the condensate receiver from where it is sent
to the boiler house.

The water evaporated in the secondary evavorators
is about 35.1 tonies per hour bringing the total evapora-

tion in the new unit to 75.5 tonnes per hour.

The liquor coming out of the evaporation system

has a concentration of 195 gpl, It is pumped to the test

tanks with the help of the secondary evaporation discharee

pumps .,

3.1.4 Parometric_Condenser, Intercondenser and_Bjectors

The vapours generated in the feed flssh tank ang
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the condensate receivers as well as the neon-condensable
vapours from the evanorator bodies go to the barometric

condenser. Yacuum is created in the barometric condenser

with the help of g steam jet ejector using steam at T.C3
kgf/om. Industrizl water at 27°C ie injected into the
barometric condenser to condense the Vvapours. The

quantity of water sunplied is regulated by a pressure

control valve.

The uncondensed vapours from the barometric
condenser are sent to the barcmetric intercondensger,
Vacuum is maintained in the barometrie intercondenser

by means of two second stage ejectors. About 1 tonne of

steam is required per hour for the three ejectors.

Steam jet ejectors are preférred as air pumps because
of their simple design and absence of moving pnarts,
Multistage ejectors are more economical than reciprocating

pumps for producing vacuum down to 1 to 2 millimetres of

mercury.

Feed flash tank, barometric condenser ang condensate
receivers are interconnected closed vesselgs, Because of
physical connection, the vacuum in all these bodies shoylg
be same under steady state operating conditions, The
barometric condenser can be looked upon as g constant

pressure source and this pressure is maintaineg in the



Other units also.

The arrangement in the evaporation system of the
old unit is similer to that described above for the new
unit. The only difference is that in the old unit
primary evaporation live steam heaterp is supplied with
steam at 7.03% kgf/cm2 instead of 1.C6 kgf/cm2 as is done

in the new unit heater. The spent liguor flow in the o014

unit 1is 2240 lpm, The total evaporation is 25,3 tpp

with a steall congsumption of about 12 tph,

3.1.5 Test Tanks
Test tanks are vertical cvlinderical vessels provided

with side entering agitators. They are useg to give surge
capacity in the system for planned angd emergency flow
adjustment. The agitation provided in the tanks helps
in proper blending of the liquor so that 5 uniform concent._
ration is sssured. Make-up caustic may be agdeg in the
tanks, when necessaly.

During normal operation, attention has to be given

to maintain constant liquor level and alumina—to~0austic

ratio in the test tanks.,

3,2 THE CAUSTIC CLEANING PROCESS

The heat transfer surfaces of the evaporators are

pariodically caustic cleaned to remove the scales depositeq
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On the inside of the tubes. The current practice is to
ispolate the entire evavoration system and clean all the
units simultaneously by circulating hot concentrated
caustic through them for about 16 hours. The caustic
cleaning time is also used to take in line any evanoration
effects that have been mechanically cleaned and to isolate
new effects for this purpose. The entire overation of

isolation, cleaning and line up takes about 40 hours for

each caustic cleaning cycle,

It has been found experimentally that g caustic

solution with a concentration of 350 gpl, ang heated to

about 93 °c gives best results for caustic cleaning,
Higher coustic concentration and temperature are very

corrosive to mild steel while +the use of lower concentra-

tion and temperature prolongs the cleaning time,

3.2,1 Caustic Cleaning Procedure

The concentrated caustic required fop caustic cleaning
ig supplied to the evaporation bodies through a 101.6 mm
diamet;r common header to which all unitg are connected .
The liquor from a caustic cleaning tank is pumped to the
first primary evaporator effect from where it passes tgo
subsequent effects through main liquor line. The liguory
coming out of primary evaporation live steam heater ig

passed through the secondary evaporation live 8team heaterp



and then progressively backwards through all the secondary
evaperator effects. The liguor coming out of the first
secondery evaporator effect is stored and fed into the
main system when necessary. Before taking.shut down of
the evaporation system for caustic cleaning the following

conditions must be ensured in the plant:

1. There should be enough condensate in the condensate
receiver to ensure continuoussupply of feed water
to the boilers during caustic cleaning period,

»., The extra make-up caustic required in the test
tank for increasing the concentration of spent
liguor directly coming from precipitation area

should be available.
z, The level in the spent liquor tank should be low
enough s0 that the excess quantity of liquor

available during the shut doen of the evanorator

units can be stored.

After taking shut down, the unit is handed over to
the maintenance department for making the closed circuit

for circulating cleaning caustic. Following operations

are done by +he maintenance department before Starting

caustic flow:

1. The spectacle blinds. in the 254 mm diemeter inlet

1ines of the first effects and outlet lines of the



live steam heaters in both the evanorator units
are closed while those in the 101,.6 mn diameter
caustic cleanine inlet line of the first effects
and outlet line of live steam heaters are opened,

2+ The caustic - cleaning inlet linesof the first -
effects and outlet linesof the live steam heaterg
are rolled down, cleaned and fitted back in
position,

3. (ne mechanically cleaned body is taken into 1line
in each evaporation unit, For these bodies the
spectacle blinds in the inlet ana outlet lines of
heaters and flash chambers are opened while the
spectacle blinds in the respective by-pass lines
are closed. The spectacle blinds in the Condensate

lines are also opened,

4, One effect from each of the evaporation units is

taken out of line. For thesge effects, the spectacle

blinds in the inlet and outlet lines %o heaters

and flash chambers are closed ang the spectacle
blinds in the respective by-pass lines are Opened,
Phe blinds in the condensate lineg are also rotated,
Patches are cut on both sides of by-pass line valves

for inspecting the line, If the line is choked it
is rolled down, cleaned and welded back in POSition,

5. All leaky gaskets are replaced,
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the above preparations, on an average, take 12 hours
Lor 14 workers. During this period the operation
nersonnel prepare caustice solution of required concentration

and temperature using caustic of 800 gpl.
During caustic cleaning, the maintenance denartment
attends to barometeric condenser, feed flash tank, ang
other units.
When caustic cleaning is over, all the blinds are

rotated to the original position,

34202 Cost of Caustic Cleaning
The following costs are associated with the caustic
cleaning operation:
1. Cost of lost alumina production due to lower
concentration of caustic supplied to digesters,

2, Cost of extra caustic lost with red mud ,

3. Cost of work done by the maintenance department

l. Cost of lost alumina production

When the evaporation subsystem is shut-down for
caustic cleaning, the spent liguor from the precipitation
ares is by-passed to test tanks direetly. Fresh caustie
of 800 gpl concentration is added in this tank to inerease
the concentragtion of spent liquor before feeding it o

digesters, Since only a maximum of 65 Ipm of 800 grl caustio
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can be supnlied to the test tanks due to physical limitations
of the plant a lower concentration liguor is fed to the

digesters during the caustie cleaning: interval, This
results in a reduction of alumina dissolved and hence g

loss of plant income,

2. Cost of caustic lost with red mug

The red mud coming from the digestion area 1is washed

in the washers to recover caustic before it ig sent to mud

lake for disposal., The wash water is sent to the " blow off

tanks as dilutant. During normal plant operation about 2,5
gpl of soda is lost with red mud even after washing., \hen
the evaporation subsystem is being caustic ¢leaned, the
amount of caustic coming with the flash effluent being
lower, less water is used to wash the reqd mud., This igs
done in order to maintain the concentration of caustic

going to precipitation area. This results in an increase

of soda with red mud to 5 gpl and hence a loss of caustic

due to caustic cleaning.

3, Cost of work done by the maintenance devartment

This includes the labour cost for the maintenance

staff and the material cost for carrying out the caustic

cleaning operation.

The cost of caustic used for cleaning is not considereg



since the caustic after cleanineg is fed *o the system as

make-up caustic.

A part of these costs is neutralized by the saving
in the cost of bauxite fed to the vnlant as a result of
reduced digestion. When the caustic concentration in test—
tank liquor goes down, it is necessary to reduce the Sunply
of bauxite slurry to the digesters in order to maintain
a constant alumina~to-caustic ratio in the flash effluent,

This rezalts in some saving of the bauxite charged durine
each caustic cleaning cycle,
The net cost of each caustie cleaning operation is

therefore given by the following expression:

Vet cost of caustic cleaning

- Cost of lost alumina production

+ Coat of extra caustic lost with redmud

+ Cost of work deone by the maintenance department

— Cost of hauxite saved (3.1)

3,2.%3 The Optimal 1z2aning Freguency
Ly — — T ——— e

The optimal maintenance policy desired for the sub-
system is to find the interval between consecutive caustie

cleaning operations SO that the total amnual cost of the

caustic cleaning operations and the steam used in the live

stoam heaters in minimized., Assuming cost of each caustic
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cleaning oneration to be constant, the annual caustie

clzanine cost denends on the number of caustic cleaning

onerations done in the year which is inversely pronsortional
to the caustic cleaning interval. The steam cost denends
on the number of caustic cleanings as well as the rise

in steam consumption rate with time, due to scale deposits,

2% OPTINAL CLEANING FREQUENCY NODETIS

Let the maintenance policy be to perform n equally

gpaced caustic cleanings in an interval (0,7) as illust-

rated in Fig.3.2 et
Interval between consecutive caustic

b, =
cleanings, days
i, = mime taken for each caustic cleaning, days
Gg = Cost of each caustic cleaning,
(as sumed constant), rupees.
G(t) = Steanm cost per unit time as a function
of time , rupees
0. = Total steam and caustic cleaning cost in the
‘ interval (0,T), rupees
Then b,
Cp = n C, +tn£0(t) dt
c
=n (Cx + .g C(t) dt) (3.2)
But n (%, + bt = T
i o
oF &, + b (3.3)
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and c{t) = Cq m(t) (3.4)
where Cq = Cost of steam, rupees per tonne

m(t) = Steam conswmption rate tonnes per day

as a function of time
t .

Thus Cp = —g—— {(C, + G [ m(%) dat) (3..5)
¢’ 'm )
It has been shown by Davidson (21), Jardine (44) and
perry (76) that variation in performance of deteriorating
heat transfer surfaces can be represented by exponential

curves of the tvpe shown in Fig.%.3. Thus steam consumption

rate t days after caustic cleaning may be written as
m(t) = A - B exp (-kt) (3.:6)

where A, B and k are constants

substituting this value of m(t) in Eq 3.5, the total

cost of steam and maintenance for the period (0,T) is given

by D ¢ Xkt
oy = Bty o * G J U-B e ) an
et
= g (Cp + CyAt, ¢ —— - %) (3.7)
C m

Differentiating with respect to t, and equating to gero

yields
C.B
-kt* ~ +- 1 = i
cBe oL (8 +tm k) Co - —p—-ticias0 (3,9

/



where tgl is the optimal interval between caustic

cleanings when steam consumontion rate increases

exponentially
If +, << tc, we may write
T = n tc (309)
-z téi
and CqBe (k t¥% + 1) +Ck -C3B=0 (3.10)

If changes in heat transfer coefficients due to

scale deposition are small, steam consumption rate may be
approximated by a straight line variation instead of an

exponential variation without much error, In such a case,

m(t) be represented by the expression

let
m(t) = a + bt (3.11)
Then _ t,
Cp = gc—‘gr; (Co + Cq £ (a + bt) at)
Cy b t2

+ Cl atc 4 C ) (3.12)

o gt {0
Tortn O
Differentiating with respect to t, and equating to

zero gives

-%4 ot i
b2 * ce

_ 2(co-acltm)_o

m =

bcl (3.13)

. — téz is the optimun value of tc when steam consumption

jnereases linearlY.

once again, if tp K t, we may write T = nt, which
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yields .
E*; = 20(1
¢ o Faa (3.14)
.
* =
il BEr 51 NEGH] * Bya) (3.15)

3.4 PERFORMANCE ANALYSIS AND CAICULATION OF MODEL PARAMETERS

3e4+1 Theoretical Backeround

Fig.3.4 shovs a schematic diagram of 4 tyvical evaporat
X or

effect.
Let
Mgy = Mass flow rate of spent liquor, ke/hr
Cgy, — Swvecific heat of spent liquor, xcal/ke°c
TSLI = Inlet temperature of snent liguor, c
TSLO = OQutlet temperature of spent liquor, %
my; = .Mass flow rate of condensate into the
evaporator, kg/hr
gy = Mass flow rate of condensate out of
evaporator, kg/hr
Bag = Inlet temperature of condensate, °¢
Tap = Outlet temperature of condensate, 0
mppy = Mass flow rate of thick liquor into the flash
chamber, kg/br
mpro = Mass flow rate of thick liquor out of the £ h
as
chamber, kg/hr
c = S8pecific heat of thiclk liguor, keal /kg%%

TL
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TILI

Tryo

=32 0] 2=

= Inlet temperature of thick ligquor, %

= Outlet temperatute of thick 1iquor,°C
= llass rate of wvapours flashed from thick liquor, kg/hr

= Mass rate of vapours flashed from the condensate,

ke/hr

= Temperavure of vapours flashed, .

C
= Temperature of thick liquor in the flash chamber

%

considering boiling-point rise,
= Total amount of vapours present in the heater, kg/hr

= Enthalpy of vapours at T,, kcal/kg

The materizl and heat halance equations around the

o
flash chamber with 0C as datum and neglecting heat losses,

give

the - following results

Mary = Tpgo * TF (3.16)
?... = Brro vy Tpro t+ My by (3.17)

Mary Crr rix =

substitution of Eq 3.16 into Eg 3.17 gives

or

mpr1 Crr (Tpzr ~ Tpro)
fip = ho - Cpr Tpro

(3.18)

)

A part of the condensate entering the evaporator is

first evaporated and then recondenses. Heat balance for the

condensate

at entry to the evaporator gives

may Ty 7 (mgp - my) To * g hy
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M, (kap = Ln)
or M = 2 Be 0 (Z.19)
hF - TO

Totzl amount of vapours present in the heater is given by

s T Mg+ mp (=20

g

If U is the overall heat transfer coefficient for
the effect in kcal/hr m? Oc » &9 15 the heat transfer area
of the heater tubes based on outside diameter in m© and

7 1c the log-mean temverature di fference,

g (!
msy, Csp (Tszo - Tsrr) Udg T (3.21)

The log-mean temperature difference Tm is given by

szo - TsiI
Ip = (3.22)
m
To - Tg11
1n
To = Ts10
Hence
| Tsuo = Tgyg
mgy, Csr  (Tgpo = Tsrz) = U4g —
In 0 = Tsir
g
0 S10
m c LI ||
51 Csz o~ Ts1z
r U = ————m— in —m——i= (3.23)
° Ao To = Ts10

The quantity of steam required in the live~stean

heaters can be found by writing the heat balance for each

heater. Thus, neglecting losses,

Heat picked up by spent liquor = Heat given by steam
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or

mgy, Cs1 (Tgro - Tszy) = SL (3.24)

where S = Ilass flow rate of steam supplied to

heater, kg/hr

L Latent heat of steam, keal/kg

i

In the above analysis, the shell side vavour is
assumed to he saturated. This is the usual nractice with
shell and tube type heat exchangers. It has been shown
by McAdams (53) that even though the mechanism of conden—
gsation of superheated vapours differs from that of saturated
vapours, little error is caused in computing the rate of

heat flow by using latent heat of saturated steam in place

of total heat of superheated steam.

3.,4,2 Cost of Caustic Cleaning

The cost of caustic cleaning C, can be calculated

from Eq 3.1 using plant data given in Appendix 1,1 and

The calculations for the new unit are given below.

Fig 3.1.

1, Cost of lost alumina production
Rate of flow of spent liquor from test tank
to new digesters = 49441 pm
Spent 1liquor to old ball mills = 176 1pm
Spent liguor to0 new ball mills = 440 lpm
Potal spent liguor flow to new heaters = 5560 1rm
Total spent liquor flow to new digesters = 5384 lém
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Caustic concentration in test tank = 193 gpl
Caustic utilization factor = 0,93
Test tank alumina-to-caustic ratio = 0.380
Flash effluent aluming-to~caustic ratio = 0,650

Alumineg dissolved per day
5384 x 193 x 0.93 x (.650 - «380) x 1440

106

= 37373

Assuming a plant recovery of 93 per cent

Weight of alumina produced per day = 375,75 x .93
349,43 ¢

Spent liguor caustic concentration

during caustic cleaning = 160 gpl
Make up caustic concentration = 800 gpl
= 65 1pm

Make up caustic flow
If C is the concentration of caustic in the test tank during

caustic cleaning (5560 - 65) x 160 + 65 % 800 = 5560 x O

1200
or c = —g%go—“ = 167.4 gpl

Therefore, alumina production rate during caugtic Cleaning

5384 x 167.4 % 0:93 x 0.27 x 1440 x 0.93

6
10

= 303,08 tpd

alumina production per day = 349.43 - 30% 08
= 46.35 1

Losgs in
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Caustic concentration in test tank = 193 gnl
Caustic utilization factor = 0,93
Test tank alumina~to-caustic ratio = 0,380
Flash effluent alumina-to-caustic ratio = 0,650

Alumina dissolved per day
5384 x 193 x 0.93 x (650 — .380) x 1440

106

—

375.75 ¢

]

Assuming a plant recovery of 93 per cent

Weight of alumina produced per day = 375,75 x .93
= 349,43 %

Spent liguor caustic concentration

during caustic cleaning = 160 gpl
Make up caustic concentration = 800 gpl
= 65 lpm

Make up caustic flow
If ¢ is the concentration of caustic in the test tank during

coustic cleaning (5560 - 65) x 160 + 65 x 800 = 5560 x C

1200
or C = -%%gﬁ“" = 167.4 gpl

Therefore, slumina production rate during caustic cleaning

5384 x 167.4 % 0.93 x 0.27 x 1440 x 0,93

- 6
10

= 303,08 tpd

it

349.43 - 303,08
46.35 +t

Togs in alumina production per day

il
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Since caustic cleaning takes 40 hours, loss in aluming

production for each caustic cleaning = 16,35 x 40
| 24

= 77.25 tonnes
Sele price of alumina = .8 1625 per tonne

Cost of lost oroduction ver caustic cleaning = Rs 77,95 1625

= 1 1, 25,531

?¢ Cost of caustic Jost with red mud

Mud load = 40 7. of dry bauxite
Solids in mud slurry = 0

Density of liquor going with mud slurry = 1,01 em/cc
Alumina dissolved per day = 375,73 ¢

Total available alumina in bauxite = 46 Y,
Bxtraction efficiency = 94 %,

Weight of dry bauxite used per day

L I

0.4 x 0,94
= 868,94 t

Mud load = 868.94 x 0.4

LiqllOr £1 ow with mud-‘to-lake
347.6 % 0.79 x 1000
0.21 x 1.01 x 1440

899,1 1nm

Increase in soda 1oss due to reduced

washing during caustic cleaning = 2.5 gnl
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Extra soda loss ver day during casustic cleaning

899,1 x 2.0 x 1440

L
1 -

'

)|

3-23 tpd

Since ceustic to soda matio in red mud is 0.75, caustic

loes per day

3423 x 0.75

il

2.42 t

i

Total loss of caustic in 4C hours

About 40 per cent of this caustic going with red mud

is reoovered in lake return,

g0 loss of caustic with red mud = 4.03 x 0,6
= 2.42 €
cost of 100 per cent caustic = Rs 2500/%onne
Totzl cost of caustic lost = 2,42 x 2500
= Rs 6,050
5. sost of work done by the maintenance denavtment

Detzils of work done by the maintenance department

have already peen glvemn.

pefore caustic cleaning on an average 14 men work

durine caustic cleaning 8 men work for 16

for 12 hours,
canstic cleaning 14 men work for 12 hours

hours and after



Ilaintenance man-hours

Table 3.2 Maintenance material cost per caustic cleaning
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gnent on caustic cleaning

14 x 12 + 8 x 16 + 14 x 12

464 man hours

Labour cost at the rate of Rs 20/- ner man

worlzing for 8 hours

_ 464 x 20

- Rs 1,160

The maintenance material cost is given in Table 3,2

1.

2e

e

4.,

5 s

Iten Consupmption Rate Cost
Rs.

Asbestos gasket 4 sheets Rs 250/- 1,000

sheets for blinds per sheet

3.2 mm thick

welding electrodes 2 packets Rs 50/~ 100
per packet

Oxygen 2 c¢cylinders Rs 75/- 150
per cylinder

Acetylene 1 cylinder Rs 325 325
per cylinder

Rolts and nuts 15 kg Rs 12 180
per kg

Total Rs 1,755

-

pperefore, total cost incurred on work done by the

Rs 1,160 + Rs 1,755

maintenance department

Rs 2,915
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4. Cost of bauxite saved

Reduction in alumina produced = 77.25 t

Total available alumina in bauxite = 46 ¢/

oxtraction efficiency = 94

Recovery of dissolved alumina = 93 */,

Weight of dry

bauxite saved per caustic clzaning

1925
0.9 x 0.94 x 0,46

= 192,11 t
Moisture in bauxite = ‘E9L
WWeight of wet bauxite saved - —%2§$l
= 193,04 %

Cost of

Cost of

The net

Co =

bauxite including transportation

= Rs 95 per tonne
198.04 x 95
= Rs 18,814

i

bauxite saved

cost of each caustic cleaning
Rs 1,25,531 + 6,050 + 2,915 ~ 18814

Rs 1,15,682
say Rs 1,16000

of Stesm Per Tonne

3.4.3 Cost

Gost of

steam per tonne, Cq, can be worked out from

the total expenses incurred in the boiler house per month

and the average monthly steam generation rate, The total
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cost incurred in the boiler house consists of cost of fuel,
cost of materials supplied from central stores, salaries
and fringe benefits of staff, equipment depreciation
charges and cost of power consumed. A part of the exnen-
diture incurred in the workshop and the total running
expenses of the testing laboratory are also charged to

the alumina plant. One-sixth of these expenses are

charged to boller house as per plant practice,.

As shown in Appendix 3.1, the current cost of steam
generation is Rg 30 per tomne.

3.4.4 Steam Congumntion Rate

cteam consumption rate is calculated from Bg 3.24
usine design conditions. The increase in steam consumption
with scale formation is calculated from observed fall in

temperature at the outlet of last evaporator efrect.
For *the new unit,
Total liquor entering the evaporation sub-system = 7000 1pm

ed flash tank through bypass = 1000 lpm

= 1.;24 gm/cc
1000 x 1,24 x 60
1000

Ligquor going to fe

Density of ligquor

Totgl liquor entering the sub-system

= 520,8 tph

_ 1000 x 1,24
ash tanl = ) X 60
‘ 1000 e

ILiguor entering feed fl
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Liquor to primary evaporators = 446,4 tph

The evanoration in the three nrimarv evaporators

can be found by using Egs 3.16 and 3,18 nroceeding backwards

from the third effect.

Effect 3

_ 446.4 x 0,86 (122-114)
¥ T TT642.8~ 0,86 x 114 vy = 446.4 - 5,64

440,76 toh

I

Effect 2

40,76 0.86 (114 -~ 98
e x 0.86 (11% = 96) Mpio = 440.76 - 11

UF T T 655.5 — 0.86 x 98
= 11 tph = 429,76 tph
Effect 1
Og ~ 42253?33_06?gé3§-g§l Mprg = 429,76 -~ 10,60
= 419,16 tvh

— 109 60 tph

Total evaporation in primary evaporators

5,64 + 11.0 + 10,60

-~ 27.24 tph
In the feed flash tank 419.16 tph of thick liquop
Oz mixes with 74,4 tph of spent liquor at 60°%, -

at 82
by 18 the temperatire of the total liquor after mixing
419,16 x 0.86(82 - tg) = T4.4 x 0.86 (ty ~ 60)
1 16_}L§2_T"z4aw“x_§9
or te T 'ﬁ'g%ﬁj4 + 419,16
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= 78,76

OQutlet temperature from feed flash tank = 61%

Jater evenorated in the feed flash tank

. .A427.56 x 0.86 (78,7 _~_61)
- 624,0 —~ 0,86 x 61

= 1%,15 tph

Plow to secondary evanorators 49%,56 - 13,15

480,41 tph

proceeding similarly, the total evavoration in the

five secondary evaporators, starting with No.,5 is found

to be 3.55, 6.06, 9.29, 7.2C and 8,44 tph with a total

of 35.14 tpil.

The steam is supplied to the primary evaporation
2
]ive-steam heater at 1.06 kgf/cm” and to secondary evapo-

ration live steanm heaters at 7,05 kgf/cmz,

From Bq 324 amount of steam required for primary

stem heaters

_iggli_z59§§§_ﬁl??-:-i?@)

o’ ——— B

evaporamion iive

Il

- 16.08 tph

for secondary evaporation live steam

420,41 x 0,86(134 - 118)

o

= 489,15

Steam required

heaters

1’.1 .51 tnh



-3 113 <

The initial gteam consumption rate in the evaporation

sub-system thia ig (16,08 + 13,51) x 24

= 710,16 tph

It has been established by discussion with the plant

nersonnel that the total drop in the ternerature piclk up

over all the primsry evaporator effects is 5% in 3 months,

The corresponding figure for the secondary evaporators is

6°C for the same period. Based on this observation the

steam consumption rate at the end of a three month period

will be:

Primary evaporation live steam heaters

44¢.4 x 0.06 x (122 - 95)
525.4

= 19.75 tph

Secondary evaporation live steam heaters

18.58 tph

This gives a steam consumption rate, 90 days after s
cleaning as (19.75 + 18.58) x 24

= 919.44 tpd

Assuming that each caustic cleaning brings the heater 4o

as new condition, the steam consumption increagesg from 710,16 tpq
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%0 913.44 tpd in 90 days.

It has been shown by Davidson (21), that increase
in cost of beciler fuel due to deteripration of boiler
surfaces 1is a function of steam generated by the boiler.

Since evaporators are being continuvuslyoverated at almost

constant oneratine conditions, the increase in steam cost

can be directly related To number of days the evaporator

has been in use. TFurther, since fall in temperature nick

3
up is only of the order of 15 degrees per day for the

primary evaporators andT%H degrees per day for the second
evaporators, not much error will be introduced if linear

increase in steam consumption is assumed instead of the

expected exponential one.

The variation in steam consumption rate can thus

be express ed 25

m(t) = 710,16 + —222:44,5 T10.16)%

710.16 = 20325 t (3.25)

Phis gives values of constants a and b in Eq 3.11 to be

710,16 tpd

i

a

b = 20325 tpd/day

3 5 CAICULATION oF OPPIVAT CLEANING INTERVAL
3.5.1 0 1imal¢§J§§§ing Interval Neglecting Time Reguired for

Kaintenance

From Bg 3.145 the optimal cleaning interval when t_ << +
; m s



is given by

Substituting the values of Cys D and ¢4 calculated above

tes = V(ZEILE0CT,
-o)q’y OJ

= 57.67 days
say 58 days
The total annual cost when operating with g caustic

cleaning cycle of t, days and ¢, << %t is given by Eq 3,12

as
T 2
Cp =4 (G *+ 01 ty + 0.5 G bt2)
= 365 (115“°° + 30 X T10.16 + 0,5 x 30 x 2,325 4 )
C
= 365 (116U“° + 213048 + 34.875 t_) (3.26)
C

When tc i tgé = 58 days
Ccg* = Rs 92.45 lakh/year

3.5,2 Optimal Cleaning Interval Taking Maintenance Time

into Account

Maintenance time 'bm = 40 hours

1.67 days

The optimal cleaning cycle time when t_ is not negligible
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is given by the relationship (Bq 3.13)

2 a1 =

t* + 2 tx ty - 2(00“ a4 Ymd _ 0

c2 ce BC -

1

2
or t* 4 2 £ x 1.67 - 2(116000—710 16 x T0x 1 67)

e2 2 2.325 x 30
or t& 4 3,34 % - 2306 = 0

c2 c2

which gives tge = 46,39 days

The annual

When

costs C=z

of &
obse;vations can be made from this

Lo

say 47 dayvs

operating cost in this case is given by

‘l‘ 2 2
Gp = g Og+ Ty 8 by + 0.5 87 542)

-

26 (116000 + 30 x 710.16 tc+o.5x30x2.325EC)

T 167

55 =
,2&5737 (116000 + 21304.8 %, + 34.875 te 1 (3e2T)

C v " T * = 47 days,
e c2

Rs 89.57 lakhs/year.

i

*
Cm

L

Table 3,3 gives a comparison of total annual operatine

alculated from Eos 3.26 and 3.27 for different valltes

These values are plotted in Fig,%.5, The fOllowing

ﬁ‘

figure:

The optimal interval between caustic cleanings ig
much less than the presently used interval of gg days

Neglecting time taken for maintenance, the Ooptimal
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mable 3.3 Annual operating cost with different

cleaning cvele intervals

3

Caustic cleaning Annual operating cost, Lads of Rg

intervel,days lge;igczigg malnte~_ﬂ égii%g;ggce
| (Bqg 3.26) time
i ‘ Bg_3,.27)
20 101,48 93,66
20 95 .69 90,65
20 93 44 89.69
22 93,13 89,63
27 92,75 82027
50 92,60 89,60
50 92.52 89,65
5% 92.50 89.67
- 92,45 89.86
60 92.46 89.95
63 92.50 90.11
70 92,72 90.56
80 93 .24 91.33
50 95«9 92.21
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~leaning cycle interval 18 58 days with an annugl Operating
cost of s 92,45 lakhs a721nst the current nractics of
90 days with an annual costy of Rg 95,92-1akhs, This eives

 annual saving of Rs 1,47 lakhs,

an annual cost of Rs 83.57 lakhs against +ia cirrent eost of
Z > o 1T ecost of

Rs 92.21 lakhs  ior 90 days cleaning interyal, o,

saving in %this case is Rs. 2,64 lakhs nar yagm

4 The wvariation of total cost with cleaning cyele inter_
val is not vervsteen. Schednling Cleaning within
+ 5 days of the ontimal valwme varies the annual
cost only by a maximum of 35.5000 or . 054 per cent

is neglected and a maximum of Rs €000 opr

when t
089 per cent when ty 18 taken into account,

3.6 SEISITIVITY ANALYSIS OF THE OPPINAL poLIcy

Sensitivity analysis has been carried out to fing
the variation of optimal cleaning cyele time and annuay
operating cost with model parameters for the Case when
tm << .. As cen be seen from Eqs 3,14 ang 3,15 the
factors that influence the optimal policy are the steam
cost Gy, the maintenance cost C  and fouling factor b.
Any varistion in the value of these parameters due to

fluctnations in cost or error in theirp estimate ig bound
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to influence both the optimal cleaning cycle interval angd
the total annual cost., Sensitivity analysis has therefore

been carried out for these three factors.,

2.6,1 Sensitivity Analysis of Optimal Maintenance Policy with

Regpect to Cost of Steam per Tonne

Table 3.4 gives the variation of optimal cleaning
cycle time and total annual operating cost at optimal
intervzl f or steam cost varying from Rs 24 to Rs 36 per
tonne i.e. + 20 %, of the current rate of Rs 30 per tonne,

For comparison, values of annual operating cost with the

Table 3.4 Effect of variation of steam cost on optimal

cleaning cycle time and annual operating cost

C, = Rs 116,000 a = TL0,16 b = 2,325

o5t C, |[Optimal cycle |Annual Operating [Annual Opera-
gﬁ;gﬁscpzr I leime t3% ,days [cost Cx* Lakhs of (ting Cost C,(90)
rupees” (Eq 3,15) [Lakhs of rupees

tonne | (B 3.14) (Eq 3.12)

. 65 71534 76,08
55 62 81.06 82,03
e 60 87.76 87,98
%0 58 92,45 93,92
2 56 98.11 99.87
a1 54 103,76 105,82
i 5% 109,40 1117
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precent 90 day cyele, Cp(90), are also shown in thig table,
The latter values have been calculated uging Eq 3,12, 1t
can be seen from thig table that the optima] Cleaning
cycle time falls by about 2 days and the annual cost at
optimal interval incresses by about 6 °/. for every Rg 2
Per tonne increase in steam cost. Also the difference
between Cp(90) and Cg*increases with increase in cost

of steam underlining the importance of cost optimization

gtudies,

3.6.2 Sengitivity Analysis of Ontimal ¥aintenance Poliey

with Respect to Caustic Cleaning Cost

The fixed caustic cleaning cost of Rs 1,16,000 hag

been agsumed on the basis of a 40 hour cleaning period as

per the existing plant practice. It is possibile that thig

time would be reduced when the cleaning cycle ig Changed
to optimal 58 days in place of the existing 90 days due

to reduced scale build up. The cleaning Cost will also

change if the concentration or quantity of make Up caustic
supplied in test tanks is changed. Other factors that may
influence the cleaning cost are variation in materia] Cost,
reduction in loss of caustic with red mug by changing the

quantity of lake return or use of higher concentration

caustic in test tank.

The effect of varlation of C, on optima; Maintenance
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policy is shown in Table 3,5, TFrom this table it may

be observed that the ovtimal nolicy cost is not very
eimmificantly affected by the variation in caustic ¢leaning
cost. A variation of 5C ner cent from a caustic cleaning
cost of C.2 lakhs te 1.2 lakhs increases the cost only

by about 3.C5 per cent from 89.96 lakhs to 92,70 lakhs,

The clezning interval is, however, changed from 48 days to
59 days with this variation cf cleaning cost,

Table 3.5 Effect of variation of ° caustic cleaning cost
on optimal cleaning inturval and annual operating cost

71C.16 b =2.325

Cqy = Rs 30 per tonne a

[Airnual operating
cost CXx* 1akhg

Annual Opera-

Optimel cycle
ting cost Cx€90)

Txed cleaning
Fixed cleaning time tA% Days

2098 B Lf_s__ [j (a2t lof Re(m 5.15) [jKR of Re”
o " 39,96 92.46
o 51 90.70 92.87
e 54 91.40 93.27
1.10 56 92,06 93.68
1.16 58 92,45 95.92
e 59 92,70 94,09
o - 93,31 94.49
o 6 93,89 94.90

5,65 nepsitivitydﬁnﬁlySlS of Cptimal leintenance Policy with
B uiing Facter

™
Resnect to X0

T o sumed in the above analysis that the outlet
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temperature from primery evaporator effects falls by Soc

in 90 days and that frcm secondary evaporators by 6 OC,

Any error in this estimate affects the value of b and hence
the optimel policy as shown in Table 3.6. It can be
observed from Table 3,6 that an error of + 20 nercent in

the estimate of fouling factor influences the optimal

time by a maximum of 7 days end annual overating cost by
1.84 per cent.

Bffect of error in the estimate of b on optimal

Table 3.6
maintenance policy
G, = Rs 1,16,000 C, = Rs 30 a = 710.16 b = 2,325
i e T Talue of  |optimal [ Annual Overa- [Annual
é;;dguzﬁ"e = D cycle time | ting cost0f~ tingacoggera_
b Rs/day/day |03 da¥S | raupgor rg  [Cp(90) lakns
Y L (22 3.14) | (8Ba 3,15) Jf Re (2 3.12)
_20 2,906 51 94,18 96,79
_10 2,565 52 93.24 95.19
0 3,525 28 92045 93 .92
+10 2,114 60 91.76 92. 88
o 1.938 63 91.17 92,02
1.788 66 90. 64 91,28




4.  SIURRY INJHCTION PUMPS

4.1 INTRODUCTION
The five slurry injection pumps of the aluming nlar:

operate as two independent, parallel systems with sequentia)l
redundancy in each system, Redundancy is 4 principal
method of improving system reliability., Two types of
redundancy configurations are commonly used - active

parallel redundancy and sequential redundancy, In the
active parallel redundancy all the operable units work

all the time though the system needs a Smaller number of

units for its successful operation. In sequentia] redundancy,

the standby units are put into operation only after the

operating unit hes failed. A standby unit may be 'ecolg!

standby if 1t is not expected tc fail when acting as standby
or 'hot' standby if the possibility of such failures also

has to be taken into consideration. In the bresent invegti_

gation, the pumps are treated as cold standby units,

Fig 4.1 gives a flow diagram of the Slurry-mix area
showing position of the slurry injection pumps, 4g can be
seen from this figure there are three pumps in tpe old

unit and two in the mew unit. During plant operation only

ne each of these pumps is working, A1l pumps yge steam
one

at 17.58 kgf/cmz pressure taken from the mgin header, The
) 2
exhaust steam at 1.06 kgf/cm® pressure is ugeq in the

ar

Washing of the red mud.
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in the cylinder. Duplex arrangement is used in these

pumps to ensure that discharge from one cylinder is maximum
when the piston in the other Ccylinder is near the end of
its stroke giving no discharge., The resulting discharge

1s more steady and at a higher average pressure than that
for a single cylinder,

4.,1,1 Congstructional Details of the Pumpsg
The steam ends of all the pumps are similar. Steanm

cylinders are cast integral with the riston-valve Steam
chests. They are closed on the inside eng by the centre
piece and on the outside end by the cylinder head. The
centre piece connects the steam and liquid ends rigidly,
It contains a bronze throat bush, cast-_iron piston rog
glands and the packing through which the steam piston rod

enters the steam cylinder. The cylinder ig Supported on

the cylinder foot which 1s bolted to the cylinder, Cushion
valves are installed in the exhaust ports at the ends of the
cylinder to permit adjustment of stroke lengtnh, These valveg

control the amount of cushion steam trapped behing $he
piston at the end of the stroke.

The 1iquid end design is different for the 0ld ang
the new unit pumps. The old unit pumps being of the plunger

type use two opposed plungers to give delivery corresponding
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to a single double acting piston. The liquid end in
these pumps consists of two ¢ylinder blocks each divided
into two compartments one for each plunger. The valve
chambers are cast integral with the liquid cylinders,

These chambers are divided vertically into two separate
Compartments so that each liquid cylinder has its own
Suction and discharge valve. The area under the suction
valves and above the discharge valves is common to both
plunger compartments. The liquid end of the new unit pumps

consists of two liquid cylinders each provided with a

double acting piston. The valvz chambers are not cast

integral with the cylinders. The suction and discharge
valves are located outside and below the pump cylinders
in a f'surge block'. During operation slurry is not alloweq

t0 enter the cylinder. The pump cylinder and the connecting

surge pipe is filled with caustic liguor. As the piston

is moved back in the cylinder, the pressure gbove the suction
valve reduces allowing slurry to flow into the surge pipe.

On the forward stroke, caustic liquor forces the slurry out
through the discharge valve into the discharge manifolqd,

The caustic liguor thus acts as a liquid piston to force

the slurry through the discharge valve. Additional liguor

is added to make up for the amount lost through interface

mixmg .
fhe liguid end pistons are made of forged steel ang

ured on the tapered end of the piston rod witp a cottep
are sec
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pin. They are provided with two rubber packings to reduce
the leakage of liquid from the high pressure side to the
low pressure side of the piston., The packings are securegd
to the pistons by means of end plates and snap rings, When
the packings become wornout or loose they can be replaced
or tightened only by removing the head of the pump., The
plunger pumps have a distinct advantage over the piston
pumps in this.regard. In the plunger pumps, the single
acting plungers work through packings in the head of the
cylinder using two outside packings instead of one outside
and one inside packing as in the case of piston pumps, Witnh

outgide packing any leakage is visible to the operator,

Phis and the greater case of repacking result in much better

maintenance and less leakage for the plunger pumps, These
factors offset the higher initial cost of plunger pumps to
some extent. plunger pumps also have theadvantage that

they can give much higher delivery pressurss compared to

piston pumps of the same size,

EM DERFORMANCE ANATYSIS

1 and 4.2 give the charging time dats

4,2 SUBSYST

Appendices 4o
for the old and new unit pumps respectively for a period of
thege tables have been prepared from the datg

six months.
plant operation logbooks and records of

collected from the
partment for the relevant period, The

the maintenance de

tion logbooks give the starting and stopping clock $ime
a

oper
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for pumps chronologically along with information like
charging loss, reasons for stopping ete. The maintenance

records give details of the work done on the pumps by the

maintenance department,

Bach period from the start of one charging operation
to the next has been termed as a charging cycle and given
a cycle number for identification, The tables give the
number of the pump operating in each charging cycle and
length of the uninterrupted charging period. The charging
cycle is interrupted when the slurry injection pump is

stopped. The stoppage may be necessitated by a fault

developing in the slurry injectlon subsystem itself namely
the pumps, slurry holding tanks,suction and discharge
manifolds and piping or in the rest of the plant. The faults
developing in the subsystem are referred %o as 'pump trouble!

while all faults occuring outside the subsystem are termed

as 'plan't trouble'o

When a pump is stopped due to breakdown of the pump

own is minoT and can be rectified in a short time,

breakd
tandby unit is put into service. This normally

otherwise a S
requires a very ghort time and no significant slurry Charging
y regsult due to pump change-over, But if the breakdown

loss ma
r type and a standby unit is not immediately

is of a majo

available for use, PUP breakdown may also result in charging
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losg, Any fault in the subsystem piping network requiring
rolling down, Cleaning and/or repairing ang boxing up of
plpe sections, or leakage in valves, gaskets eto, will

also result in charging loss,

Typical plant faults which result in suspension of

Slurry charging include steam shortage, power failure,

erosion leakage, low bauxite stock, and planned shutdown
Same pump may be started after an interruption of thig
type or it may be substituted by a standby unit, When
Calculating khe running time of pumps between faillures

such interruptions have been disregarded ang the running
time taken as total of the pump rumning time before ang

after interruption. The interruption perigd 1s listed ag

charging loss and assoclated with the charging cyele

which is interrupted by such a loss,
The data given in Apvendices 4.1 and 4o has been
analyzed statistically to find the net time between failureg

of the pumps, average running time between subsystenm

failures, average total time between plant fajluyres and

the charging 1loss distributions.

L - €

Table 4,7

in sequential order of their use,
various pumps 1i
i the same data rearranged into different Classes fop
gives
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statistical analysis. The data suggests negative exponen-
tial distribution for the rumning-time-between-failures
for all the pumps. The analysis has been carried out

assuming such a distribution to be valid and then testing

the goodness—of-fit.

Table 4.1 Running time distribution for the

glurry injection pumps

cTar=t TIne Tange Number of observations
’ Pum Pump Pump Pum
No. minutes ﬁgfi No.g No,3 l No.4 NO.g
, p00%.. 400 19 18 23 1l T
11 10 6
5 400 - 600 17 1
12 10 8
" 600 — 800 13 L ]
- 8 12
5 800 -~ 1000 % !
9 3 6 13 6
6 1000 - 1200 i . . .
7 1200 - 2407 . 1 6 T
2 0
0
8 1400 - 160
1 5 3 7
9 1600 - 280 ' 0 0 1 3
10 1800 - 2000 2 5 0 1 3
11 2000 - 2200 2 o o 5 5
0
00
0200 — 24
12 200 1 1 1 1 2
13 2400 -
0 0 3
1 0
14 2600 - 2800 . 5 0 1
15 2800 - 3000

contdq,



Table 4,1 (contd.)

i Number of observati
cios i poee [T o | ey | g | o
16 3000 - 3200 1 0 . 5 .
17 3200 - 3400 0 0 0 5 ,
18 3400 3600 0 0 0 . .
19 2600 — 3800 0 0 1 o 5
20 3800 -~ 4000 0 0 5 o ;
21 4000 - 4200 0 0 o 5 ,
22 4200 - 4400 0 0 0 5 \
23 4400 - 4600 0 0 0 o ,
24 4600 - 4300 0 0 0 0 ’
o5 4800 - 5000 0 0 0 5 X
e - —
Total 115 80 89 93 it
% The end of the class values have been included in the

preceding classe
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The calculations for this analysis are given in

Appendix 4.4. The essential steps in the analysis are

as follows:

The mean -t ime-between-failures for each pump is

L
determined using the relationship
n
5 ot F1
MIBF = (4.1)
(L ot

where £.i is the observed frequency of failures in interval

i, t4 18 the mid-point of
£ classes as defined in Table 4.1.

the class interval and n is the

total number O

e total number of fallures and

cumulative failures by th

gubtracting the quotient from 1.

2 i The expected reliability is calculated using exponential

distribution relationship
- Ry, Ty
R(eg) = F (4.2)

) is the reliability or the probability of the

where R(tj
me_between-failures exceeding 4 and Ri is

pump running-t1

the fallure rate of The puspse -

tested using Chi-square test, The

4, Goodness-of—fit is
p R

g are nalenlated by usine — .

& SR lationship
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2

2 ¥ . - )
X o el oi
@ z (4.3)

1=1 Bi

oi 18 the observed frequency in each clasg, fei
is the expected frequency assuming exponential distribution

and k is the number of classes considered,

It has been suggested by 0Ostle (74) that if the
expected number in a c¢lass is small, the value of X2 ig
inflated misleadingly., In carrying out the reliability
analysis for the pumps the classes have been merged with

each other wherever the expected number in any class is

less than 3 as suggested by Ostle. The number of clasges
is accordingly reduced and so is the number of degrees

of freedom, The last class in each table has been added
to take care of exvected failures beyond the last recordeg

failures, as predicted by the asgsumed negat ive exponential

distribution. Figs.4.2 through 4.6 show tpe expected
negative exponential reliability curves for tne pumps with

the observed values superimposed in each case, Ag cap ba

seen from these figures, the agreement between the observeq

and predicted reliability values is excellent fop old unit
pumps (Nos.l to %) and fairly good for the new unit pulps
(Nos. 4 and 5)., The MTBF and failure rate values obtaineqd

for the various pumps are given in Table 4,2
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Table 4,2 Failure characteristics of the pumps

pr—
—

Pump No, ML BF Fallure rate
minutes Failures per year

1 695 756.3

2 505 1040,7

3 608 864,6

4. 872 602,9

5 1575 333.8

4.2,2 Subsystem and Plant Failure Characteristics

As mentioned earlier, the charging cycle of a
punp is interrupted by a failure of the subsystem op 5
failure in the rest of the plant., These interruptions
may or may not lead to charging loss depending wpon the
nature of the interruption and the state of naintenance
of the standby equipment. The data given in Appendices
4,1 and 4.2 was also analyzed to find the nature of
dietribution of the time-between-subsystem-failures, time
between-plant-failures and the duration of Charging losg
as a result of these failures, It was foung that ai]
these distributions also could with reasonable accuracy

be taken as exponential distributions. The parameteps

of these distributions are given in Table 4,3,
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Table 4,3 Failure characteristics of the slurry injection

subsystem and the plant
0ld Unit  Faw Unit

—

Average running time between subsystemn-

failures, minutes 949,7 3008,3

Average-total time-between plant-

failures, minutes 1257.0 2137.3

Average charging loss due to subsystem
failure, minutes 22,7 26,4

Average charging loss due to plant-

failures, minutes 267,2 54.9

~—

the subsysten running_time_

In working out these values,

between-failures has been taken as the actuail time for whicn

the subsystem worked neglecting stoppages. 7The plant

running-time-between-failures, on the other hand, has been
taken gs total clock time between two plant stoppages,

This has been done considering the fact that unlike subsystep
faijures plant failures like power shortage, steapm trouble,
insufficient bauxite stock and erosion leakage apre not
dependent on working of the slurry injection Subsystem,

Even when no slurry is being pumped most of the other

equipment (except probably a few pumps) is working and

hence is subject to wear, erosion ete.
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Charzing Ioss

o e
“P'Q._'I

A date-wise distribution of charging loss occurrin
- A g
in the two units of the aluming plant for the ¢ S

period under investigation is given in Appendices 4.5

and 4,6, The total charging loss has been attributed o

the following six causes:

Steam pump trouble (including trouble in slurry
holding tanks, subsystem piping etec,)
2e Power failure

a4 Steam shortage

4, Erosion leakage

e Planned plant shutdown
Miscellane~ous causes like instrument ip trouble
- ’

precipitation trouble, low condensate level, and

shortage of bauxite.
Rewriting the data presented in Appendices 4.5 and 4.6

into Tables 4.4 and 4.5 on monthly basis it ig geep that
while the total loss amounts to a staggering 26,17 percent
of the available time for the old unit it is omly g_sg
per=cent for the new unit. This gives a plant availability
of 73.83 per cent for the old unit against 91.42 per cent
for the new unit, Steam pwip trouble is causing g loss

of availability of 1.91 per cent In the old unit ang 0.79
per-cent in the new unit in spite of the fact that the

0ld unit has two spare pumps against one in the ney unit
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Table 4.4 Analysis of the charging loss data for the o0ld unit

Total time span for the data 4046.21 hours

——— —— | “GRarging lost in hours due 1o Total
Stean Power |Steam Erosion |[Plant charein

Month puinp failu~ |Shor- |leakage s/D |Misc. 1ossg g
troubie L€ tage hours

December 00,64  0.66 46,42 4,66 90,91 56.18 221,47

ST \ 0.00 105,28 38,08 212,58 1.66 365,60

February 16.43 0,00 5.04 14.32 61 .25 T.00 104,04

March 14,72 T9.75  49.99 6.33 0.00 13.25 164.04

0.00 7.65 33%.90 0,00 1.06 50.48

April T.87
S 554 0,00 127.56 17.50 0.00 2.50 153,10
-.-__-_-'___'._’_‘___—-—.""—_ ——
Total 4 114.7 6
loss
e
f
perostlf 2o 1.8 T 52,11 10.84 34,46 7.71 100.00
__J_-.,-—-*"'—“"'"’
percent of
total time 191 1,99 8.40 2.84 9,00 2.02  26.17
_/
-
plant availability = 100 - 26.17

7% ,83 */a

i\



-: 143 -

for
Table 4.5 Analysis of the cnarging loss data/the new unit

motal time span for the data 4232.35 hours

[[Charzingz {ossg _4in hoyrs_due tc Motal
. Steam | Power | Steam Brosicn |Plant charging
'Tonth pUmp f2i_ | Shor-| leakege| $/D (Misc. |[loss

|trouble lure tage ; hours
Dec ember 10.4% 0.5C 5.47 10.84 0,00 0.25 27.49
January 2,14 0.00 18.74 0,00 144.91 1.83 168,22

N

February 10,68 0.00 3.32 0.00 0.00 '0.25 14.25
—— 6.op 85.44 14,70 250 0.00 0.00 108.92
April 2,71 0.25 14.61 0.00 0,00 1,16 18,73
My 0.55 0.00 10.69 3,84 0,00 10.66 25,74
Eg:raéing 53,79 86.19 67 % 17.18 144.91 14,15 363.%
loss

.""-__,———F“ — - = —
Eegcint of 9.%0C 23,72 18.48 4.73 39.88 3.89 100,00
ota ey
loss e i e
Eggcgllt Of 0 7’3 2.04 1.59 0.41 3-42 0«3 8.58

2, g
time
_-d/——___
spility = 100 - 8.58

plant avail
91 . 42 ./o
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The fact that the running time—between-failures
for the pumps can be fairly accurately Tepresented by

a negative exponential distribution implies that the

pump failure rate is constznt. No useful purpose can

therefore be served by performing preventive maintenance

of these pumps. The appropriate maintenance procedure

is to allow the pumps to break down before performing

any restorative action as is being done now in the plant,
This follows from the fact that when failures occup according
to negative exvonential distribution, maintenance before
failure does not affect The probability that tpe equipment
will fail in the next instant, given that it ig good now,

Consequently, money is being wasted if preventive mainte.
nance is applied to such an equipment,

It may be observed from Table 4.2 that the mean-

time-between-failures is much higher for the new-unit

pumps than the old unit pumps. Furthermore, of the two

new unit pumps themselves, pump No.5 has g mean-time..

between failures almost twice that of pump No.,4, The

first of these results can be explained on the bagig
of the relative ages of the two sets of pumps ang tpe

difference in their design. Flant data, however, dgeg
iffer
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in performance of the two new unit pumps, 7T+t is Suggested

that a close observation of the two pumps bhe made over

a period of a few months to ascertain any difference in

maintenance of the two pumps and take advantage of tne

Same for deciding future maintenance policiesg,

Regarding the nature of losses occuring in the two
units, it is found that the o0ld unit ig having much highep

planned shut down and erosion losses Ccompared to the new

unit., That the old plant should need more Daintenance
is not surprising because of the age of this unit but
the higher erosion leakage needs to be looked into,

Pipes,
valves, tanks ete. being replaceable items, regulsr
inspection and timely replacement of wealk parts should be

helpful in reducing losses considerably. Fpgp a review
of Appendix 4.6 it is clear that the maximupy erosion
leakage is occurring in valves and bends. These unjtg
should, therefore, be inspected more frequently angd 'eplaced
if necessary. Finally, it must be observed that steam

and power shortage are causing considerable amount of
availability loss in the two units. The higher valye op

the losses in the old unit is because of the fact that;

any time there is a steall or power shortage the old unit

is shut off. The loss of production time due to steam

shortage particularly needs to be investigateq because the

alumina plant has a captlve boller house with engyyy, instal)eq

capacity to meet the steam requirements of tne plant,
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5. SPENT LIQUOR HEATERS

5,1 SUBSYSTEM DETAILS
Spent liquor heaters are shell and tube type heat

exchangers used for preheating test tenk liquor before it

is fed to the digesters. Steam required for heating i1s
obtained from the flash tanks. This steam is taken on

the shell side of the heater while the spent liquor
flows inside the tubes.

A flow diagram of the new unit digestion area
showing position of the heaters is given in Pig.5.1,
Phis unit has 10 heaters - 2 operating in the high pressure
range (18 - 22 kgf/¢m2 abs.) 4 in the medium pressure
range (6.5 to 17 kgf/cm2 abs.) and 4 in the low pressure

2
range (1.5 to 5 kgf/cm abs.). Of these, at any given

time, only T heaters are in line. The other three heaters
- one in each pressure renge - act as standby or are undep
maintenancee. A11 the heaters in this unit are horizontal

in construction.

The o0ld unit hags 9 heaters in total. Of these 1 in

the high
pressure range are in line at a time

and 3 in the loW

remaining 3 he

old unit are S ik

ed from test tanks to the low pressur
e

i aters act as standby. The heaters in

the

rtical design,

Iigquor is puip
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heaters with the help of spent liquor charge pumps,. The
rate of flow is 2100 1lpm in the o0ld unit and 5560 lpm in

the new unit. About 10 per cent of the flow in the new

unit is bypassed to slurry mix area for wet grinding

operation after being heated to 112°C. The temperature

of the remaining liguor rises to around 150°C in the

low pressure heaters. This liguor is then pumped to

medium pressure heaters with the help of booster pumps

and comes out from the last heater at about 19200. It

is then forced through the high pressure heater with the

help of the injection pullp The discharge from the high
at 210 = 212 °C  at which temperature

pressure heater is
the liquor is injected into the digesters. Liquor and

steam pipework to the heaters is so arranged that it is

possible to isolate any heater for inspection and mainte-

nance while the pl

to atmosphere for purée
lines are also prov1ded for acid cleaning of heaters ang

for supplvlng stearn at 1.06 Mgf/cm y 7.03 kgf/cm and
to low pressure, medium pressure and the

ant is on stream. The heaters are venteg

ing of non-condensable gases, Pipe

17.58 kgf/cm “ 5
high pressure heaters respectively at the time of starting,
The condensate from the spent liquor heaters 1s sent

recelversS.
t of the condensate coming out of g

These receivers are connecteqd

to condensate

in series. 4 par

te receiver flashes on entry into the next receivep
nsa

conde
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because of the lower pressure in that receiver, Thig
flash stezm is mixed with the flash steam coming from

the cormr esponding flash Chamber and feg to the heater,

At the last condensate receiver, the condensate ig

tested for its condectivity ana either sent to the boiler
house as boiler feed water or storeg as bad water ip the

bad water tank for use in the clarification area
*

5.2 CLEANING PROCEDURE FOR THE HEATERS
The heaters are taken out of service veriodically

for removal of scales that are formed on the inner walls

of the tubes. The cleaning may be done by 1. acid shoot{
a ng

and 2. mechanical cleaning,

52,1 Acid Shooting
Acid shooting is done with 10 percent sulphuric aciq

solution circulated through the heater at 2 4o 2.5 kgf/cm2
pressure. After isolating the heater with the help of
spectacle blinds in the spent liquor ang Vapour lines,

the acid solution is passed through the heaters twice,
once along and once against the normal direction of liguor
f£low through the heater. The dilute acid solution is
prepared by pumping concentrated sulphuric aeig from the
concentrated acid tank into the dilute acid tank filleq
with water. An inhibitor Agromore Redine S-19 ig addeq

cid at the rate of 1 per-cent of sulphuric acig

to the a
by volume, in order to reduce corrosion of the tube materiay
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Acid shooting continues for about 8 hours, During
this time, the shell side of the heater is filled with

cold water at 3000 to absorb the heagt generateqd by acig

reaction. The scales dissolve in the acid ang come out

with the flow. Samples of acid are taken and tested

every hour, The circulation is continued t133 the acig

strength stops dropping,
less, the entire tank of dilute acid is dumped to gewep
If, however, the acid strength

If it drops to 3 percent or

and a new batch is prepared.
levels of at 5-7 percent, it is an indication that a11

Scale has been removed. After acid shooting, the acig in

the dilute aclid tank is pumped out to sewer. About » tomnesg

of acid is used in each heater cleaning,

After the acid solution has been drained off, the

system is flushed with fresh water by filling the dilute
acid tank with sufficient water angd circulating thig water

with the help of the dilute acid pump. The water returns
to the dilute acid tank from where it ig finally draineg

to sewer.
The circulating lines and £illing lines for gejg

cleaning set up are lined for acid resistance, Thegg are

arranged as headers in the overhead pipe rack with brancheg

to each liquor heater. The catch basin and expogeq Sewer

lines are also acid resistant fo the point where they meet
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5+242 Mechanical Cleaning
In mechanical cleaning tubes are cleaned by physical

scraping. Thig is done with the help of pneumatic drills
using drill bits of diameter equal to the inner diameter

of the tubes. Water is fed into the tubes continuously 4

remove the chips of the scales.

5.3 OQPTIMAL CIPANING FREQUENCY MODEL FOR HIGH PRESSURE

HEATERS
5.3.1 Introduction
The optimal frequency of cleaning for the high

pressure heaters is found by striking a balance between

the cleaning cost and the increase in Operating cost that
will occur if the heaters are nog cleaned, The cleaning
coat includes the labour cost and the cost of materiai
used in cleaning. The increase in operating cogt occurs
due to fall in output temperatute from the heater with a
congequent increase 1in amount of steam Bupplied to the

digesters and the cost of production lost due o
plugging of heater tubes.

5.3.,2 The Optimal Policy Model
Tet the maintenance policy be to pe¥form n equally

spaced heater cleanings in an interval (0,T) as showy in

Fig 5,2, If tp is the interval between two consecutive

cleaning operations, it is proposed to fing the optima]
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value °4 of this interval, which minimizes the total

cleaning cost plus the incresse in steam cost per year

Considering the schematic diagram for the heate
i

and digester system shown in Fig 5,3, let

Mass flow rate of spent liquor to the heater, i g
» K&

Bse =
Mg = Mass flow rate of flash steanm into the heater, ke/hp
S = Amount of steam supplied to digeSters,kg/hr
s = Saturation temperature of shelj side steam'oc
TSLI = Inlet temperature of spent ligupr » O
TSLC = Qutlet temperature of spent liquor, %
Tsp = Saturation temperature of stean Supplied to
digester, %
CSL = Specific heat of spent liquor, keal /kz. OC
Applying Eq. 3.23 to this case,
De 1, CSL 1 TS - TSI:I
U = n T. _ T (5.1)
A S SIO

o
where U is the overall heat transfer coefficient for the

2 0
heater, kcal/llr. m . [ ) AO is the heat transfer F—
: 2
baged on outside diameter, m-,
1f F is the spent liquor flow rate in 1pm and :

is the density of spent liquro, gm/ce

= 00 Fg (5.2)

-

ZsL
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and U - Ly :S - Ts1r
i e
A, S ~ *s1o
m
= kF 1 -5 = Tsmr
2 - (5.3
Ts 'ITéLO )
where k = 60 p CSL
Ag (5.4)

For a given heater operating in eloge temperatuge and

préssure range, k may be assumed to be constant,

Rearranging Bq 5.3

P, - T
U s = *sir
kF In Ts = Tg1o
.U
kF -
or TSLO = TS - (TS - TSH) e

(5.5)
If the subscripts 1 and t refer Fespectively to the first
day of heater use and t days later and jr inlet temperatype
from previous heaters 1is taken as constant, £a11 in

temperature in heater outlet temperature in + days ig

given by
T I;}‘ 1
= LI - P "

It has been discussed already that variations in 4
in deteriorating heat transfer surfaces can be representeq

by the relationship

-ﬁz' = & B (5.7)

where a and b are constants,



Therefore U1 =

Also if the drop in flow due to plugging is linear

F, = B - B (548)

where p is the drop in liquor flow rate lpm per day

due to plugging.

Substituting these valuzs in Eq 5.6,

(TSLO)l = (TSLO)t

-(a'f'b't)- - a
(Ts = TSLI)(e IE(Fl*ﬂt) i E?I
(5.9)

1
3 —
= )

ILet gs(t) -~ Increase in cost of steam per day due to

reduction in he
rupees/day

Increase in steal co

ater outlet temperature, over t days,

nsumption rate due to reduction

o
in heater outlet temperature per o, tpd/oc
¢c. = Stean cost, rupees/tonne.
1 . ] %
-2
Then ~(a+bt) _ E%I_

_ TSLI)(° ET?;ZE%T e ) (5.10)

ost of production lost per day due

cs (t) = cla(TS

t =Net c
cp( )

Let
to plugsging of heater tubes over t dayg



)

(9]
n

[}

64(%)

Then

The total cleaning

-2 156 :-

Gost of alumina production loss minus cost of

bauxite and steam saved , rupees/day

Cost of lost production per day due to 1 1lpm

drop in flov¥, rupees/day.

Increase in operating cost per day as a result of

e deposition for t days, rupees/day

scal
cp(t) = C, B% (5.:11)
¢ (1;) = C (t) + Cp(t) 1
d 8 -3 _ &
-(a+bt) - a
= ¢,a(2g-Tgpr) (e RTR-FE) K7 )
+ Czﬁt (5.12)

plus ©xcess steam cost over T days

policy ghown in Fig 5,2 ie given by the

for the
expression
tn
_ o + [ Calt) at)
ZT = n ( o S a
*h
T (C,t [ Caft) at) (5.13)
the cleaning operation, assumed
- the cost Of ’
where Cgo *°

interval t§ can be obtained

sion by calculating the value of Zp for
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different values of t and plotting them. The valu £
g e o

¢+ for which Zt is the minimum gives optimal interval
k val.,.

In the special ¢
P ase when Cd(t) is found to have

o straight line variation with slope 8, Eq 5.13 may b
. e

written as

T th

- L (c.+ [ stdt)
(o]

th o

T

(5.14)

W

c
7 ( Eﬁ- + 0.5 8 ty)

ating with respect to ty and equating to zero

Differenti
a1 value of time between two acid cleanings
as

gives the optinm

)

8

anid ZE - T(W‘) (5.16)

ar to the above can theoretically be

Models simil
for the other heaters to give thelr optimal

19 tmes -
cdicting the effect of reduction in outlet

developed

cleaning ¢Y¢
to arise when B
ure of say
tion be

A difficulty is, however, expected

1ow pressure heater No.8 on increase

temperat
cause of the presence of other

wmp

in stean cons
the subsystem continuously

eelle
1ibrium position
One way of handling the

heaters in betw
due to deterioration
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situation is to model the entire slurry mix, digestieg
and spent liquor heating system on a computer, The N
effect of scale deposition can then be easily predicteqd
by writing energy and material balancae equations for each

effect and solving the resulting equations simultaneongy
ously,

5.4 HEATER PERFORMANCE ANALYSIS AND EVATUATION op MODEL,
CONSTANTS FOR HIGH PRESSURE HEATERS IN NEy uyre

The various constants used in the mode] Proposed

above can be calculated as follows from the data colleot d
Cie

from plant records.

5.4,1 Variation of Overall Heat Transfer Coefficjient

According to Eq 53

g = 60FeCsy T8 = Tg1p
L %oy e
(o)

From the data given in Appendixes 1.1 and 1,»

(assumed constant)

p = l.24 em/ce
CSII = 0,86 keal/kg ¢ (assumed constant)
For heater Nos 1 and 2 in the new unit
2

A =

a0
Pherefore for these heaters

.24 x 0.86 5 3 Ts - Tgq1
U = -"'60 = 1_-i-——_ 4 Lgy =
380,9 s - Is10
Tg - Tgrr1
S (5.17)

68F Iy —
0.168F a5 1o
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3s =
LEAST SQUARE FIT EQUATION
107
—-2'= L7 + 0668 ¢
30 |- ’
28 —

°e & I | | l ]

10 s 20 23 30

niMBER OF DAYS IN USE

F OVERALL HEAT TRANSFER COEFFI-

ATION ©
Fig 5.4 VAR TIME FOR HIGH PRESSURE HEATER

CIENT WITH
nos. | AND 2
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Appendix 5.1 gives the variation of overall heat
transfer coefficient U and 10! with time calculated
U2
from Eq 5.17 for four comsecutive cycles of heater
number 1 and three cycles of heater number 2, As

mentioned earlier only one of the two high pressure

heaters is in circuit at any given time and the liquor

coming out from the high pressure heater igs fed directly

to the digesters.
The results of Appendix 5.1 are plotted in Fig,5.4

As can be seen from this plot there is a considerable
scatter in the values, yet they can be fairly accurately

represented by a straight line. A least square fit to

the data yields the following result

-;QZ— = 1,117 + 0,668 t (5018)
U2
Phe values of constants a and b in Eq 5,7 for b
pressure heater therefore are
o = 1107 E 1077
b = 0,668 % 1077

ilar analysis done for mediup

The results of 2 -
ow pressure heaters are given in Appendices

pressure and

5,5 and Figs- 5,5, 5.6 respectively. The least square

5¢2,
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equations

For medium pressure heater numbers 3 to 6
b 4

-lgz = 24340 + ,340t
o * (5019_)

For low pressure heater numbers 7 to 10
H

107

= 5-389 + .0 t
e 43 (5:20)

5.4.2 Plugging in the Heaters
The plugging of heater tubes due to deposition of

8cales manifests itself in termg of reduction in spent

liquor flow to the digesters. Plant mecords sShow that
a

the effect of plugging is most predominant jpn high

pressure heaters and only occasional jin the other heater
Se

This is to be expected because of the higher sczle deposi
= 8-

tion rates in the former units as a reguit of higher

temperatures,
Table 5.1 and Fig 5.7 give the recorded data from

the plant for a period of 6 months, g seen from this

table except on two occasions, whenever g heater wag

bypassed, the flow increased but ther? is a Considerable

scatter in the values. In order to establish g Correlatioy

between the number of days the heater hag been useg S

the reduction &n flow due to plugging, a legst Square-pit
~ ~line



for Fig.5.7 has been uged
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of
13,52 1lpm per day of heater use

This
gives a flow reduction

Table 5.1
~ ffec O W
t of tube plugging on spent 1iqu
i guor flo

rat
ate for high pressure heaters

S Heater No. of «

ate B ofuggﬁtgiys o e

16th December 2 13 - heaxeﬁi?%@

19th January 2 24 o0

16th February 1 29 s

20th March 1 24 o

ond April 2 12 :

18th April 1 16 oo

sth May 2 2 o

2ond May 1 14 :
- 300

5,4,2 Effect 0

peferring again 0 °

x 1.1 and Fig 1.2,

w of spent iiquor from high pre
ssure

given in appendd
Rate of f1°

heater 0 new di

spent
rotal 8P€
gtic concent

Cau
caustic utilizat

Incre

16 to digestIon

liquor to bal

gpe iDb alumina-t

f Reduction in Heater Outlet Tem
n in Hegver OUutleb - eMp rature
. gravure
plant data for the new unit

gester
e = 4944 1lpm
nt ligquor to new digesters ; :::4lim
pation in test tank = 193 >
jon factor = o
o-caustic ratio Y
= 0,270



INCREASE IN FLOW ON 3Y-PASSING HEATER,lpm

-+ 165 =~

600 —
LEAST SQUARE FIT EQUATION

AF =13 .52t

500 |—

400 |-~

300

200

30

100
0
100 ’“"_L/T%’#nl!'» 2l0 2|s '
& 5
o No. OF DAYS OF NEATER USE
oF PLUGGING ON ETENT LiQUOR
Fra 57 Sl PRESSURE {17 ATERS

FLOW (N HIGH
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Pressure of steam supplied = 40 kgf/cm2 abs

Exit temperature of the digester effluent = 243%

Temperature of liguor to digesters = 212 %

Temperature of liguor to ball mills = 112 %

Density of liquor to ball mills = 1,24 gm/cc

Specific heat of dry bauxite
Specific heat of lime
Specific heat of liguor
Solution heat

Solution heat
Temperature of 4ry banxite

0.249 keal/xg®C
0,25 kcal/kg"c
0,86 kcal/kg°C

1)

of trihydrate alumina = 172,2 kecal/kg

of monohydrate alumina = 70 kecal/kg

26,6°C

= 6°/o0f all other losses

Radiation losses
Writing a heat balance for the new unit digesters
]

Heat given by stead

+

+

-+

Heat taken DY dry bauxite

heat taken
heat taken

by water with bauxite
by liquor to slurry mix

neat taken by liquor from high pressure heaters

neat taken bY lime

heat taken by water with lime
solution heat of trihydrate alumina
goiution neat of monohydrate alumina

radiation 10sses (5.21)

+
Heat given bY steam per kilogram in condensing ang
O to 243 C
cooling from 271 b

= 427.25 kcal
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Heat taken by dry bauxite
868.94 x .249x(243 - 26.6) x 1000
= 46.82 X 106 kcal/day

Heat taken by bauxite water
= 26,37 x (243 - 26.6) x 1000
A
5.815 x10 ~ %cal/day

Heat taken by liguor to slurry mix

= 440 x 1,24x 1440 x 0,86x(243 ~ 112)
= 83,51 x 106 kcal/day

Heat taken by liquor from heaters
4944 x 1.24 x 1440 x 0.86x(243 ~ 212)

235,35 x 10° keal/day

Heat taken by lime
8.689 x 0.25 x (243 - 112) x 1000

0.285 x 106 kecal/day

Heat taken by water with lime
= 78,2 x 1 x (243 - 112) x 1000

10.24 x lO6 kcal/day

Solution heat of trihydrate aluming
302022 X 172.2 X 1000

52.04 x 10°% xeal/day
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Solution heat of monohydrate alumina

= 73,51 x 70 x 1000

5015 x 10° kcal/day

If S is the quantity of steam supplied %o digesters

in kg/hr,
S x 427.25 x 24 = 1,06 (46,82 + 5,315 + 88,51 + 235,35
+ 0,285 + 10,24 + 52,04 + 5015)x106
or s = 0.0459 x 106 kg/hr
= 1101.6 tpd
Cost of steam per tomme 1s Rs 30

Pherefore,

gteam cost per day=Rs 33048

If outlet temperature from high pressure heaters

d o8 by 1°¢, heat taken by spent liquor from heaters
ecreas

will increase 10
1,24 x 1440 x 0.86 (243 -211)

4944 % :
_ 542,95 x 10 keal/day
(242,95 - 23 x 10°
. 1ied « = 12:35) x 10 x1,06
Increase 11 steam SUPP 427.25 x 1000
= 18.86 tpd-

%689 gteam per day due to each degree drop

: temperature = Rs 18,86 x 30

ter Outle
H4 bas = Rs 565.80

The cost of €
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S5ed4e4 Effect of Plugging

Loss in aluming dissolved per day

Lx 193 x 0,93 x 0.27 % 1440

108

= 0,07 t
Recovery of dissolved aluming = 93 ¥,

Loss in alumina produced per day = 0.065 ¢
. 207
Saving in wet bauxite, per day = Fegl 0.46" X097

= 0,167 ¢

the rate

Cost of alumina loss per day at
= 0,065 x 1625

of Re 1625 per tonne
= Rs 105,63

Saving in bauxite per day at the rate of

Rs 95 per tonne = 0.167 x 95

= Rs 15.87
Amount of steam saved per day = ‘l*§1 6 x
= 0,20 ¢
Saving in steam coSt per day = Rs 0,20 x 3¢
a
= Rs 6

Increase in operating cost per day due to
nc

1 1pm drop in flow due to plugging, ¢,
~ Re 105.63:. 15,07 _ ¢

= Rg 83,76
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54,5 Cost of Heateor clegging
The cost of heatoar cleaning ingludes thre
B -I'ee cogtsg

namely (i) cost of acid
used (ii) cost of
raintenance

labour and (iii) cost orf maintenance material
« The
following are the estimated values fop these t
Co8STs b
on plant records: ased

Cost of acid used
2 tonnes at the rate of Rs 1000 rer tonn
e

= Rs 2000

Cost of labour
200 man hours at the rate of Rg 20 per man k
: wor ing

for 8 hours = Rs. 500

Maintenance material cost
Gaskets, bolts, welding rods, welding gases -
C.

= Rs 750
Total cost for each cleaning operation (o Rs 3
= a8 3250

5,5 CAICULATION OF OPTIMAL CLEANING FREQUENCY FOR 7:
~LOR THE

HIGH PRESSURE HEATERS

According to Eq 5,12
-1/2 /
Ca(t) =G a(Tg-Tgrr) (e E&I—.‘a%)'- . T )
+ 02 gt

sverage vall = 214.10 %
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Average value of TSLI = 194.75 %

On substituting the vajlues of the constantg
obtained in the previous Bection, tha above equation

takes the form.

~( o~7,, =7
Ca(t) = 30x18.86(214410 - 194,75 0.1 §1494£-f§8§§§%“3
e *
~1/2

-(1.117x1077)
- @ :ﬁgx4944 ' ) + 83,76 b'd 13.52}:1:

1882§.l
or C4(t) = 10948.28 e i-117+.338t)(4944-13.55%)

- 298,55 + 1132.44 t (5.22)

~1/9
)

Table 5.2 gives values of Cq(t) for different valugg

of t calculated from Eq 5,22, Thege reésults greg Plotteg

in Fig 5.8. As seen from this figure the increase in
operating cost with time can be fairly eeurately representeq

by a straight line. The slope s of this 1ine is foung to

be 1307,63 rupees per day/day.
Effect of scale formstionon ODErating oost

Table 5.2

ncrease in opeis —
llfgé 0_{ days of Beater __pl:er ge?; c;?t)'feﬁ;;:g&;ogfee)
5 2916,5% o

4 5746,54

5 7122,72

10 13720,77

- 20019,.92

o0 26148,95

o5 32170,37

38118,33

30
\
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33 000 —
FITTED EQUATION

C‘(t) = (30763t

23 000

I3 000

10 000

INCREASE IN OPERATING. COST PER DAY, RUPEES

- $ 000

No. OF DAYS IN USE

N OPERATING CcOST OF HIGH PREBSURE

manAsE e TO SCALE DEPOSITION

qu 58 .
HEATERB
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Using Eq 5.15 the optimal cle

aning intepyay for
the heaters is given by.

g = Y& —

(5=

| BRS

= 2a 29 days

83y 3 days

The annual cleaning plug excess steam cogt with thig

interval of 3 days can be found from Eg 5,14 by
T = 365 days
Thus

putting

Zg = 365 (2§§9 + 0.5 x 1307.63 x 3 )

= Rs 11.11 lakhs/year

The current practice in the plant ig t0 clean these heat epg

This gives an annya cleani
plus excess steam cost of Rs 36,59 lakhs,

after an interval of 15 days,

ng
Ch anging the

cleaning interval from present 15 days to the Optimal

3 days will therefore result in a saving of Rs 25.48 lakhg

or 69.64 percent of the present value,

5.6 SENSITIVITY ANALYSIS OF THE OPTIMAL MATNTmAvcr POLICY

Fig 5.9 gives the total annual ¢leaning plyg excess

cost for different cleaning intervals, pq Seen fropy
gteam
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| l | | |
3 L} 7 ® "

Fig 5.9

CLEANING INTERVAL,DAYS

STEAM cosT WwITH CLEANING INTERVAL
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thig plot the total cost is quite sensitive to the
cleaning interval. As such, cleaning of the heaters

cannot be much delayed without considerable extra expenditure
on steam.
Regarding sensitivity of the cleaning interval
to other parameters, it is clear from Ea 5.15 thnat
optimal cleaning interval is directly proportional to

the square root of cleaning cost C, ang inversely

proportional to the square root of the rate of increase

of operating cost with time due to scale deposition,
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6. VAINTENANCE QRGATIZATION AND CONTROL

6.1 LNTRODUCT ION
The preceding chapters have emphasizedthe imvortance

of the maintenance function for production activity and

the scope of Optimization studies in deciding opntimal

maintenance poOllCLi€we. No amount of mathematical back-
ground can make maintenance effort succesful unless it
is backed by 2 sound maintenance organization which is
scientific, alert and up-to-date. This organization

an maintenance W
esgary sparé parts and replacements,

¢, decide prioriti y
must ol ork, P es, allocate

staff, procure nec
ain effectiveness standards.

s get and maint
n muet contiﬁuouslyreview maint enance

as well a

The orvenizatic
ures end updat

ive actions,

L its data base to be able to take

proced
The organization is also

timely correct
spoviding periodic reports to the plent

responsible foT
in maintenance effectiveness,

4+ showing trends
rence °F major bre
This is necessary for taking

managemerl
akdowns and need for

1ik1inood of 0CCW

’ men? .
equipment replace

ng allccati
v outlines the bas
e management and the practices

on of funds well in advance.

.. di
decisions regar : :
ie considerations

priefl

maintenanc
i.n j_ndu:;try.

This chapter

; ive
in effectl rhe activities of the

usually followed
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e { b - iy .
. - ‘c€ group of the alunina nlant SUbsSvyatams o
=yl LS T

Which have been ctudied in the lagt three chanters are

then reviewed in the light of these observations

EEFECTIVE MAINTENANCE MANAGRIENT

6,2
6.2,1 Organization and Locatigp_gi_iﬁg_ﬂﬂjntenpqce Denartrent
——==2"C2_Jenartrent

The basic decisions that need to be taken in relarion

to maintenance or anization ¥ "
aintenan g are whether to use (1) intermal

or external service personnel, (ii) contract or sineie

incident negotiation for external service and (iii) centy,

lized or assigned maintenance groups, Ng Simple angwers

can be given for these questions. The begt policy is

generally dependent upon factors lilke nature of the product
’

size of the vplant, availsgbility of alterna* ivg maintenance

channels, location of the plant, and sophistication of

the equipment to be maintained,
In general, use of in plant service personnel lowersg

he iime betwpen: breakdomn and start of Fewuing, Impromes

coordination between production and maintenance activitjeg
and lowerscosts. Maintenance of sophisticateq equipment
like computers, numerically controlled machines, automats,
control systems and high pressure boilers should, hOWEVer,
be better left to speclalized agencies becauge of the costs
involved in maintaining speclalists on payroll witp very

- on.
low percentage utilizati
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Contract maintenance geNerally yields better Eerviee
effectiveness if the incidence of breakdown ig high, mThi
. S

1s because of the fact that single incidence negotiationg

normally tzke more time ang consequently lead. +o longer

facility down time periods. Single incidence maintenance

on the other hand, is generally cheaper than contract

maintenance.
Assigned maintenance groups provide immedigte Service
and better relationship with the production personnel, The

effectiveness of the maintenance work algg generally improves
because of the familiarity of the maintenance gtafy with

the equipmpent, reduced travel time, lesgger paper work ang

better communications. The productivity of the assigned
maintenance staff, however, tends to be lower than that
of a centralized organization. The best cCompromise

generally is to provide a small assigned maintenance groun

backed by centralized units for major jobs, The centralizeqg

maintenance staff in such cases has also the Tesponsibility
of deciding correct procedures, preparing maintenance
schedules, setting time standards, and establishing
controls for the entire maintenance staff, |ost large
plants follow this type of mixed organization,

Creation of a ggparate department for maintenance

relieves the production staff of maintenance work, Promotes
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Ce

effectiveness Such de
S. partments should al
ways be headed

in the selection of equipment with due regard to :
malintenance

aspects, ensures release of machi
inery by producti i
ion in time

for servicing and
prevents excessive us
se of machin
- *hines for
increasing production.

e Plapning and_ Scheduling

6,2,2 Maintenanc

proper planning and SC
ystem to be optimal and effective Maint
. ¥ a—

nheduling is essential for

any maintenance S
g is carried ©
cise definition of work

rk,

nance plannin ut with the following objectives

1. metablishing Pre
e correct method for doing the job

2 Determining B
3. setting time standards 10 help in planning, executi
’ ution

urement of maintenance effort.

and meas
4, - Jaentifying tools and materials required for the
j0b and gepanginf 0T their procurement .
jrement and its distribution

2. peciding man-power requ

wise.

craft
ing jop P¥

64 Batablish

jorities.

per prOCEdureB for Ob‘baining regular

ess of work, backlog and
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as production planning but differs fromit in the followi
me

respects:

1, Work content of a maintenance job cannot always be

estimated. A rusted bolt, a broken screw head, a
L]

twisted pipe or & loose key may considerably upset

the work gchedule.
2¢ A considerable part of maintenance work is non-repetitive
in nature.
3, Maintenance planning must recognise the need and

ide for emer gency worKe.

prov
hat are used for obtaining an estimate

The techniques t

y of work involved in a job include the

of the quantit

following:

1. Guess estimates
ygis of past performance

statistical anal

2a
3. Time studieS
4. Use of elemen'tal -bime data
> predetermine® Hotion Time Systems (PMDS)
. r =
6 Universal Maintenance s5tandards (ULS)
T Worik Samoliné
rhe choice of technique to be actually used depends
e
upon the desired 1evel of accuracy of results, degree of
management yhigtication gvailability of required data,
sophlis .
8 gvailable for carrying out work

measurement.



Usin

g guess estimates by a person who has a kn

0 ol » . 4 Ovile

£ the job In question may be crude but is probabl e
ably the

only method available when no previous records h

maintained. Statistical analysis of data pertai::e o
past performance suffers from the disadvan;age tha:gtfo
estimates are based on the past performance which m -
may not be optimale This method also does not provjzeor
any scope for comparison of alternative methods of éain

P{ime study methods
Use of Standard Time, Predetermin
ed

jobs.

renetitive type of
A Tmiversal Maintenance Standard
8

an
sble amount of effort and time for
-nd for calculating job times

Motion Time Systems

all require consider

g time gtudies

conductin
phe Universal Maintenance Standard
s

imes.

from elemental *
o most preferrable because it combin
es

method is probably th

and consis® y of work measurement standard
S

enc

the accuracCy
imating procedures.

with the easeé and speed of est
£ all the gifficulties experienced in
for the time re

g this estimate is economically

In spite ©
an estimat e

quired to complete

obtaining

a maintenance jobs obtainin

worthwhile. Installation of a sound work measurement

programme 18 estimaﬁed to resul’b in a seving of 20 to 50
maintenance costse

per cent in
ed too far,

Pla,m’ling, hO'.'Ieverv should not be carri
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The work load for the staff must be planned with
X n enough

i ’
margin for attending to emergencies which always ari
v ise.
If the schedule is not made flexible enough to acc
= ommodate

these emergenciles +the nlanned work load tends to b
e

neglected, leading to more emergencies and still mo
! re
g been suggested that planned workload

neglect. 1t ha
nould be no more than about 65 - 75

for maintenance staff s
e total available time, leaving the balance

per cent of th

for emergencies.
of maintenance jobs involves decision

Scheduling
+ne time that will be most suitable

nalcing with respect 0 ¥
mpe factors that may influence

for undertaking the jobe
yetion comnitments, loss of

1de prod

availabilit
required to do the job and so

this decision incl
y of necessary spare

1n-process material,

s and man-~pover
woCcess pecause of the constant

titive P*
gency jobs.

1e8 should be realistic, balanced

parts, tool

on. It is a reve

addition of new emer

né 8Chead

ar
Quer ‘she time-scale and Prep
e for the procurement
and materials .nd for the release of

Mz intenall :
ed well 1 advance to allow

and delivery of

sufficient tim
quipment
Lauling should Pe dore Tor FOItIRe

hecesgary €
g Bnd component I'eplacements

sch

Machines s
overhaul

<hort term scheduling, Thig

Daintenances bs for
10

leaving only €@
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ensures better man-power 1tilization, goog adheren

schedules,

2 less tension,

Regular meetings between the production, plaming

and maintenance groups to discusg the progress of main-
tenance work and decide priorities have often been Toung

to be extremely useful for maintenance Schednl ine

6.2,3 Measurement of Maiatenance Work

Management has offen been described ag & combination

of megsurement and control. Performance measurement in

maintenance is expected to indicate the effectivencss of
the maintenance activity, provide information fop Droper
planning, indicate trends of behaviour of the plant ang
Yield data for comparisons. 4 large number of indiceg

have been proposed from time to time to measyre the various

tg of the maintenance activity. Three of the mogst
aspects

nly used indices are given below:
commo

Total Zain hours alloweq on the jon

iciency = T
1 Man power effilc a4 Total man hours workeg on tg;‘;;g-
Number of jobs completed (6'1)
er = S A ————
25 Work order turmov F s B JObS HE—, (6.2)
3 Down time due to maintenance

Total down time for servige
o e ——————

Total shift hours worked

(6.3)
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The cost data for maintenance service may similarly

be compniled in terms of total maintenance cost per unit

produced, ratio of cost of planned service and total

production coat, cost of spares divided by total production

cost, cost of overtime etc. The amount and nature of dat
a

collected depends upon the size of the plant, management

objectives and monitoring desired,

T+ must be emphasized that occasional calculation of

performance indices is not enough. For effective control
y

these parameters must be continuously observed to recognize

LehavinluT. Pimely corrections can then be

made as soon as plant hehaviour begins to show deteriorating

trends in plan®

trends.

6.2.4 Egintenance_ﬁﬁﬁgﬁii
nted out in cnap

ying geientific management methods

It was poi ter 2 that one of the major
n the way of appl
jtuations parti
4tz base. Absence of erucisl data

hurdles 1

to industrial 5
sek of proper d
jcts +he s¢€0P

cularly in developing conntries

is the 1
e of maintenance models, It

severely rest?
maintenance engineer to predict

the
makes 1iT impossible for the
Ouantitétively the results of any planned maintenance action
ns stalls implementation of som
e

g fact alo

quite often thi
+ ideas £0 nipment maintenance. The establishment

distributio

r eq

excellen
n analysis and use of operation

of standards,
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_T_‘ L) .
esearch techmniques are all facilitated if some pri
or

thought is given %o the detail with which data is obtai
alned

cords maintained. Properly planned maintenan
- ‘ ee

ct the following information:

and cost re

records must refle
ing for maintenance

La Tdle time for machinery wait

crewWe

Idle time of maintenance personnel.

I Time required for maintenance.
4. Detailed description of work done.

3 Labour (by cpaft) re

s used.
due to equipment down time.

quired for each activity.

6, Spare part
T Costs incurred

for productive unit becoming idle.

8. Reasons
re that to be really useful

Tt must D€ stressed he
et be relevent, accurate end easily

maintenance records I
asking foF too much irrelevant data not

with unnecessar

uch more difficult. The infor

retrievablée
ns the

only burde staff y work but also
makes 1its retrieval that ™

itten on fo

required and O
ssible to

. jg frenuentl in
S —— rms 1 1 y excess of what
reen it 1F recorded in such a way

is truly
interpret it at any future date

ae it impo

as tom
n I jnten nce Work
£ Comp 1terﬁ,,-_£‘.;._ﬂ- 4
6,2.5 lse ;_:9;;,,,, y : £
i NE heduling and .
keeplna! sche reporting aspects

L 1end themselves admirably to the

g techniques. The

of the mainte .
a processln

use of the elecC
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canacity of the computer to handle data at high speed
- e »

its memory and errorless data processing, its ability %
' 111ty %o

continuously ipgrade its data base and to presen: dat
- v a.

in any torm desired by the managerent make it a very

useful tool for maintenance work.
involving a multitude of tasks,
the maintenanc
enables the maintenanc

evaluate the

Important applica‘tion

Iin complex systems
events and equipment,
e activity when simulated on a computer
e engineer to experiment with and
efrect of alternative plans and parameters,

s of computer in mointenance work

include the following:

preparation of weekly, fortnightly or monthly

1.
schedules for a1l routine maintenance work along
i oerlorderss sndents of supply of parts and
jnstructions for release of equipment.
2, Maintenance nf equinment history files.
3 preparation of cumulative and periodic reports
for maintenance control and evaluation.
4. rpterial control with antomatic reordering whenever
necessary:.
5. pERT/CPY analysis of special projects and shut dovns.
6. Statistical snalysis of maintenance data to work out
requencies, crew sizes, new

preventive maintenance f
equipme

Book-keepi?

cations snd replacement decisionsg

nt justifl
11ke hours worked by each worker or

g jObS
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craft, present level of inventory, bonus and
incentive paymenvs.

I+ must be pointed out here that inspite of all thi
na 118,

maintenance work alone cannot justify the purchase of
. 2 a

computer., Only when such a facility already exists in

the Orgeniza‘tion, can it be used in a big way to help th
e

maintenance staff.

6.3 ALUL T PLaiT MATHT SNANCE
6%l Wature of Jork

The work done by the maintenance department of the
an be classified into three categories namely:

aluminag plant c

1. Break do‘”n 9]
ntive ma intenance

r repalr maintenance

2, Preve

5. planned maintenance
repair maintenance refers to the minor

Brealkdown or

0stly of a routine nature like replacing

one by the shift maintenance

on the spot mai

The work 18 T

cCrew.,
i 1ands, tightenin ¢
piston rings, packing PUWIP g ’ g loose bolts,
ttending to 1eaky joints and is carried out with a
attending :

oy work and very 1ittle preplanning. The
irtained
tenance Forem
a necessary Component of olamd

type of work are the

minimum of paP
of this

only records me 3 .
en in maintenance logbook

the main

reports by

iz

This type of

maintenance actl?

{ties though it generally leads to poor

r utilization.

maintenanceé
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Prevent ive maintenance refers to maintenance
operations vhich strive to reduce the liklihood of

failures. Two types of preventive maintenance activities
are being carried out by the department: (i) Periodic

inspection and (i1) Tubrication. The aim of the former
ction is to detect weak points and

type of maintenance 2
rective action pvefore failur
1ife of equipment by reducing wear,

take cor e while the latter

aims to increase the
Both types of actions involve

m-oera'tl.ll’e .

forces and te
majintenance work done on a cyclic recurring basis at

mined frenuenci
e checked defects to be expected, condi-

ea. The instructions for inspection

predeter

specify parts t° b

g corrective action, nature of corrective

tions requirin
e a major repair work

i s
work and action to be taken in ca
cessary on

Drovide for
ame and location of equipment to be

ingnection. Similarly, instructions

is found ne
a daily schedule of lubrication

for lubrication

g number5

specifyin " ;
arts to be lubricated, method of

lubricated ot € ;
o be used in each case.

jcant t
lubrication 2nd the 1ubrt
aintenance ig fully prescheduled and leads
This type of ™ :
L \-power utilization.

to best attainable
ce refers to maintenance work under-

aintenﬁn
scheduling and procurement

planned I

J—— nlannlﬂgy
p nrop€l -

taken afte tools and materials. A major

- gpare - s - A3 i
of periodic overhauling of equipment
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done in accordance with an annual schedule as given in

Appendix 6,1. As canl be seen from this appendix, the
annual schedule specifies the frequency of overhaul for
each equipment, the estimated man-power requirement and
the weelk and month in which the work is to be undertaken.
o fnr gpare part procurement, man-power

Tecessary order
and release of equipment by operation to

assizmment.
ed according to this schedule.

maintenance are issu

enance also orovi
or failures reported by operation or

Planned maint des for maintenance work

arising out of maj

_maintenance &°%
+he overall work load of each crew. This
v

ps. These jobs are scheduled

preventive

keeping in viev
w of the progress of maintenance

involves regularl revi€

ent of schedules, if necessary.

work andg readjustd

ralized type of mainte-

nax (3 ndent mechanical 3
1nization whereln indene
ance groups

inteit
1 ma < the organizational set-up for

601 g‘“ & . |
nical Maintenance (Digestion)

rechal?
the maintenance of the three

xs after
) . an be seen from
] tlona 'A‘s c
vestig?

subsystems WRdCT T ¢ the gro
i

this figure, within oo 19 +pat maintenance crews are

j 78

f organt

are assigned to each area

electrics

of plant,Fis.

Group which 10°
p is following a

11 as to centralized

mixed type © reas a8 we
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shops. The pump shop, valve shop and tool room operate

as specizlized maintenance units attending to equipment

brought to them from angvhere in the plant., This has

been done to reduce duplication of specialized skills
?

1limit number of test facilities and facilitate use of

special tools, Jjigs etc.

6,3.% Some Observations on laintenance Effectiveness

The following observations are based on an on-the-
Jd

intenance operations for a period of 15

spot study of ma
dgifficulties experienced in compiling data from

years,
plant precords and the restrictions imposed by the insuffi-

ciency of the available data on model making for maintenance

optimization.

1. Planning

1 It is found that though a sort of an overall

n the plant for overhauling and

planning does exist 1
by and large, the actual maintenance

actionsS,

preventive
o be based more on in-hand job plaming

activity tends t
an on forward Planning‘

rather th
often made to crowd too much

An attempt 18

ity at the time ©
ke sower' shortage, erosion leakage

2e
f occasional plant shut

mamtenance aC‘tiV

downg due to factors 11
dow1le This practice, though apparently

ent break
+ dovn time,

or equipm quite often upsets

usefy] in redic
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haintenance schedules delaying overhauls, Balanced,

regul ar maintenance always results in better overall

man-power effectiveness, improved supervision and
control, better workmanship and a tension free atmosphere

as compared to concentrated bursts of high intensity work,

2, Even at the planning stage there appears to be

Ecope for redistribution of load. An analysis of total

man-power requirement for a yvear as given in Table 6.1
shows that there 1is considerable variation in work 1oad
The planned load for the four weeks

for different weeks.
00, 176, 208 and 272 man-hours

of kiarch, for example, 1S 4
, 7 mah-hours per week

against an average Work Joad of 206

for the whole year.

6.1 Analysis of the planned overhauling scheqdy
e s

Tabl

——9oad tor week No. [Total
~———-§§iﬁ5ﬁﬁﬁ§;=_ 3 onthly

— LG
|
160 216 776

January 176 224 216 192 83
February 184 240 208 272 1056
March 400 176 %52 240 976
April 240 144 200 176 728
May 192 169 032 160 768
June 168 209 160 200 784
July 512 112 232 192 880
Augugt 232 222; 240 224 880
September 216 ° X 192 240 696
October 120 120 " 120 816
November 336 lno 208 160 728
December 232 e ——:?¥fal 91?3_5
S— = __,_...—-———"":"_2(‘)—6?- manho[ms/week

Average load
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There is need to standardize the amount of informatio
} n

given by the maintenance personnel in the maintenance
logbocks. At present the method and the amount of details
given by the staff tend to vary considerably from very

sketclhy to extremely elaborate depending upon individual

preference. Details regarding how much difficulty was

experienced in opening a cylinder head or what type of
equinment was used in packing pumn glands relate at best

to routine htype of work which can easily be visualized irf

only the action ia mentioned. On the other hand a vital
was the strength of acid solution

information like what
if given, can be used

when acid shooting waSs stonmned,
advantageously to correlate the effect of onerating para-

osition rates or pin-point trends in

meters on scale dep
Repetitive and routine type

maintenarnce effectiveness.
k in each area should be identified and standardized

of wor
d to repeat same information after

So that there is 1O nee

each such services

3. Records
1 At present in many cases very little data is

o books regarding the amount

e in maintenance 1o

availabl
airs or the crew size assigned to

of time spent on Irep
Absence of such data makes it impossible to

each job.
meaningful study to find man-power effectiveness,

carry out any
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optimum size of plant maintenance crews and number of

service stations to be set up in each area.

o, There is & similar need for keepine equipment

history files up-to-date and complete. History files for

major aqninment nrovide invaluable jnformation regarding
maintenance yehaviour of each equipment and serve to point
out unusually nigh maintenance demands. Only by analyzing
have occurred, cail corrective action be

the troubles that
ats. Such data is also

uce maintenance co

taken to red
ancy of overhaul of eguipment,

useful in reviewing the frequ
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CCLCLUSIONS AND R0 OLILENDATTIONS FOR FJRTHER worv

Tel LATNTiiAUCE OPTIITIZATION LODRIS

A detailed state~of-the-art survey of maintenance

literature has revealed the following position regarding

maintenance investigations and their application to real

life industrial situations:

1.

2o

During last thirtv years or so, industrial management+

has become 1ncreasingly aware of the significant
impact of maintenance operations on production costs

Increased automation, higher production rates,

complex operations and higher inventory costs are

the major reasons for this increasing awareness of

the importance of the maintenance function,
Use of a veriety of mathematical and operations

research techniques has considerably increased the

scope of maintenance optimization studies. Many

new maintenance policies have been evolved with
jnnovative features as a result of different
assumptions abecut the state of the actual system,
time-to-failure distribution and objective function
to be optimized.

The application of theoretically optimal policies

to actual maintenance situations is lagging far
behind their development. The reasons for this lag
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are both teehnical and psychological, Most theoretical
studies are based on one or two homogeneous tvpes of
machines with simolifying assumptions regarding

their onerating characterstics and interdenendence.
Real 1ife situations are much more complex. There

1S an inherent hesitanecy on the nart of maintenance
decision makers to venture into new methods. The

data required for mathematical analysis is not
available in many csses.

The management of maintenance in developing count-
ries like India becomes more problematic because
of poor or inadeqguate maintenance organization,
limited resources, less than up-to-date repair

facilities, poor technological base of maintenance

personnel and uncertain supply of snare parts and

replacements, Continuous review and updating of
maintenance data base and adjustment of maintenance
policles necessary for obtaining optimal return
from maintenance exvenditure is quite often not
possible under such situations.

The case for establishing sound maintenance manage.
ment is very strong and pressing because of iNcreasing

maintenance costs and an asymptotic saturation in
cost reduction from technology development,
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Puture research in maintenance must try to bridee
the gap between tneory and practice of maintenance,
Opiimization models should be applied to more real life
situations to demonstrate. their effectiveness insnite

of the assumptions involved in developing them,

7+2 EVAPCRATORS
The following conclusions can be dravn from the

theoreticsl models proposed for finding the optimal
maintenance policy for this subsystem and from the
analysis of available nlant data:
1. Bach caustic cleaning oneration of 40 hours costs
the plant Rs 1,16,0C0 in terms of lost alumina

production, loss of caustic with redmud and direct

material and labour charges.
issuming linear increase in steam consumption rate
the annual operating cest of the evapcration sub-
system with current practice of 90 days cleaning

ig Rs 93%,.,92 lakhs when maintenance time is

cycle
neclected. If the maintenance time per cycle is
the cost reduces to Rs 92.21 lakhs per

included,

year.
The optimal cleaning cycle time and annual operating
costs for the subsysiem can be found from the following

A

relationg 2-
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2
+ % n ¢ $- 2 C -
bc2 2 t(?.;2 [ = -—-—..E_o ,__?..C_l ,tm_) = {0 (
and G: - _;;LLM*_ ‘ 2
3 \v_ + Cq a t* :
i) %+, o T T1 BT 4 0580 tx, ) (3,12
vfh.ere
tfg Optimal interval between caustic cleanings
days
‘m = Time taken for each caustie cleaning, days,
Co = Cost of each caustic cleaning, rupees,
ul = Cost of steam per tonne, rupees.
Cﬁ = Total annual overatine cost at Ontimalinterbal
a and bare coefficients of linear steam flow rate
eqization
m(t) = a + bt (3 11)
. When tg << tc2, the above expressions reduce to
2
. _ 2 C
Lo B il . (3.14)
bC
1
Cx# = 365 (Y2BC Ty + C; a) (3.15)
T
5, Neglecting time taicen for maintenance, the optimal

cleaning cycle time is 58 days with an annual

operating cost of Rs 92,45 lakhs, This gives an

annual saving of Rs 1,47 lakhs against the present

policy even though the number of caustic cleanings

per year increases from 4 to 6.
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If the maiatenance time is taken into account the

optimal cleaning interval reduces to 47 days and
the number of cleanings ner year increases to 8.

But the total onerating cost per year reduces by

Rs 2,64 lalhs to Rs 89,57 lakhs,

Schedulineg maintenance within + 5 days of the optimal
value varies the amual cost only by a maximum of
.054 percent or Rs 500C when tm is neglected and &

maximun of .089 percent or Rs 8000 when ty 1S taken

into account.
The optimal cyele time falls by 2-3 days and the

total optimal annual operating cost increases by
about 6 percent for each Rs 2 per tonne or 6,67

~er cent increase in steam cost from the ovresent

cogst of Rs 30 peT tonne.

Yapiations in caustic cleaning cost do not siomifi.
~antly affect the ontimal noliecy. A 50 percent
ase in cleaning cost from 0.30 lakhs to 1.2

incre
+the annual onerating cost by about

Jalkhs increases
5,77 per cent from 89.96 lakhs to 92.70 lakhs
d the cleaning interval is changed from 48

provide
days to 59 days.
er cent in the estimate of fouling

Ain error of + 20D
tor b changes the cleaning cycle time by 7 days

fac



and the annual operating cost by 1.84 per cent

¢ analysis for the évaporation subsysten needs

to be extended in the Tollowing directions:

o The analysis here has assumed that the steam consum

ption rate increases linearly with time without limit

In many industrial situations flow increases unto
a certain 1limit and then remains constant, Thig
occurs when the rate of flow connot be increased
beyond a limit either due to insufficient steanm
supnly or to physical constraint of the amount of
steam that csn flow through a fully open valve, T4
1s necessary to extend this model to include such
flow—constrained variations in steam consumption

rate.

It is assumed that the caustic cleaning brings the
sub-system to 'as new' state so that after each
caustic cleaning the steam consumption rate follows
the same pattern, As mentioned earlisr, this is
not strictly true. Scme amount of scale does remain
even after caustic clesning and its thickness
progressively increases t1il1l the unit is mechanically

leaned The rate at which such permanent scale
(64 .

builds up will vary from effect to effect depending

n the temmerature range in each effect. An attempt
uno ! T
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should be made to study the growth rate of thege

permanent scales and their influence on Steam

consumption rate after caustic cleaning. TDavidson

has discussed such a model for boilers and shown

that increase in cost varies with total steam generateg
: gener

in the beiler to-date.

The present investigation has assumed gz constant

maintenance cost caleulated on the bagis of current

practice in the plant as for as the maintenance
procedure 1s concerned. Two things need to be looked

into in this connection. First, it has been assumed

that the rate of change of overall heat transfer

coefficient will remain the same even when the

frequency of cleaning is changed from the vresent

90 days to the proposed optimal 58 or 47 days. It

is not unreasonable to argue thal since tube walls

will be cleaned more frequently, both the permanent

scales and scalés removed by caustic cleaning will

reduce and hence heat transfer rates may not vary

~a much as they are varying now, Secondly, . it

possible to reduce the caustic cleaning time

may be
from the present 40 hours to a much lesser duration

sing the caustic concentration or temperature,

by increa
deploying more man power Or reorganizing the work,

It is thus necessary to carry out controlled experimentg
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to evaluate the effect or maintenance work on
plant failure characteristics,

The scope of the present investigation can be
significantly enjarged if g mathematical nmodel can
be developed using reaction chemistry to give rate

of scale deposition and hence the drop in overall

heat transfer coefficient with time. Masg and energy

conservation relations can then be used, as done

here, to predict changes in output temperature from
each effect. Since the subsystem has an inherent
cascading nature, a change in any effect produceg
sequential changes in all effects +ill the subsystan
comes to a new equilibrium. A mathematical model
for the entire subsystem will give a theoretical

basig for evaluating maintenance effectiveness.

5 Similar mathematical models also need to be developed

for finding optimal frequency of mechanical cleaning,

7.3 SLURRY INJECTION PUMPS

The analysis of this subsystem has yielded the
following resultss:

1 The subsystem availability as found from the recordg

of the alumina plant for 6 months is 73.83 percent
for the old unit and 91,42 percent for the new
unit Steam pumps are causing a losg of 1.91

percent of avallability in the o0ld unit and
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')
0.79 ner cent in %
he new unit in .
. Spite of th
- € fact

'f“n A* nt“;,le O]d .
L d unit has two
125 two spare pumns i
H aih aqamst 0n
e

in the new unit Th. :

new unit. The difference i :
=¥ A in availabilj
ity

e Lo :

18 mostly due to higher plant shut-down because of
| * e o

equinment failure, steam and power shortage and

leakage due te erosion in the old unit

m - . .
The charsing time between pumn and subsystem

failures, the total time between nlant failureg

and the charging loss due to subsystem and nlant

failure can all be represented fairly accurately

by negative exponential type of distributionsfor

The gcodness-0f-fit has been

both the units.
verified by Chi-square test.

The mean~time-between-failures is mucii. less for o014

unit pumps than that for new unit pumps due to age
the pumps and the difference in design,

of
pump- No,4 is giving a

O0f the two new unit pumps,
between-failures almost half as much as

me an-time-
The reason for thig difference in

ror pumo No.5.
It is suggested that thig

nerformance is not clear.
n nertormance be investigated t o sez

difference 1

if it can be attributed to any difference in mainte-

nance of the two HUMDS »
The optimal maintenance policy for the pumps is to
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run he i v
geover

preventively before failure is not expected to yi
yield

any increase in plant avallebility.

6. 1t is necessary %0 review the extent and frequency

ection of the old unit equipment %o control

Valves, pipe bends, fittings, spools

of insp

erosion leakagees

otc must be regularly ingpected and replaced, if

necessary, to reduce break down repair .

s causing considerable loss of plant

T'e Steam shortage i
in the old anit. Since thealuminag

r house with sufficient

city, there is a need to review the

1nsta11ed capa

boiler house maint mprove availability

enance position to i

of gtealle

Tet §pent_;égzﬂz_§§§£§£§
er walls affects the

The depoaition of scales on heat

on in tWO ways:

plant operati
perature of liguor going to digesters

duces the vem
quantity of ste

onstant temperature.

(a) It Tre
om required in

thereby inoreasing the
to maintein €

digesters

the
plugeing

the flow of spent 1iguor due to

gg of alumina produCed.

conclusions have been drawn regarding the

on plant performance:
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s CL-.b imp vl ] COU i.n A b tplle 't f
s ra;. 0

< !;
! 5 le

temperature. The loss in flow due to plugging +
L costs

RS g8%,76 per day for each 1lpm drop in flow

ariation in overall heat transfer coefrficient
g Uy

regented by a relationship

The V

for the heaters can be rep

of the form

7
10
AU = a + bt
52 (557}
b are constants and t is the number of

where a and
s the heater has been in use after acid shooti
ng.

os of the high pressure heaters result
S

day

plugging of tub

gs of Spent-liquor flow of 13.52 lpm per day

in a 1o
No appreciable plugeing is observed

of heater use.
other heaterSe

The optimat cleaning frequency foT the high pressure
agsuming &

y the expression

Linear increase in operating costs

neaters

is giVen b
560 (5:15)

-
al jnterval betw

ﬁ is the optim
o is the cost of each cleaning operation

een heater

ahere ¥

cleaningss
perating cost with time

£ increase of ©

is 3 days againgt the
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present practice of 15 dayse. changing the cleaning
interval from present 15 days 4o optimal % days will
result 1n 2 saving of 88 25 .48 1gkhs OF 69 .64 per cent

of present cost per yeal.

al cleaning cost plus excess steam ccst

6. mhe totzal annu
ng jntervele Any delay in

rable incresse
proportional %o
nversely proportional

e of increas® of operating

esult Uf the

ess of Alumina

present inves
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Plant Mechanical Maintenance (Digestion) Groupes

i At present there is considerable variation in the planned
overhauling work load from week to week. When the over—
hauling frequencies are revised in the light of mainte-
nance optimization models, it will be desirable to

rework the annual schedule with more balanced distribution

of work load.

24 It is suggested that the amount of information given

by the maintenance cCrew in maintenance logbooks be

standardized,Routine and repetitive details can be
minated while factual information like time spent

ell
manpower employed, reasons for equipment

on maintenance,
failure should be included as a rule, This will help
jn working out optimal maintenance policies.

D The equipment history files should be maintained upto

date and regularly reviewed to discover any unduly high

maintenance demand patterns.
Unscheduled plant break downs should not be overburdened
by diverting too much schedul

led diversions digturb establ
y force the work pace increasing possibilities

4,

ed overhauling work. Such
unschedu ished routine and
unnecessaril

of unsatisfactory maintenance.

7.6 CONCIUDING REMARES

The objectives of the present investigation were to carry



out an exhaustive state-of-the-art survey of maintenano
e
literature and to discuss case studies for maintenance

optimization. The literature survey given in chapter 2

hzs shown that though there is a considerable scope for use

of maintenance optimization studies, the situation obtainin
g

in most industries today can hardly be considered as satig
factory. Considerable efforts are required to be put in org
er

to make the benefits of theoretical investigations availgble

to practical maintenance engineers.

The case studies discussed in chapters 3, 4 and 5

present two types of maintenance models : (1) Descriptive ang
The investigation of slurry iajection

(2) Prescriptive.
Through an analysjg

pumps belongs to the deseriptive category.
of the failure pattern of the subsystem it has been establisheq

that no useful purpose will be served by switching over frop
the present break down maintenance policy to a preventive

maintenance policy in which pumps are taken out of service
preventively before failure. Any attempt at increasing the
y has to be aimed at units outside the

Inereasing steam availability and checking

charging subsystem.
in the old unit appear to be the two most

erogion leakage
promising avenues in this regard.
» evaporators and spent liquor heaters

The models fo
Both the subsystems

fall into the prescriptive category.
are currently being maintained preventively. The study aims at



Cptimizing the frequency of thase preventive maintenance

activities, The optimal frequency f» obviously depends

upon the maintenance policy P, cost of maintenance action
Co and the operating cost C i.e.

ﬁ (Py Coy C) (7-1)

f*

For the evaporation subsystem, Co is of the order of Rs 1,16 000
’

and there appears to be a prima facie case for optimization,

For spent liquor heaters, the maintenance cost pexr heater jg
only Rs 3250 and the need for maintenance optimization study

is not so obvious, The analysis of the subsystenms has ghown

that even in those cases where maintenance cogts appear to pe
Comparatively insignificant, considerable annual savings may

be obtained by a systematic investigation of the maintenance

broblem,
The distinction between the types of models can be
Generally a descriptive

very important methodologically.
The

mode]l does not lead to any one single optimal answer,
effects of several possible alternative policies are Presenteq
to the decision maker who uses his judgment to select the

In the case of prescriptive models, the mainte_

best answer.
nance effectiveness is expressed in terms of a single variable

and the best solution can directly be calculated from the
Ideally, all maintenance investigations should lead
’

model,
t criptive models but in actual practice it 1is not always
O pres
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o8 !
possible to do so. 1t 18 then necessary to resort to

descriptive models.

Descriptive models which DY virtue of description of
n o

system behaviour rule out the operational fesibility of al
1

but one t¥pe€ of maintenance action belong to a special cl
class

e models. Such podel
ols can be called 'prescriptlve

of descriptiv
models in description'.

y to point out here that the maintenance

It is necessal

r the pluminium Gorporation has jast

optimization process fo

about begun wi + {nvestigation, Phe work done

th the presen

here must e extended to other areas of the alumina plant
1er house, precipitation, clarification

gestion, bol
aa and then to other plants. Afterxr

namely di

and the calcination are
have peeld covered 4t will be necessary to

all the plents
blem and take corrective

review the total naintenance pro
me agures wherever called for, These may include revision of
reassesement and redistribution of

gorities,
g recording and evaluating

g in plannin
aventory and

maintenance pr

change

work loads
reorder policies and

vision of 1

proceduress re
additional budgetary

of other

dGOiSions v

a number
g otheT commitments

also have
urn from th

elaborate
ric

demands may
e investment. The whole process

and expected ret
me consuming but

o be quite

and very t1

appears t
h dividends.

the effort 18 gure %0 P
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Maintenance investigations of the type carried out

here evaluate the effect of operating parameters on plant

availability and production cogst, glve theoretical support
policies based on trial and error, suggest

changes when necessary and effect considerable

to existing

desirable policy

jzation. Properly maintained equipment

savings by cost optim
ailability, nigher production

leads to increased plant av
ended life of the plant.
are wellﬁworthstriving for in an economy

rates and ext Needless to say that
all these objectives
ital scarce.
£t 4f in addition to

The relevance of the effort becomes

which is cap
actual cost, the soclal cost

further evidenl
onsidered. It is for

a1 equipment® is also ¢

of imported caplt
systematia effort of

this kind 1is

the first time that a
n Indian situation to0 improve productivity of

being made 1
tnrough mainten

capital equipmen?t

ance optimizat ion.
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Appendix 1,1
PLANT OPERATING CONDITIONS

The numerical figures relatad to vlant operation

given in the thesis are based on the following assumptiong.-

1. GBUERAL
Alumina produced per year 170,000 %
Number of working days per year 343
Recovery of dissolved alumina 9% */e

160 ¢

Alumina dissolved per day : 0ld unit
New unit 375 ¢

Potal 535 t
Extraction efficiency 934 °/,
2. SLURRY-MIX AREA
46 */,

Total available alumina in bauxite
Prihydrate alumina 37 %
Monohydrate alumina 9 ¢/,
weight of dry bauxite used per day 1237.3 ¢

Moisture in bauxite 3 % o
: pic heat of dry bauxite 0.249ktal/kg "C
Specl .
6.6 C
Temperature of dry bsuxite 2
g b
Iime to slurry-mix area 1°*/,of dry bauxite
9 t/t of lime
Water with 1lime .
0.25 k cal/kg “C
ifd lime
Specific heat of -
. it 176 1lpm
Spent liquor to slurry-mix area: 014 un p
’ New unit 440 lpm

Total 616 lpm
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pDensity of spent 1iquor

digesters

jn slurry to aigesters

gteald guppl
sction pumps

gplids
pressure of jed to
slurry in]

PreSSure of exhaust gte

pumps

potal

gspent 1iquor

after all nill £1ow

Specifi neat of 1iquor

Temperat re of pent 1iquoT t
diaester

Tempera of liquor i‘ﬂpu'b £0
heaters

Temperat of 1iquoT utput fro

am from the

New unit 5

1.24 gw/ce

112 %

New unit 750 lpm

Total 1070 1lpm
50°*/e

2
17 058 kgf/cm (gauge)

1.96 kef/om® (gauge)

o1d unit 2100 1%

560 lpm
7660 lpm

W unit heaters

4944 1lpm
0.86 k cal/ke %

012 %
a5 °C

12 %
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4. DIGESTERS

Pressure of steam supplied to

digesters 40 kgf/em® abs,

Temperature of steam supplied to

digesters 21 o
Exit temperature from the
digesters 243 %
Solution heat of trihydrate
alumina 172,2 k ¢al/kg
Solution heat of monohydrate
alumina 70 k cal/kg
Radiation losses in digesters 6 %/, of all othep
losses
Total flash effluent flow 7212 lpm
Flagh effluent alumina-to-caustic ratio 0,650
Caustic in flash effluent 205 gpl
Caustic utilization factor 0.93

5. CIARIFICATION

settler feed flow 10112 1pm

Settler feed caustic concentration 162 gpl
pilution liquor 2900 1pm
pilution caustic concentration 55 egpl
Mud load 494.92 tpd
Solids in gettler underflow slurry 25°/.

er underflow slurry 1.44 gm/cc

it of Settl
Density 955 1pm

gettler underflow



-: 228 ’—

Solids in mud-to

~lake slurry 2L/,
Density of mud-~-to-lake slurry 1.20 em/co
Mud-to-lake flow 1364 1pm
Lake return 40°/,
Caustic-to-soda ratio in red mud 0.75
Soda loss with red mud during
normal operation 2.5 gpl
Density of liquor going with red
mud slurry 1.01 gm/ce

6. EVAPORATTON

Spent liquor to evaporation : 01d unit 2340 1pm

New Unit 7000 1pm

Total 9340 1lpm
New unit primary evaporation
by pass flow 1000 1pm
Liquor-to-evaporation caustic
concentration 160 gpl

Temperature of liquor to evaporation 60 %

Caustic concentration at evaporation
outlet 195 gpl

Total evaporation expected 100.3 tph
Evaporation in 01d unit : Primary evaporators 10,4 tph

Feed flash tank 8.4 tph

Secondary evaporators6,5 tph

Total 2543 tpp

BEvaporation in new unit : Primary evaporators 27,2 tph

Feed flash tank 13.2 tph
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Secondary evaporators 35+1 tph

Total 75.5 tph
femperature at the outlet of primary
evaporation live-steam heater 122 %

Temperature at the outlet of the
secondary evaporation live -
steam heater 134 %

Pressure of steam supplied to primary
evaporation live-steam heater : 014 unit 7.03 kgf/op2

' gau
New unit 1,06 kg%?gme

(rauge)
Pressure of steam supplied to
secondary evaporation live -
steam heater : 01d unit 7,03 kgf/bm2
(gauge)

New unit 7,03 kgf/cme
(gauge)
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EQUIPMENT SPECIFICATIONS
1. PRILARY EVAPORATORS

Fluid handled on tube side Spent liquor

Flulid hand "
i andled on shell Condensate fronm Previoy

8 effect
and vanours flashed in flash

Cha.H]ber of the Sam8 effeo't
Tube size 32 mm 0,D,, 7.2

2 m 10]’]3, %A
Total number of tubes 1296

<< BV

Number of passes 4 tube side, 1 shel:z side

Total heating surface, m® 783.7 based on inner diamet
er

956,9 based on outer diameter
Diameter of liquor inlet and outlet pipe, mm 254

Diameter of condensate inlet and outlet pipe,mm 101,6

Diameter of non-condensable vapour vent, mnm. 50,8

Diameter of caustic header for cleaning, mm 101,6

2o PRINARY EVAPORATION IIVE STIAN HEATER

Number of heaters : !

Fluid handled on tube side Spent liquor

P1luid handled on shell side Steam at 1.06 kgf/om?

gauge
1 C.D. .

Tube size 32 mm 1éB;G32 m long,
Total number of tubesS 380
Number of passes 2 tube side, 1 shel] Side

| 2

Total heat transfer area, I 281 based on outer

diameter
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3, FEED FLASH TANK
f the tank, M

piameter ©

Height of the tank, M

nizmeter of the 1iquor inlet
and cutlet niné, !

f the Vapcmroutlet

Diameter ©
pipc, mm

4., SECOWDARY EVAPCRATORS
Fluid handled on the tube gide
shell gide

Fluid handled on the

z2 mm OeDey

760

Number of T

Diameter of 1iquoT inle

pigmeter ndensate inl

of coO

Diameter 0f non_condensable vap
eader for cle

Diameter of caustic h

De SECONDARY EVAPC

ehmeBMe

STEAM

mn
PTube glze 32

4 tube side,

m2 464.5 pased on inne
562 based

t and outlet pipes
et and outlet pipes
mm

our vent,

aning, oM@

O0uDes 7.32

3.66
5+05

254

8l12.8

Sp ent 1i quor

condensate from

previous effect and

vapours flashed in flash
chamber of the same effect.

7.32 m long, 12 BWG

1 shell side
r diameter

on outer diameter

mm 254

101.6

i 50.8

101.6

parion LIVE HEATERS

2

Spent liquor

Steam ab 7.03kaf/en’
gauge

m long, 12 BWG
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Total number of tubes

Number of passesg

Total heat transfer area,m2

6, SLURRY INJECTION PUMPS

Pump numbers
Unit
Fluid pumped

Specific gravity of fluid

Temperature, %

Solid content, percent

Caustic concentration,
percent

Discharge, lpm

Discharge pressure,
kgf/cm

Pump type

Type of suction

Speed, strokes/mt
Steam inlef pressure,
kgf/cmg(gauge)
Casing material

Seal
Manufacturer

380
2 tube gide, 1 shell side
232,2 based on inner diameter

281 based on outer diameter

1!2!3 4’5
0lad New
Bauxite slurry Bauxite slurry

1.61 1,61

88 88

50=60 50-60

11.5 11,5

272-340 775

44,2 38,0
Reciprocating, Reciprocatin
duplex, plunger duplex, pistgg
type type with

surgeblock

Single, double Single, double
acting acting

18-19 14-15

Steel Cast steel 1inegd

gtuffing box. Stuffing box

Harren Pumps Inc., Warren Pumps Inec,
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7. SpEdy 11 JUOR HEATIXS
Unit
Position

Number of heaters

Type of heaters

Fluid circulating on the

shell side

Fluid circulating on the
tube side

1iguor

Specific gravity of

Caustic concegtration of
jiquor, &P+

Number of passee on shell
side

n tube

Number of passes 0

side
Total number of tube®

Pube siz€

pube pitchs o

Heat transfe
outside Aiameé:

Shell naterial
&“§ gsufey
Shell Sid Fre
kgf/bmﬁ(ga“ge)

01d New
vertical Horigzontal
9 10
Shell and Shell and
tube type tube type

Flash Steam

Flash steam
(Saturated)

(saturated)

Spent liquor Spent liguor

1-148-1. 24’ 1.14‘8-1,24
185—225 185-225

1 1

6 6

192 522

3omm O.De 7.32m 32 mm 0.D
1o g, 128G Jhe0 BHE 7.3om
44.5 44 .5
(triangular) (triangular)
14001 380.9

Cast steel Cast steel
0,9-24.0 0.9-24,0
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Appendix 30l

PR 2 b Ty
(), = LYa Ty . )
Lol lsh] P Zr" |‘|'\7H,' "N
L ~

Folloving average monthly values have hamy .os
2N ob —‘ai,‘]{-}ﬁ

-~y =

N es s oa
- Gl a2\ .

Cost of 12000 tonnes of coal consumed
HS 15’60; OOO

per month at the rate of Rs 130 per tonne
RS 1951, 000

Cost of materinl supplied from the stores

Depreciation charges Rs 2,01, 000
Salary of workers and supervisory staff Rs 1,42,000
Fringe benefits Rs 160,900
Cost of power Rs 1,87,000
Workshop Cost Rs 2,900
(1/3 rd of the total cost incurred in the
workshop is charged to alumina plant and
1/6th of the amount charged to alumina
plant is charged %o boiler house)
Laboratory cost Rs 3,150
(Cost incurred in laboratory is fully
charged to alumina plant and 1/6th of this
amount is charged to boiler house)
Total monthly cost incurred in the

Rs 23,07,950

boiler house
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: = 78, 000 %
4 teoam pgeneration rate ’
Averags monthly steal [ - _gzgzgigq
= "800
tonne
- £ steam nel
ST B = Rs 29,59

Say Rs 30 per tonne.
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CHARGING TIME DATA FOR QLD UNIT PUMPS

FROM DECENBER 1974 TO MAY 1975

Ch Charging |Charging
[cl;gién ¢ Pump time loss Remarks
No . No. mts. mts.
A80 40 Plant trouble
1 > (Power failure)
2 3 395 20 Pump trouble
85 15 Plant trouble
5 3 (Steam shortage)
4 3 215 0 Pump trouble
12 Plant trouble
1 g (Steam shortage)
45 Plant trouble
6 1 508 (steam shortage)
0 Plant trouble
7 1 (& * (steam shortage)
1%5 10 pump trouble
1
° 10 10 pump trouble
1
? trouble
- 3 1245 0 PR .
trouble
1 655 15 Pump
11 trouble
3 85 15 Pump (
12 plant +rouble (Trouble
13 2 55 52 in flash tank)
PUmp trouble
2 100 40
14‘ 40 75 Pump trouble
15 . 225 32 Punmp trouble
1 230 (steam shortage)

19
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Char
ging G -
cycle Pump ??;ging B2 e
L - m'ts @ I‘kB
20 i !
610 5455 Plant trouble
(Plart S/D)
21 1l 105 30 Pump trouble
22 3 160 10 Pump trouble
23 3 70 0 Pump trouble
24 i 15 20 Plant trouble
(Steam shortage)
25 1 245 20 Pump trouble
26 2 270 30 Plant trouble
(Steam shortage)
27 2 10 10 Pump trouble
28 3 370 30 Pump trouble
29 1 395 0 Pump trouble
30 3 350 0 Pump trouble
31 2 195 30 Pump trouble
32 1 770 10 Pump trouble
33 2 230 15 Pump trouble
34 3 120 70 Pump trouble
35 1 355 12 Pump trouble
56 3 598 0 Pump trouble
37 2 770 15 pump trouble
. 1 285 10 planttrouble
(Erosion leakage)
8] Pu trouble
39 1 - mp
o 205 220 pump trouble
2 705 0 Pump trouble

41
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Charging Charging Charging |
oyele | B | o s Remarks
. ® ® Se
402 1 x5 50 Plant trouble
(Precipitation trouble)
43 1 615 10 Pump trouble
44 1 597 1668 Plant trouble
(Steawm shortage)
1 85 137 plant trouble (F1
45 tank trouble)( i
268 13 plant trouble
46 . (Steam trouble)
A7 3 107 5 pump trouble
48 9 490 0 Pump trouble
49 3 280 5 pump trouble
50 1 5 15 pump trouble
51 1 80 0 pump trouble
53 5 100 30 pump trouble
o 5 45 35 Pump troudble
1280 Plant tpouble{Pluggi
54 2 105 in digester area)ggmg
a 5 490 25 pump trouble
5 o Punmp trouble
] 5 5 10 Pump trouble
5 5 555 20 Pump trouble
8
9
5 040 10 Pamp trouble
60 2 .
5 1080 plant trouble (Plugging
61 3 1 in flash tank
’ 60 10 Pump trouble

62



-: 2309 .-

harging |C ]
c§019 Pump time = }ﬁﬁsg;ng
Gls No. mts . e vy Remarks
63 1
. v 0 Pump trouble
65 2 405 790 Plant trouble
(Iow condensate level)

66 2 650 0 Pump trouble
67 % 145 10 Pump trouble
68 ; 705 8 Pump trouble
69 2 152 33 Pump trouble
70 3 2 39 Pump trouble
Tl 1 570 10 Pump trouble
72 1 300 0 Punp trouble
73 2 585 10 Pump trouble
T4 3 30 10 Pump trouble
75 3 130 0 Pump trouble
76 1 665 10 Pump trouble
77 3 190 25 Pump trouble
78 2 35 70 pump trouble
79 1 60 105 Pump trouble
&0 2 785 0 pump trouble

15 plant trouble
81 L 950 (Steam shortage)
& 1 15 0 pump trouble

10 Punp trouble
83 2 20

5 80 205 plant trouble
(Erosion leakage)

84



-: 240

Charging | Charging [Charsing
;ch.e Pump 1 ime losg Remardks
O. No. mts. nts.
85 2 220 20 Pump trouble
86 1 50 10 Pump trouble
87 1 95 7 Pump trouble
88 3 183 20 Pump trouble
89 2 600 230 Plant troubdble
(Steam shortage)
90 2 105 10 Pump trouble
91 2 180 695 Plant trouble
(Steam shortage)
92 1 1715 10 Pump trouble
0 145 Pump trouble
93 2 %
0 0 Pump trouble
94. 1 7 -
0 0 Pump trouble
7 : g 5 Pump trouble
1 rou
200 50 Plant trouble
97 1 (5team shortage)
12 Plant trouble
98 1 20 (Steam shortage)
1315 Plant trouble
99 1 oA (Shut down)
5 plant trouble
100 1 2L) 15 (Erosion leakage)
0 plant trouble (Steam
101 1 255 L% line maintenance)
plant trouble
102 1 190 105 (Erosion leakage)
157 18 Pump trouble
292 = trouble
85 10 Pump T
2

104



|
P

»
-

Charging Charging [charging
cycle time loss Remarks
No. | MNo. mts. mts .
2 620 15 Plant trouble
o (lio slurry)
20 85 Plant trouble
105 ° (o slurry)
107 1 45 0 Pump trouble
108 5 205 0 pump trouble
109 1 785 0 Pump trouble
130 plant trouble
110 Z 4 (steam shortage)
25 20 Plant trouble
111 5 (steam shortage)
0 Plant trouble
112 5 35 + (Steanm shortage)
5 15 0 Pump trouble
113
Plant +rouble
114 2 275 1595 (Erosion leakage)
600 plant trouble
(steam shortage)
%0 plant trouble :
2 120 (Steam shortage)
115
25 plant trouble
5 90 (steam shortage)
116
105 plant trgub%e )
5 152 (Steam shortage
117 _
175 05 Pump trou
118 2 138 10 pump trouble
1 nt trouble
2 1 5%0 1940 lzé?‘;eam shortage)
120 i
1ant trou
780 515 (grosion leakage)
2

121



: 242

Chargi
;g?%éng ﬁg“fp ci’;%%g e ngg.ging Remarks
122 2 340 90 Plant trouble
(Steam shortage)
123 2 55 15 Plant trouble
(Steam shortage)
124 2 205 0 Pump trouble
125 1 2 8 Pump trouble
126 1 200 10 Pump trouble
127 1 185 0 Pump trouble
128 2 652 0 pump trouble
129 1 545 75 Plant trouble
(Steam shortage)
130 1 220 1155 lé’éitrel;cm tﬁﬁgﬁizge)
15L, 1 160 20 Pump trouble
132 2 185 0 Pump trouble
133 1 95 15 Pump trouble
134 2 255 0 Pump trouble
135 1 165 45 Pump trouble
136 1 120 10 Pump trouble
137 1 1770 0 Pump trouble
30 175 Plant trouble
138 2 (Erosion Leakage)
139 1 950 W ey B 6)
140 1 60 0 pump trouble
141 2 305 35 pump trouble
L e w0 BELT

142



- 243 :-

cg;rlging[ Charging Chargliag _
cle fPump time loss R
143 1 30 215 Plant trouble
; (Steam shortage)
144 1 1240 10 Plant trouble
(Steam shortage)
145 1 90 45 Punp trouble
146 2 935 5 Pump trouble
10 Plant trouble
=i 1 555 (8team shortage)
20 Plant trouble
18 o 19 (Steam shortage)
149 1 720 0 Pump trouble
150 o 585 12 Pump trouble
as 10 Plant trouble
151 1 (Steam shortage)
0 Pump trouble
152 1 495 P
20 Pump trouble
153 2 410
5 18 Pump trouble
154 1 4
75 Pump trouble
155 1 2
8 12 Plant trouble
156 2 22 (Steam shortage)
troubl
157 g 645 10 Pump troubdle
2 140 100 Plant_troubla
158 2 (Brosion leakage)
5 25 Pump trouble
159 2 15 pump trouble
;330
160 60 1ant trouble
315 Steam shortage)
161 4
ble
215 Plant trou '
5 5% 2 1025 (Precipitation trouble)
pump trouble
] 600 0 P

163



~-: 244 :-

C?;g%éng B Charging |Charging
ump time los
NO o NO ® mts % mts ? Remarks
164 2 280 125 Plant trouble
(Erosion leakage)
165 2 485 20 Pump trouble
166 1 1460 10 Pump trouble
167 2 35 2% Plant trouble
(Steam shortage)
168 2 2392 0 Pump trouble
169 1 955 20 pump trouble
170 2 157 15 Pump trouble
100 15 Plant trouble
171 1 (Steam shortage)
172 1 405 0 Pump trouble
173 2 1215 0 Pump trouble
174 1 510 2o Pump trouble
175 2 250 15 Pump trouble
60 Pump troubl
176 1 25 p trouonle
15 Plant trouble
(Steam shortage)
0 Pump trouble
177 1 255
10 Pump trouble
178 2 160 P
15 Pump trouble
179 2 1%
1 g70 100 Plant trouble
180 (Erozsion Leakage)
0 10 Pump trouble
181 1 .
0 0 Pump trouble
182 2 42 P
0 Pump trouble
183 1 480 )
2 Pump trouble
184 2 562 2
18 pPlant trouble _
hortage)

(Bauxite 8



: 245

Charging "Tharging [Charging
cycle |Pump time loss Rl
No. No, nts. mts.
185 1 165 15 Pump trouble
186 180 0 Pump trouble
0 125 Plant trouble
187 1 3 (Flash tank leakage)
188 1 885 10 Pump trouble
189 2 %95 45 Pump trouble
190 2 145 15 Pump trouble
191 2 30 25 Pump ‘trouble
60 pump trouble
192 1 65
193 2 845 20 pump trouble
194 1 290 15 pump trouble
115 plant trouble
195 2 2 h (Erosion leakage)
5 2 70 120 pump trouble
- 0 pump trouble
197 1 185
175 100 Pump trouble
198 2
1 400 18 pump trouble
199
302 15 Pump trouble
= : 0 155 plant trouble
201 1 54 (Erosion leakage )
1 490 7 Pump trouble
ae Plant trouble
2 373 249 (Erosion leakage)
203
655 0 Pump trouble
= * 5 5 pump trouble
20
202 ’ 5 Pump trouble
2 5

206



-: 246 :-

Chargin :
T o | Bk | Aot | e

5 mts. mts. HEkE

207 2 230 b Pump trouble

208 1 400 10 Pump trouble

209 2 195 5 Pump trouble

210 J; 540 0 Pump trouble

211 2 225 0 pump trouble

212 1 50 110 Purp trouble

213 2 50 15 Pump trouble

214 1 320 8 Pump trouble

515 2 17 20 pump trouble

016 2 140 10 pump trouble

217 1 15 30 pump trouble

218 1 125 20 %%oaﬁtsfﬁ.gglgevel)

219 1 210 367 ?%i’ﬁ 0.2 fows)

- ) 320 30 Pump trouble

ol y 35 30 Punp trouble

o » 200 10 pump trouble

. i 545 6] Punmp trouble

224 2 255 0 pump trouble

I L

05 230 plant trouble

0506 3 (Steam shortage)

- ; 185 0 pump trouble
; 430 0 PUMP {rouble

228



- 247 :=

Charging Chargin i
ging [Cha
cycle [Pump time lgg ; e Re
No. No. mts. mts. TR
229 3 110 10 %gﬁnt trouble
arge pump trouble)
2%0 3 1175 10 Plant trouble
(Steam shortage)
231 3 1332 3 Plant trouble
(Charge pump trouble)
352 3 30 155 Plant t?ouble
(Injection pump trouble)
o ] 375 0 Pump trouble
- . 40 80 Pump trouble
5 ) 410 0 Pump trouble
165 Plant trouble
237 Z 120 (Steam shortage)
0 Pump trouble
238 3 A2 lant t
1425 plant trouble
2%9 1 3%0 (Steam shortage)
30 Pump trouble
240 - e
315 plant trouble
i 5 %15 (Steam shortdge)
o 10 punp trouble
2
242 5 . 0 pump trouble
12
2473 1 25 pump trouble
180
244 . 20 pump trouble
8%
300
246 3 40 plant trouble
560 1 (Erosion leakage)
247 . b
5 PUnp trouble
500
3

248



-+ 248 -

oS by [iime ek
No., _ [No. l mts o mbs Remarks
249 2 315 10 Pump trouble
250 3 15 0 Pump trouble
251 2 105 10 Pump trouble
252 5 60 0 Pump trouble
255 2 342 8 Pump trouble
254 3 175 0 Pump trouble
255 1 90 0 Pump trouble
256 3 240 0 Pump trouble
257 1 180 0 Pump trouble
258 2 225 15 Pump trouble
259 3 105 120 Plant trouble
(Erosion leakage)
260 3 600 0 pump trouble
261 1 870 15 %ﬁnagg:rggn%etripped)
062 1020 10 pump trouble
o 30T P aoin shortage)
64 % 95 0 Pump trouble
265 1 760 0 pump trouble
266 3 95 0 pump trouble
O R -y oty
268 3 1760 10 pump trouble .
269 5 105 0 Punp trouble
430 7 pump trouble

270 3



- 249 31~

Chazging|  [cnarging Charging
cycle fpumy | HEe | o Remacis
271 1 388 5 plant trouble
(Steam shortage)
o2 5 | 759 10 pump trouble
35 4785 plant trouble
212 ! (Power failure)
780 plant trouble
(Tow condensate level)
20 110 plant trouble
274 * e (Steam shortage)
275 1 245 20 pumptrouble
276 3 200 5 Pump trouble
077 2 435 0 Punp trouble
>78 2 425 5 pump trouble
279 2 442 8 Punmp trouble
51 5 5 0 Pump trouble
2
0 Punmp trouble
281 1 200
10 Plant +rouble
282 3 320 ¥ (steam shortage)
plant trouble
283 ; 70 40 (Steam shortage)
5 5195 10 Pump trouble
284 585 10 PRIP +rouble
2
285 175 40 Punp trouble
286 ? 35 95 Pump trouble
2
287 1090 0 Pump trouble
288 3
5 180 0 pump trouble
203 720 0 Punp trouble
%

290



-: 25C :-

Charging Char
ging [Ch
= le |Pump ting | los §ing
Oe No. mts, ots., Remarks
2
7 - 65 10 Pump trouble
292 2 165 35 Pump trouble
293 2 70 0 Pump trouble
294 3 770 20 Pump trouble
296 3 780 15 Pump trouble
2 97 2 10 35 Pump trouble
298 2 65 50 Pump trouble
299 3 260 0 Pump trouble
300 2 847 3 Pump trouble
201 2 80 0 Pump trouble
302 3 165 75 Pump trouble
303 2 250 165 Pump trouble
304 2 95 15 Pump trouble
305 3 940 15 pump trouble
306 2 1040 15 pump trouble
Pump t b
507 3 690 . p trouble
508 5 570 10 pump trouble
508 5 1275 - 0 pump trouble
bl
510 5 175 0 Pump trouble
0 pump trouble
0 Pump trouble
312 2 810
109 5 0 pump trouble
313 J ' 0 Pump trouble
2 745

314



Earging

(
Chargin

- 251 o

g KCharging S
Cycle /Pump time
No, No. mts. ;ggs Remrks
——
515 3 230 90 Pump trouble
316 2 115 10 Pump trouble
217 2 340 10 Plant trouble
(Booster pump ’-.t'.ih-\ed\
318 2 125 0 Pump trouble
319 2 1130 0 Pump trouble
320 2 130 C Punp trouble
321 3 220 10 Plant troubje
(Booster pump tl‘iboed)
322 3 1250 0 Pump trouble
323 1 230 105 Pump trouble
1920 40 Plant trouble
524 * ? (Low test tank 1eve1)
325 1 745 10 Pump trouble
326 9 1300 20 Pump trouble
327 3 215 15 Pump trouble
308 3 400 0 Pump trouble
329 1 155 0 Pump trouble
330 3 455 10 Pump trouble
33] 2 5%5 0 Pump trouble
trouble
332 1 20 0 Pump tr
P trouble
533 2 19 ° P
5 0 Pump trouble
334 1 2
0 15 Pump trouble
335 3 & .
Pump trouble



s 252

Charging | Chorging [Chorging
cycle Pump time loss Remarks
N0° NO. m‘tS. mts.
337 3 1615 0 Pump trouble
338 1 1395 0 Pump trouble
339 3 80 10 pump trouble
340 1 1025 0 Pump trouble
341 7] 215 35 Pump trouble
10 10 Plant trouble
e 2 * (Steam shortage)
343 3 265 0 Pump trouble
220 plant trouble
544 1 79 (Erosion leakage)
155 Plant trouble
345 1 545 ? (Erosion leakage)
0 ppmp trouble
346 1 730
3 120 25 pump trouble
AT 5 plant trouble
Z48 3 520 (steam shortage)
740 0 pump trouble
349 3 - 5 Pump trouble
350 1 g5 5 pump trouble
7
351 2 15 plant trouble
352 3 90 (Steam shortage)
80 0 pump +rouble
2
353 3 55 10 pump trouble
354 1 720 plant trouble
1 460 (Erosion leakage)
B 100 plant trouble
295 (Erosion leakage)
1

356



-2 253 :=

Chal‘ging =
No. No, | mts. mts ? Remarks
557
1 272 18 Plant trouble
(Steam shortage)
358
1 185 0 Pump trouble
359 3 905 0 Pump trouble
360 E 115 0 Pump trouble
361 3 253 47 Plant trouble
(Steam shortage)}
362 3 5 255 Plant trouble
(Steam shortage)
363 3 139 45 Plant trouble
(Steam shortage)
364 3 255 0 Pump trouble
365 1 280 55 Pump trouble
366 3 325 35 plant trouble
(Steam shortage)
%67 3 145 0 Pump trouble
368 1 2485 0 pump trouble
369 3 695 0 Pump trouble
370 1 565 20 Pump trouble
377 3 70 0 pump trouble
5 plant trouble
372 1 gt (Booster pump tripped)
373 1 143 0 Punp trouble
840 plant trouble
374 3 855 * (Erosion leakage)
troubl
375 1 615 0 Pump Trou e
é5 0 pump trouble

376 5



: 254 -

Cg;g%ing N Chigging Charging
e Dum
No. No.p mts? ig:? Remaris
20T 1 1029 11 pump trouble
378 3 670 15 Pump trouble
379 1 445 0 Pump trouble
380 3 375 0 pump trouble
Z81 1 ne 0 Pump trouble
332 % 5 0 Pump trouble
383 1 95 0 Pump trouble
384 3 750 0 pump trouble
20 plant trouble
385 y 3 92 (Steam shortage)
pump trouble
386 1 765 © P
Plant trouble
387 3 320 45 (steam shortage)
Plant trouble
388 % 45 552 (Erosion leakage)
o) pump trouble
3 3 1430
339
595 Plant'troublg
390 1 1300 (Erosion leakage)
plant trouble
1620 (steam shortage)
5 0 pump trouble
8
501 1 P s5  pump trouble
0
e 3 0 g LT
a gteam shor age
393 3 915 (
0 pump trouble
0
394 3 40 ant trouble
829 75 (Booster pump trouble)
1
395 0 PUmpP trouble
X 855 ‘

396



s 255 :-

Charging Charging [charging
cycle (Pumn time loss .
No, NO. mts . mwts .
337 3 70 o Pump trouble
398 3 280 0 pump trouble
399 1 165 0 Pump trouble
70 20 ¢Plant trouble
#ae ? (Steam shortage)
401 3 52 0 Pump trouble
0 45 plant trouble
e . - (Steam shortage)
403 T 45 20 plant trouble
404 1 265 0 pump trouble
405 3 340 5 Pump trouble
406 1 205 0 Pump t?ouble
6] plant trouble
407 3 e 2 (Steam shortage)
5 plant trouble
408 3 2 : (steam shortage)
Plant trouble
409 3 10 12 (Stean shortage)
410 % 830 0 pump trouble
5 60 Plant trouble
411 1 62 (steam shortage)
ble
1 850 0 Pump trou
412
15 pump trouble
0 0 pump trouble
414 3 i "
5235 plant trou e
415 1 1035 (steam shortage)
plant trouble
416 2 800 55 (Low air preSSure)



-: 256 :-

C R
ol oo [ Site | Bstr | nemac
e Se mts .
HT . 240 Y Pump trouble
418 1 55 20 Punp trouble
12 < 240 10 Pump trouble
420 3 160 12 Pump trouble
421 1 673 0 Pump trouble
422 3 225 0 Pump trouble
423 1 260 17 Pump trouble
A24 3 378 39 Pump trouble
425 1 85 20 Plant trouble
(Steam shortage)
426 1 435 0 Pump trouble
427 3 525 10 Pump trouble
428 1 200 7 Pump trouble
429 3 283 25 Plant trouble
(Steam shortage)
430 3 165 0 Pump trouble
431 1 565 0 pump trouble
432 3 80 15 Pump trouble
433 3 215 0 Pump trouble
434 1 280 0 Pump trouble
435 3 370 0 Pump trouble
436 1 320 0 pump trouble
437 3 375 0 Pump trouble
438 1 055 0 pump trouble
: 210 0 pump trouble

439



-2 257 :=-

Charging [ Charging Charging
cycle Pump time loss Remarks
Ho. NO. _ mts. mtS .
440 1 280 0 pump trouble
215 85 plant trouble
AL ? (steam shortage)
442 % 280 10 Pump trouble
443 1 720 0 pump ‘trouble
120 plant trouble
444 3 70 (Erosion leakage)
b
445 3 045 0 Pump trou le
¢ 1 195 10 Tump trouble
44 ; 290 0 POmp +rouble
4 110 plant trouble
448 1 60 (Steam shortage)
860 0 Pump trouble
443 E 192 8 Pump trouble
450 2 735 0 Pymp trouble
2
451 3 20 0 pump trouble
2
452 1 15 plent trouble
3 565 (steam shortage)
453 '
15 Pump trouble
1185 ’
454 3 5 0 Pump trouble
8

455 1



Appendix 4,2

t 258

CHARGING TIME DATA FOR NEW UNIT PUKMPS

FROM DECEMBER 1974 TO MAY 1975

Uharging Charging | Charging
Cycle f Pump time loss Remarks
No, | ¥o, mts., | mts.
1 5 720 5 Pump trouble
D 5 35 55 Pump trouble
3 5 160 20 Plant trouble (Steapy
Shortage)
4 4 405 30 Plant trouble (Power
failu_re)
170 35 Pump trouble (Slur ‘e
5 4 uader maintengc;;n'
6 5 980 20 Pump trouble
7 4 0 30 Plant trouble (Steam
8 4 185 7 Pump trouble
g 4 143 10 Pump trouble
" 4 570 5 Pump trouble
0 5 Plant trouble (Stean
11 4 Ehortage)
o 1 180 20 Pump trouble (Leakage )
1090 0 Pump trouble
13 >
30 Pump trouble
14 4 .
5 640 10 Pump trouble
& . 135 85 Pump trouble
16 25 plant trouble (Steam
17 2 . shortage)
975 0 pump trouble

18

1



= 250 sa

Ggérfing]'Pum fChgfgingi Charging |
cle ), e loss
No, I No. mts. mtg. i Hema
19 4 425 10 Pump trouble
20 4 200 15 Plant trouble (c1
slurry line of s?ﬁ?igghk)
01 4 430 0 Pump trouble
22 5 705 0 Pump trouble
23 4 1055 0 Pump trouble
o4 5 30 20 Pump trouble
- 4 785 10 Pump trouble
26 5 1220 20 Pump trouble
182 8 Plant trouble (steam
27 5 Shortage)
0 Pump trouble
8 5 350
50 0 Pump trouble
29 4 Pump troubl
rouble
40 5 90 90 ump
05 20 Plant trouble (Steam
31 5 5 Shortage)
Purp trouble
5 345 0 i
32 ey 0 pump trouble
33 4 ; 4 pump trouble (leakage)
34 5 plant trouble (F1
837 650 No.4 outlet 5p02§h eRiE
35 5 leakage)
0 pump trouble
630
36 5 0 Pump trouble
1725
%7 4 420 10 pump trouble
38 5 1 70 0 Pump ‘bI‘OUble
39 0
s 1220

40



- 261 :-

Charging' Pump | Charging Charging
cycle No. tine loss Remarks
No, nta. mts.
63 5 130 100  Plant trouble(Steam
shortage)
64 5 300 0 Pump trouble
65 4 1105 10 Pump trouble
66 & 235 70 Pump trouble
67 4 145 45 Pump trouble
65 4 60 0 Pump trouble
60 8 Plant trouble (Steam
é}' j. shortage)
12 Pump trouble
70 5 d
10 plent trouble (Steam
ol 5 113 shortage)
5 Pump trouble
340
T2 5 0 pump trouble
1040
T3 5 %0 plant trouble (Steam
175 Shortage)
T4 4
0 PUmp trouble
20b ble (St
15 55 plent trouble Steam
5 115 shortage)
e =0 plant ¢rouble (Steam
5 65 / shortage)
77 0 pump frouble
0
” 5 157 15 plant trouble (Alr trouble)
5
113 & trouble (Mech,
80 4 5 -, plex Maintenance}
9
8 5 ¢ trouble (Steam
% 65 55 plant shortage)
5 t trouble (Steam
B 50 Pler shortage)
10
5

83



: 262 1=

Pl
)Y e (o}
No. No. mts, mt:? Remarks
84 5 535 100 Plant trouble (Steam
shortage)
85 5 915 0 Pump trouble
86 A 625 0 Pump trouble
87 5 695 90 Plant trouble(High F, g
AJcy
88 5 555 5  Plant trouble (Steam
ShortageJ
89 5 1065 0 Pump trouble
90 4 1410 25 Plant trouble {Steam
shortage )
200 8695 Plant trouble (P1:
91 4 20 o dgw]l)inned
0 Punp trouble
9o 4 285 )
- 5 795 0 Pump trouble
90 T Pump trouble
4
e 993 35 Pump trouble
4
93 582 0 Pump trouble
96 * Plant troubl
393 110 ant trouble(Steam
97 5 shortage)
40 20 Plant trouble (Steam
98 5 shortage)
20 Plant trouble (Steam
55 85 plant trouble (Steam
short
100 - age)
0 pump trouble
155
101 240 Plant trouble (Steapm

102



: 263

Ug;rging Pgmp Cgarging Charging
cle 0. ime 3
No. mts. mts - Remazls
103 4 1895 10 Plant trouble(Steam
Shortage)
104 4 2020 0 Pump trouble
105 5 960 10 Plant trouble (Steam
Shortage)
106 5 390 10 Plant ‘trouble(Steam
Shortage)
5 5 325 25 Plant trouble (Steam
= shortage)
5 25 Plant trouble(Steam
1385 10 Plant trouble (Steam
109 5 ’ shortage)
- 5 1035 0 Pump trouble
Pump trouble
111 4 1558 °
30 Plant troudble(Steam
112 1790 shortage )
i 3 250 0 Pump trouble
1160 20 Plant trouble(Steam
114 4 shortage)
pump trouble
115 4 e > .
0 15 plant trouble (Steam
116 5 31 shortage)
troudle
117 yEP o (
plant trouble(Steam
315 95 short
118 4 e
0 pump trouble
15
119 5 10 plant trouble (Steam
15 shortqge)
O
12 o 20 Pu_mp 'brouble
14
4 pump trouble
0 D
121 1645
]

122



. 264 ¢ -

Charging [Pump Charging Charging
cycle No, time loss Remarks
No, mtq: nts.
123 4 385 15 Pump trouble
124 5 1780 0 Pump trouble
5 35 Plant trouble(Steam
125 4 17 BiStamm
126 4 540 0 Pump trouble
127 5 2950 0 pump trouble
55 0 Pump trouble
4
128 5 2} 5 Pump trouble
= 415 0 Pump trouble
430 ¢ 15 Plant trouble(Steam
131 5 75 shortage)
20 plant trouble (Steam
132 5 70 shortage)
pump trouble
5 1425 0
133 1315 0 pump trouble
134 4 00 10 pump trouble
135 5 ? 25 pump trouble
10
136 5 465 5 pump trouble
bl
137 4 " 15 pump trouble
1ant trouble (Steam
138 h 9%5 % e shortage)
139 5 115 pump trouble
1685 pump trouble
140 5 " 0
117 pump trouble
141 2 0
4 60 0 pump trouble
142 740 0 Pump trouble
4

144



- 265 e

Charging [Charging

Char%ing Pump
cycle Noe time loss
No. mts. mts. Remarks
145 5 110 0 Pump trouble
146 4 180 15 Pump trouble
147 5 1315 0 Pump trouble
148 4 290 0 pump trouble
149 5 1170 0 pump trouble
150 4 820 O Pump trouble
657 10 pump trouble(Tight
151 5 2 the dand) R
0 Pump troubl
152 5 3558 p TROUBTE
65 77 pump trouble (Erosion
153 4 9 leakage in slurry di
1BkaEs e gy e
pump trouble
T84 5 818 . -
10 pump trouble
2290
155 4
0 pump trouble
156 5 940
0 pump trouble
4 270
157 - 0 pump trouble
158 5 240 15 plant trouble (Air failure)
159 4 40 PUmP trouble (Erosion
725 Jeakage in slurry
160 4 discharge line of the pump)
0 Pump trouble
1555
161 5 50 pump trouble
0
162 4 19 50 Pumpp trouble
590 b1
163 4 o  pwmp PTONDEE
65
164 5 11 135 PUmp trouble
280
plant trouble (steam
165 4 45 80 shortage)
5

166



266 -

- h ing |[Charging
CRETETE Loy | ize | loso e
- o 1t . mis e
No. No.
- bl
167 5 1960 0 Pump trouble
5 0 Pump trouble
168 4 Rk
5 580 0 Pump trouble
169 55D 55 pump trouble
4
170 e 15 pump trouble (Leakage)
171 4 20 plant trouble (Steam
5 590 shortage)
172
520 0 Pump trouble
173 5 o2 15 pump trouble
4 ant trouble (Steam
ik 15 10 B shortage)
4
175 5 pump trouble
90
176 4 475 0 Pum'p trouble
2
4 trouble(Steam
177 4 590 20 Elad shortage)
D
178 1ant trouble(Steam
75 10 E shortage)
179 > 5 plant trouble (Steam
20 7 shortage)
180 5 0 pump trouble
1005 5 pump trouble
181 150 + trouble (Erosion
4 4 150 Pignakage in P.TK.No.2
182 790 down block valve)
183 + trouble (Stean
. 163 e shortage)
50 prant trouble(Steam
5 1 25 shortage)
5
186 0
240
4

187



- 26T

; i Charging
Gharging| oRaEE s I Joss Remarks
c%gle No. mEs . mts.
58 5 3525 5 Pump trouble
60 0 Pump trouble
189 2
0 pump trouble
190 4 205
630 15 pump trouble
191 9
105 15 Pump trouble
192 4 - 2 pump trouble
193 5 pump trouble
. 150 5 ¥
194 15 plant trouble(Steam
195 5 70 ghortage)
5 190 Pump trouble
196 5 83 Pump trouble (Leakage)
377
197 4 o5 Plant trouble (Steam
300 shortage)
4
198 0 pump trouble
0
199 4 2 0 pump trouble
1845 5
200 2 5 0 pump trouble
69
ant trouble (Stean
201 g 985 15 H shortage)
202 5 plant trouble (Steam
100 5 shortage)
203 5 plant trouble (Steam
95 5 shortage)
5 + trouble (Steam
204 " 10 Bl shortage)
5 £ trouble(Steam
207 ” 40 FLA Shortage)
2 4 trouble (Steam
206 o85 15 plas shortase)
1
50T 5 5 pump trouble
165
5

208



-t 268 :-

Charging 'ﬁha;ging Charging
cycle Pump time loss Remarks
NO . NO - mts e mts g
209 4 1605 0 Pump trouble
160 Plant trouble (Steam
210 2 212 shortage)
40 Plant trouble (Steam
211 > 20 shortage)
65 Plant trouble(Steam
212 5 550 shortage)
15 10 Plant trouble
213 5 (Steam shortage)
i 25 Plant trouble
214 5 125 (Steam shortage)
175 15 Pump trouble
Z i 1500 0 Pump trouble
216 d 1350 0 Pump trouble
217 & 20 Plant trouble
12 5 80 (Steam shortage)
2
5127 Plant trouble (Powepr
5 528 failure at Renu Sagar)
=2 25 Pump trouble
660
250 4 5 0 pump trouble
18
4 Plant trouble
221 2600 L (Steam shortage)
222 ble
Plant trou
%5 40 (Steam shortage)
5
223 0 Pump trouble
- 5 2240 0 pump trouble
s i 502 o  pump trouble
& 5 2508 0 pump trouble
5

228



Chargling Charging [Charging
cycle Pump time loss Bt
NOo. No. mts . mts.,
229 4 653 0 Pump trouble
230 5 1280 0 Pump trouble
231 4 15 0 punmp trouble
232 5 1225 0 pump trouble
233 4 25 0 pump trouble
254 5 850 0 pump trouble
035 4 525 20 Pump trouble
40 plant trouble(Boost
236 5 o pump trouble) o
470 0 pump trouble
251 5
0 Pump trouble
258 4 8o
5 475 0 Pump trouble
. 665 25 Plant trouble
240 4 (Steanm shortage)
10 plant trouble
a1 4 610 (Steam shortage)
305 0 pump trouble
242 4 0 pump trouble
5 635
243 500 35 pump trouble
244 4 — 0 pump trouble
245 5 550 0 pump trouble
246 4 15 plant trouble
5 375 (steam shortage)
247 70 0 Pump trouble
5
248 5 - 0 pump trouble
249 4 0 pump trouble
5 1800 0 pump trouble
250 265
4 0 pump trouble
254 1175
5

252



- 270 ¢ -

Charging
Charging [char
cycle . g arging
o Pﬁlgp time 1oss | 5
. | misS. mts. emarks
253
4 155 0 pump trouble
2
54 5 385 0 pump trouble
2
55 4 1180 0 pump trouble
256 5 %060 0 pump trouble
257 4 980 0 pump trouble
258 5 795 Y pump trouble
259 4 100 0 pump trouble
260 5 1039 0 pump trouble
261 4 1085 45 pump trouble
262 5 270 15 pump trouble
263 4 1222 15 pump trouble
128 5 plant trouble
264 5 (Steam shortage)
2940 10 plant trouble
265 5 (Steam shortage)
266 5 255 0 Pump trouble
0 pump trouble
267 4 549 ot
70 an $rouble
268 1372 (Steam ghorta
ge)
0 30 plant trouble
269 5 24 (s/D by mistake)
387 0 Pamp trOUble
270 2
383 0 Pump trouble
271 4
220 10 plant trouble
072 5 (stear shortage)
15 plant trouble
73 5 850 (Steam shortage)
' o) 1ant trouble
5 59 (stean shortage)

274
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Charging | Fharging [charging
cycle Pump time loss Remarks
No. No. mts . mts .
275 4 640 0 Pump trouble
10 Plant trouble
276 ; 1 (Steam shortage)
45 plant trouble
217 2 & ? (Steam shortage)
35 plant trouble
278 > 15 (Steam shortage)
5 plant trouble
279 > = L (Steam shortage)
35 Plant trouble
280 5 579 g (Steam shortage)
281 685 Y pump trouble
Plant trouble
282 4 180 2 (Steam shortage)
plant trouble
83 4 205 22 (Steam shortage)
2
10 plant trouble
284 4 985 (steam ghortage)
1380 15 Pump trouble
285 4 e 10 pump trouble
286 4 . 8 pump trouble
1
287 4 o 0 pump trouble
2
288 5 4832 0 Pump trouhle
289 4 »108 0 PP trouble
290 5 35 plant ¢rouble
z 625 (steam ashortage)
251 0 pump trouble
165 /
4 plant trouble (Bearing
292 4790 640 troublé in Gharge pump)

295
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Charging Charglng Charging
cycle Pump time loss Remarks
1i0. NO. mts . mtS e
294 4 1507 0 Pump trouble
295 5 863 0 pump trouble
296 4 1080 0 pump trouble
297 5 530 0 pump ‘trouble
598 4 1500 0 Pump trouble
299 5 1927 0 pump trouble
300 A 1473 0 Pump trouble
52 plant trouble
301 5 615 (Steam shortage)
5 plant trouble
302 5 223 (Steam shortage)
0 pump trouble
50% 5 560
1275 0 Pump trouble
504 4 15 plant trouble
%05 5 940 (Steam shortage)
80 plznt trouble
206 5 1740 (steam shortage)
95 plant trouble
-5 5 325 | (stean shortage)
55 plant troudble
o 5 30 (steam shortage)
0
3 750 o pump trouble
5 piont trouble
509 i 55 250 (Erosion leakage)
310 10 plant trouble
P 115 (steam shortage)
311 0 pump trouble
0
4 302 0 pump trouble
L 5 2635 | Pump troubl
e
313 10
210
4

314
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Cherging Gharging |Chargin
c§cle Pump time loss d Re
Ca No o m‘ts . mts . mal‘kS
315 4 835 0 PumP trouble
516 5 950 40 Plant trouble
(steam shortage)
317 5 1470 0 Pump trouble
318 4 2297 13 Pump trouble
319 5 260 20 Pump trouble
320 4 1015 0 Pump trouble
321 5 1365 0 pump trouble
2 445 110 Plant trouble
52 4 (Steam shortage)
303 4 755 0 pump trouble
324 37'55 0 Pump trouble
90 Plant trouble
325 4 200 (steam shortage)
0 Pump trouble
45 Plan rouble
327 5 195 (Steam shortage)
5 4225 0 pump trouble

328
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Appendix 4.3

RUTINIIG TINE

POR SIURRY IHJCTION PUMPS

1. PUME No.l

r———— 4 -
Punp unning |Pump Ramning
time

Fump | Ramning | PUIP Funning
Cycle +ime cycle time cycle time cycle
. NoO . _fmts No, mts No. mts

No mts
1 1013 g 175 W 510 61 410
2 655 22 770 42 280 62 1200
3 205 2% 1150 43 9390 6% 120
4 945 o4 5 M 480 64 85
5 320 5 785 4 165 65 360
6 595 06 660 46 915 66 90
65 67 180
7 770 27 381 4
go5 48 290 68 1890
e 355 28 -
95 49 185 69 760
9 920 29
2055 50 400 70 675
10 2197 20
1010 51 830 71 1743
11 85 31 oy 52 655 72 200
12 1545 52 1065 5% 400 T3 1130
43 483 B st s40 T4 2895
14 90 . 5 s0 15 155
15 705 32 ssg 55 500 16 20
6
16 870 2 o 9 765 11 35
Ll 665 37 i © 545 78 995
460 °
18 60 38 430 79 189
. 955 0
19 965. 39 o5 €0 375 80 1025
0
=e 145 #



Aprendix 4ed_(contdes
oo e | 2, e e | e | e | e
No, __m_tg___,_j_r_l_q‘__ mts No, mtg No, mtse
81 1825 90 1029 99 1675 108 390
82 555 91 445 100 1035 109 255
&7 1007 92 45 101 295 110 280
84 115 9% g6 102 673 111 720
85 080 94 2680 103 260 iz 195"
86 0485 95 1680 104 520 113 920
o7 se5 96 165 105 200 114 220
i 590 97 540 106 565 115 805
89 615 98 295 10T e

L _-,,,____.--'-'-—-'-""""'—" .

e

e [Pum Running |Pump Running
Runsl he |time cycle | time

i?_?%?ﬁ"f“fg Pucte |wme oo imte Mo P
: '
;‘()“"—*f:;'”' 11 1280 2 8 A S
152 o 1380 32 1340
2 1663 T2 - P 535 33 765
. 280 13 5 " 185 34 2427
4 195 14 el 05 255 35 157
5 o sig P 30 36 e
6 0 ¥ a3 T
7 725 R 935 8 120
. 240 18 oo 585 39 480
5 555 19 j; 50 410 40 565
10 1040 20
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Apvendix 4.3 (contd.)

ﬁycle Rgggéan P;g{ m%§§?%i}.§;g§e- Rﬁggéng g%?ge Rgggéng
- - - 5 61 105 M 1040
v 1o 2 157 62 872 72 570
" o5 . 200 63 585 T3 175
¥ . 4 255 64 35 T4 810
45 175 5% ue B - -
46 s 56 LB 66 0 i >0
- . ; 518 67 260 T 130
48 440 58 105 6 i " o
19 gy 59 % 6 % [
N > - 25 70 345 80 10
—

Pump |Running
eycle | time

No, mts
3] 1760
1 1175 11 gg 309 = a2
5 12 15 3
1245 5 23 560 5 o
. 1
. o 13 2 o 15 34 2545
! e Y 60 1D
5 370 Y i = b S
1
6 s50 16 e a1 24 i 120
38
7 120 Y 25 e o
598 572 29
) L y 05 40 260
10 280 2



Appendix &.}p;gpntd.:

Pump

Running |Pump

Bt | oes
29 155
30 385
31 715
32 5%
33 415
34 1315
35 420
36 60
37 35
38 180
59 290
40 820
41 965
42 2290
43 270
44 965

45

= 278 -

—— I('uTu_lin(; m Running Pamp ROning
cycle time cycle time cycle Lime
__ INo, . mts No. |_mts NO, it
46 280 63 25 80 2855
A7 765 64 525 81 832
48 1260 65 80 82 790
49 825 66 1580 83 1507
50 1150 67 500 84 1080
51 275 68 350 85 1300
0 g6
52 305 69 80 143
6 87 127
07 T 155 88 1200
& ’ 8 1045
80 9
5 65 H
3 8 90 22
T 100 91 1015
57 1350
75 1085 92 1200
I
76 1222 93 1235
59 302
7 548
60 50
78 385
o 65
79 640
15

62

'P-{Funning
time

mts

1510
1350
4415

400



Appendix 4.3 (contd.)

-s 2%9 3

s T [ o Lo o |G
s ] | No. [No, mts No. _mts
17 70 40 7
! 2258 :-—; 110 :8 QZZZ :; 3323
1999
19 430 %9 1315 59 4815 79 1125
20 e A0 TR0 6o B30 B0 210
21 g AL A o 6T B BT
- SRS e 818 62 1280 82 2108
23 I B 65 122 % Ale
24 795 44 e o >’ > -
25 op1e P 1555 63 o % =8
26 4100 16 136° 56 + o
27 2040 g1 200 T > o
28 1545 48 580 %8 o0 > 715
29 5 8 o O
30 1645 5o  189° I 0 2O
i ;1 175 91 260
33 1780 51 565 72 385 92 1365
" . 2 ;5 3060 93 3735
33 50 57 425 74 795 94 4420
5 IO 15 1035
35 510 55 1842 76 270
N s 6 5305
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eoendix 4.4
RATIABIIITY ANALYSIS FOR PUMES
1 PUMP No.l
Qlagd vlass . Observed 'Cuzpulative Ionsgrved sxpected [Expe-
Yo, | inter- i failures failures reliabi- [reliabi- jcted (f .~F
val mts mts £ 5P i ‘lity R‘to 1ity failu- ei Toi
* ol 0 - O res £ . Ca—
14 S D
B e —— e e _ el
]
0-200 100 28 28 1565 7498 28.77  0.021
e 2
200_400 SC\O 19 4—7 05913 05621 21956 0.304
2
’ 400-600 500 17 64 4435 4215 16,17 0,043
4 3304 L3160 12,1
600-800 700 13 T > 0,062
£
3 ,1391 L1776 6.82 0.6
: 1000-3200 1100 9 i § g RO
1200_1400 - 1 T 100 1304 .13352 Sell
R % ) 102 L1130 .0998 3.34
\ 00.1600 1500
' 600,800 1700 4 106 ,or82 0743 2.86 1 0.823
. 056
Lo 18005000 1960 3 109 ,0522 561 2,16
1 2000 2200 ok . 111 ,0348 0421 1.61 .
1 E 2 - L0316 =
2 2200-2400 2300 o] o 23217 oo
I\ 240006 ; . 112 L0261 023 0.91
O-2800 2700 .0133 0
~3000 2900 0 . 0099 0.39
s 3000 1 115
~3200 100 0 1.1
1y N 3 . 115 0 4 J
200 -
2
\ / L = 3.770
= B 694.8 Minu,tes _
MrBF = Degrees of freedom 6
695 min*e ity b PEE o
say Linute :probability of £it about 79 «
e .
N = oos39 f2it L
. per year
- 756.3 fallur®
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iwendix 4.4 (contd,)

2. PUMP No.2

N — -
“lagg (7 lass £3 [Cbser~ [Camulative |Observed |E Ted | I~
d [Expec-
fio, interval més ver fai| failures |reliabi- rzﬁggbi- ted ga'(f £ f
nts, * jlured Efoi lity Rto lity lures ei™ oi-
| | foi MY T
0-200 100 25 25 .6875 6730 26,16 0,051
¢ 200-400 300 18 43 .4625 .4529  17.61 0,009
2
" 400-600 500 12 55 3125 3048 11,85 0,002
X 600-800 700 7 62 « 2250 «2051 7.98 .0.120
7 B00-1000 900 7 69 L1375 J1380 5,37 0,495
b 10001200 1100 3 | 72 «1000 .0929 3.61] 1.475
° 1400-1600 1500 O— 78 . 0250 0421 1,63 |
1o 1800-2000 1900 0 79 L0125 .0191 0.74| 1,792
Il 20002200 2100 0 79 . 0125 ‘0162: 0420
2 o5 .00 0.34
2200.2400 2300 0 79 .01
3 - o L0058 0,22
2400.2600 2500 1 o]
4 80 0 < 42
22600 - 0-
\\k F—
2 &
GPBF = 505 minute; i = 294
‘pegrees of freedom 5
Ky = 0,001980 eg. o st about so-
fgilures peT minute probability Lo

1040,7 failures per year
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fpendix 4.4 (contd.)

3, PUMP NO.3

c?a; Clas -

e 8 % Obser- Cumula- |Obser- Expected
i, |interval mi‘s ved fai- |tive fak ved rﬁiab?._ ?Z?fﬁf.zg (£ >

mts, * Nuzesfyi Jures jredia- 1ity 7. g—f_fgi)
25 i bility ..)\i't:i el T =~

S~—— 0 R't e el
~L e g 19" |
) 0-200 100 21 ;1 L7640 .T189  20.02 0.646
A 400-600 500 1) 55 3820 3716 12,92 0.285
3 8001000 900 5 72 .1910 .1920 6.68 0.423
7 1000_1200 1100 6 78 01236 01381 4.80 00300
i - 82 o787 .0T14 2,48
y  1400-1600 1500 1

16 a7 ,0225 .0513 1.79 0.701
g 0001800 1700 5 -

18 = g7 .0225 . 0369 1.28 T
)] 00-2000 1900 0

2000 . g1 9225 .0265 0.93
1 5o ~2200 2100 a7 ,0225 ,0191 0.66
13 2400—2400 2300 0 g 01?2 ,0137 0.48
L o 0-2600 2500 1 a8 ,0112 . 0099 0.34 1.442
5 00-2800 2700 0 v 0112 ,0071 0.25
It 3800-3000 2900 a ag ,oil2 . 0051 0,18
b 300&3200 3100 0 . -0U12 o037 0.12
y  >200-3400 3300 0 OO RE: 0026 - 0.10
13 34‘00_3600 3500 0 89 0 .0019 0906

>3800 - 0~
\ /
g7 I
MTBEF = 6:;’608 miﬂutes Eegl‘ees of freedon T
ures per minEe
A 001647 gadl™ ot probability of fit about 60/
= . r e *
’ g £ail®™”
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dppendix 4,4 (contd.)

4, PUMP NO.4
VB TR (o et e
Héass Class £ Obser— [Cumula- Observed |Expected [Expected
« |Interval |ptg ved fai- tive reliabi- |reliabi- [failures (£ :
mts. lures failures |1ity Ry 1ity £ ei~T )
) g ol
£ j 2f Ok ad i
- ol ol e * i T
— e— el
bl
) 0-20 100 17 17 BlT72 L7950  19.07 0,295
2 % 6 6
200-~400 300 11 28 . 6989 +6321 15,15 1137
; 4C0-600 500 10 38 5914 5025 12.05 0.349
f 600—800 700 10 4-8 -4839 03995 9.56 0. 020
3 800.1000 900 8 56 .3978 AL T 7.61 0,220
8 1400-1600 1500 6 83 01075 01596 3083 10229
3 16001800 1700 - 86 .0753 1269 3,04 0,000
0 180 o 17 87 L0645  +1003 2,427
1 0-2000 199 o538 L0802 1.9 1.270
‘1 2000-2200 2100 1 88 ¢ " G g
12 2200-2400 2300 -2 I~ “gai; 'oz‘m 1'23 0
3 2400-2600 2500 1 e # i ) +139
% seo0.om00 2700 g 91 ,0215 , 0403 0.97
15 8003000 2900 - 2e .08 - B2 0.76 |
o 3000—3200 3100 0 92 o108 022 k63 |
1 3., P e 5 3 92 ‘o108  .0203  0.48 0815
18 0-3400 ~ 5 92 0108 ,0161 0.39
i 3400-3600 8590 5 | 92 o108 .0128 0.31
3 3600-3800 19 | 92 ,0108 ,0102 0.24
0 38004000 3900 o 93 0 ,008L 0.19
= 4000-4200 4100 1 5 0 0.75_
“ >4200 - ¥ P
\_‘/// _._‘___——-—"’"—'_
2
= T232
: nutes X .
MIBF = 8.72 mil;ires pegrees °F freedom 9
N .001147 fallur probability o“ ¢it about 657/,
gy minute (Neglectiﬂé' $,No.6)

9 failures

= 602.
peT year



Apvendix 4.4 (contd.)
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5, DUMP No.5
viassg [(Class T Obser Tum (
282 1 - 05 — frl
No, linterval i ved tivg 2 ger ) xpected |Bxpected
mts > v ved relid rella- failures [(f 2
mts failu- | failu- ability | pility £ . ei'foi)
res f,q1 LS Ry O - el al
oLl 2 o L o1t N Y
e i m— ] —— -’“__-_—‘-—_9_} _ 91
. e
= 0-— 09 6 a
2 200 100 5 5 468 8807 11.21 3440
; 400-600 500 6 18 .8C85 L6832 8.70 0. EE
4 =
. 600=-8C0 700 8 26 L7234 « 6017 7.66 0.015
[
= 800-1000  9¢€0 12 38 05957 5300 6.74 4.105
6§  100c-1200 110° 6 44 «5319 2668 5494 0.0CC
8 1400.1600 1500 7 o gm0 6L 46T 1239
3 1600‘1800 1700 ‘7 65 03085 ¢3189 4‘-06 2.129
10 1800.2000 1300 7 68 L2766 .2809 ZubT 0.091
U o00inp00 2100 2 71 a7 L2474 3415 0.007
17 x T 74 2128 2179 2,77
2200-2400 2300 7 . s 8. 008
13 54002600 25 00 ) 76 .1915 .1919 oA4
14 - 79 1596 #1690 2,15 |
sEBE. a0 2709 3 e " 0.951
5 pg00.3000 2999 3 82 1277 +1489 .8
16 I 83 170 W23 1.67
3000-3200 310 55 5 0.007
17 55003400 3300 2 | 85 .0957 .11 .48
= =z
18 S BATD 5500 o] 85 ,0957 .1017 .30
B gz 0898 112
13 3600-3800 3700 31 38 i 0.097
20 g | 88 0638 0789 1.02
3800-- 00
‘ 004000 39 0126 0692 0.91
2 4100 2 90 ’

40004200
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Appendix 4,4 (c ontd.)

C1a: e 2
N})aas Class ty Observed Cumula- Observed Txpected |bxpected
. interval |pts failures | tive reliabl- reliabi-{failures (f
mts | foi failures 1ityRy 1ity ¥ foi=Tos)
I Efoi - _liti el F .
- o e,
- 4200-4400 4300 1) 91 0319 .C614 0.7% ]
23 4400-4600 4500 2 93 0106 L0539 0,71
24 4600-4800 4700 O 9% 106 .0476  0.59 0.968
e 4800-5C00 4900 1 94 0 . 0418 0.55.
%6 »5000 - 0- 2 0 . 3.9% _
2
MIEBF = 1574.46 minutes x© =15.320
utes Degrees of freedom 14

say 1575 min

5 faj_lures per probability of fit about 45 °/

~ 0.00063
> :
minute

& 333.8 failures per year
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CHARGING I0SS FOR OLD UNIT PURMES

hte (T Charging 1
Steam |[Power
bump failu- |ghor-

~~ltrouble | re _ [tace
) Charging started after
S/D at 03 ~ 00 hrs

Misc. Remarks

¢

: 0.33 0.66 0.25
0.33 1 P
{ - 0.58% *F, Tk, Nol trouble
, 2445
| 0,67 0.33
22.16* *S/Dat08—50 hrs
24400
24 +CO
: *Charging restarted
" o.s0 20.75% at 03-45 hrs
l
) 1.36 0.84
0,50
1.78 #1,V.(B) discharge
. 1,25% bend leakage
0.25 *
3, " xprecipitation
o5 0.84 trouble
.16
23.55 2028
sprugging in T.V. (B
0-08 4'47 ].3-66l> aﬁd %,Tk No.l outle%

1.41
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Appendix 4.5 (contd.)

1, DECEMBER (contd.)

D unereing 1088 in houys duc- to — |
ate te Power Steam Exosion |Plan
- failure shortage |leakage s/D Misc. Remarks

pump

s, trouble | A .— —

7,.66*% *¥Plugging T, V.(E
20 0.41 end F,Tk No.l )

outlet

2l 0,16
22 0.50

18,00% *F,Tk,No,1 outlet
23 0.33 plugging

1%.16% *Low condensate
24 0.25 level
3 0.30
26 1.30
T 2,25
28 1.75 . 5410 *Leakage in 7.V,
29 O¢2 2

y [0 i B
e —
—
\\-—/'_ " 1 56.18 221'47
TOt 0 66 4'6042 4.66 9_...0.-—9-“-""'""'""-—_ .
al 22,64 d T 00
e ". i 19t December is counted from 0 7.00 hrs on
) m Otice &
L3 As per plant il 00 hrs on 2nd December pnfl 87 Ofte
+0 070
g

1st Decembe



- “w ~no |

\n

-~ o

o

0.47

C.41
0.16

288 1=

2,25%

3 *
1.75

6.58*

24,00
24400
24490

24490
24,00
24400
24,00
14,00

24,00

Misc,

Remarks

1o 6O ¥

*S/D at 00-25
hours

*Tealtage in heater
No.4 bypass valve

*Leakage in F,Tk.
No.3 inlet
¥*glurry shortage

*F, Tk No.2 outlet
spool leakage

#7311 valve _
leakage



-: 289 :-

e A

2, JANUARY (contd.)

S _
~{n hours_due 9 —

ate (¥ L0V B s/D sC. emarks
¢ [Sump failure jshortage leakage | S/ 3
~___(trouble . -
*P,Tk.No.4 outlet
a3 0,58 2.32¢ leakage
24 0-5‘3
25 16,72
26 12.50
6
27 0.75 0l
0
28 0.08 045
e 0,20 0,16 *Leakage in P.Tk.
30 0,20 1.66% No.2 spool
2447 )
1.00

b3} 0.25 ,,,,,__,-—————-""""
" 512,58 1.66 365,60
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Appendix 4,5 (contd.)
3, FEBRUARY

="Thours due 190

-Gharginsloss 1B 102L
Date [Steam “|Power Steam |Lroslon Plant Gt Remarks
pump ’failure ihog- leakage s/D SC.
£ 24

- trouble tage
3,58%% *F,Tk No.3 North

1 2,00%
down block valve
leakage
¥*precipitation
trouble
2 0433
3 0,16 0.38
4
NA* *Datz not available
5 0.33% from 01-05 hours on
* NA 5¢h Feb. to 10-28
6 nours on 9th Feb,
NA Total 81,38 hours
7
NA
8
.25
3 0.25 0
10 0.41
29
11 1.41 v
1.66
12 0.41 0.30% *Bauxite shortage
13 0,28 xLeakage in P.Tk
) 2,08% No.2 outlet
14 0,66
1 xTeakage in F.Tk
° 2,75 1.,92% No.3 North down
16 4,21 block valve
¥Teakage in F.Tk
2 ,58% No.4 outlet
17 0,36 xTeakage in F.Tk
4,00% No.4 outlet

18 0.16



Appendix 4.5 (contd.)
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3. FEBRUARY (contd.)
Date nf)*f"‘rl[[f" 1O 33 i_l\ I(E)::::'I'S.due ;?. = o —
POW&I' Steam 0sion @Il R
S ,uI't, u:.&.e premm———— s
13 0¢33
4,50% 0,33%* *S/D due to Ball
20 %00 miil No.2 motor
failure
*%x3lurry level low
24,00
21
5 24,00
2
8,75
23 1.16
24 4,00
0.16% *Charge punp
25 trouble
o¢ c.16 ,
2.63* *Ing ection pump
. trouble -
NOA.
28 e
~__“____~_‘_~__,,.,—--"*'““'"##'#—‘. 00 104.04 =
0,00 504 sgae BB B e
- ".'—'d____'_.——.--—-—*""’ —s
Tot&l 16.4‘3 /__...—-—-’“

—

- —

-




Appendix 4,5 (contd,)
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4, NARCH
Charging loss iRl hours due_to
Date [Steam Sower |oteam [Brosion Plant
puUmp £gil- [shor~ |leakage s/D |Misc. Remarks
- frouble jure _itage
i N.A.% *Data not available
from 15-45 hrs. on
2 1 =3 2,75 2,00 28th Feb, to 15-20
i hrs. on 2nd March
3 1579 Total time 47,58 hrs,
4 0,50 8,00
5 1.08 2025
7 ,33% *Teakage in F,Tk
6 D33 sl No.2 reducer
1 0.13
o, 00%* *Teakage in ¥.Tk.
8 0.25 ‘ reducer
0,25% *Charge pump tripped
3 0,16
N A.* *Data not available
1 from 01-55 hours on
10th March to 07-00
0 hours on 13th March
2 Total time 53.08 hrs,
15 0.28 #power failure at
: . 0,08 Renusagar
16 0,26 177 7
17 24,00
18 24.,00
19 24,00 13000* *Iowlcondensate
leve
1.84

20
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ippendix 4.5 (contd.)

4, MARCH (contd.)

e due to
sy o== in hours Cu

T A |Erosion [(Plant )
Date |Steam gg?iur615§§g%a€e leakage | s/D Misc. Remarks

pump R -

trouble| . ———— ‘
21 0,50

2.50
22 0.13
23
24 2.58
25
N.A. Data not available
= Le from 03-30 hours
27 N.A. on 27th NMarch to
1%3-45 hours on 29+h
28 March Total time
52.25 hrs.
29 1,66
30 1.30
31 3,25 —
_—— .53 0,00 13.25  164.04

—— a5 9P
; 79. —
Total 14.72 e

—m—

— _/




Appendix 4.5 (e-ntd.)

A\
)

.
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5. APRIL
T ix due to
Chargzing loss in_hours
Dat Power |Sueall [Erosion Pla%t e N
e pump failure [shortage leakage | S/ ’
trouble | - ——- I —_—

1 0425

2 0.16

3

4

5

6 160 0.16* #*Booster pump
trouble

7

n,16%  *Booster oump

trouble

8

0.66% *Low test tank

9 s level

10

1l 0,16

12 0.58

13 0.16

14 0.25

5

16 |
*Leakage in F,Tk

17 0.16 , e 5,66* Ho.s inlet

? . *Leakage in F.Tk
N " 2,58% No.2 discharge .-

19

line



Apvendix 4,5 (contd.)

7+« APRIL (contd.)

iy 295 -

in nourg due teo

\
iy “harsing 10ss
Jate Stezm ‘Pouer [Steam (Zrosion !Plant )
nums fail- |shor- ’leakege S/D Kisc. | Rerarks
trcu~ fure ,tnve ‘ }
\_’bl':‘ ' | )
0 5,41 0.08
< 0,15 0,75
22 o* *Ieakage in F, M
0.16 128 No.3 pipe
2 *Teakage in h
3 0,30 1.66% No.5 g eater
% 5419
2
. 0,92 0.58
36
27
0.08*% *Booster pump
8 0.33 trouble
*Leakage in relief
9 14.00% by pass of Digester
Nol.1
30
0,18 ] .
'-'--‘.‘—”'v
\\. . " 0. 00 1.06 50,48
— 3,90 T S




Appendix 4,5 (contd.)

«: 296 :

6, MAY
D Thapging LOss 1n hours due to
ate |[Steam [PowWer Steam [|Erosion Plen Remarks
pump [fail- shor- [leakage s/D [Misc.
trou-~ |ure tage
——_lble
1 0425
2 033
,58%* *7, Tk No.4 outlet
3 0,75 ? spool leakage
4
» #F, Tk No,?2 control
> 9.92 valve leakage
6 24,00
7 3,CO
8 1,25
9 4,58
1,25% *Boosler pump
10 0,92 t4rouble
0a.30% xplant trouble
11 0,08 1.08
12 1,33
13 1,00
14 0,25
15 19025
16 24/, 00
17 24400
18 20000 0,92% »Instr ent air
* ressure low
19 0,70
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dppendix 4.5

6, MAY (contd.)

- 297 .

Datg

20
2l
22
23
24
25

26
27
28
2+

ane to . —
v 1093 wf,—%-—rlant MiSC .
CTETes %ﬁmjmoi;ge 5/D
Steam Po?ir chor- [l€a
fail- -
Poar_ |ure  [t2e®
ble |
.28
° 0.3%
6
o 0.41
- lurry line,
Tk No.4 S .
: ;grth spool lekag
1.4 e
1.
0016
d
0,13 0622 *Datalgom%geigurs
to -
on 294575
0625




Appendix 4,6
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CHARGING LOSS FOR WaWw UNIT PUMPS

1, DECEMBER
= Cnarging
Date |Steam |[Power
pump faile Misc. Remarks
trou- jure
ble
Restarted after
1 1,00 0.33 valve change at
11,40 a.m.
2 0.58 0"50
3 1‘03 0058
4
0.41
5 1.59 0.25% *Cleaning slurry
6 0.16 1ine of SH Tk No.3
T 0:.33
8 0.16
9 1.03 0013
0e23
10 0,07 - F1 Tk No.4 outlet
W 10, spool leakage
12
13
14 0.16
15
16
1,58
17
0.45

18
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Appendix 4,6 (contd.)

1. DECEMBER (contd.)

—OHarglyz loss_in hours due t0
Date |Steam |power ~S¥aam |Erosion| Plant iy .q, e
e (| g | ¥
ble
19 1.33
20
2l
22
23
24
25
26
2T
28 0,16
29 0.62
30 0,08 1.66
31 1432
I jo.84  0.00 0-2 .0

IR
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Appendix 4.6 (contd.)

2e JANUARY
Charzingfioss in hggggf&&e to
Date [Steam |Power |oteam Jkrosion |Plant
ump fail- Jshor- [leakage S/D Misc. Remarks
rou- |ure tage
—_ ble
1 1,03 0,30
2 1.92
3
0,25 Instrument air
¢ pressure low
5
2 0,08* *Mechanical
6 3.4 maintenance
! 50+ *High F.E. A/C
1, *H1g oo
8 0,08
’ 11.75 Stopped at 19 hr
20 0.41 15 mt
24.00
11
24,00
12
24,00
1l
> 24.00
& 24,00
15 Restarted at
16 13.16 20 hr 10 ot
17 . 0611
18 0,58 2.16
033

19




Appendix 4.6 (contd.)

2. JANUARY (contd.)

-2 301 3

- “haral oss 4D 8 _due ¥O
e IS)EI?ng ?ﬁ;ﬁ g‘fxggf lea;:::l S/L %nt MiscC . Remarks
trou- |re tage
- _Jble - S
<2 5,41
21 0.16
22
23 0.16
% 1,00
= 0,16
26
21
8 0.59
3 0,33
0622
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Appendix 4.6 (contd,)

3, FEBRUARY

to
Ing‘_roigs in hours {ue
Dat C;ﬁigr Steam (mrosion 2}%"t Misc. Remarks
e |Steam fail- |shor- leakage
m -
grog- ure tage
~_]ble
1
2 0,25
3 0,58
4
5 0,08
6 0.58
7
8 0,92
9 o
10 1.92
11
12 0,25
13
14
15 0.16
16 in slurry
gfggﬁgige line of
L1 steam pump No.4
13 1.28
19

20 0.16
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Appendix 4,6 (contd.)
3, FEBRUARY (contd.)

Date Misc. Remarks

0,20% #Instrument alr
pressure 1o~

21 0.66
22
23 1.33
24 2,25 1.3
25
26
7 092
.50
= o 0,00 ,25 14.25
3.32 Qe

To‘tal 10068 V
S




Appendix 4,6 (contd.)

-: 304

4, MARCH
D Charging loss in houis dy 31231;
ate |5tcam |Power |Sveam [Eros on

pump (fail- (shor- Jeakage |S/D  [MisC. Remarks

trou-~ [(ure tage

ble
1 0,08
2 1.75
5

sIeakage in F.Tk No,2
¥ 0:55 R.90% west down Block valve
5 0,08 2.58
6 4'. 08 0025
7 1.38 0041
8
9
12
0
13 5.0
14 0.25
v 8 hrs
*SD from 18 - 2
16 12,55 0.33 due to power fallure
in Renusagar
17 24,00
18 24,00
19 24,00 gtarted again at
7.55 after S/D

20 0,41 0092
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Appendix 4.6 (conté.)

4. MARCH (con'td.)

B Charging 108S in nours_dye 1o
Steam |Erosion | PlLant

Date [Steam [POVer
upp |fail- shor- |teakage| S/D [Misc. Remarks
rou- [jure tage
ble
21
2e3% Boiler feed pum
28 4 failure PR
23
24
25
26
NA Data not available
<7 from 06 ~ 35 hours
on 27th March to
15 - 1C hours on
31st March Total time
80.58 hrs.
NA
28
NA
29 i
30
21
e 108.92
2.50 0.00 0000 [
Potal 6.28 85-44 14.70

S s
"

/




Appendix 4,6 (contd,)

306 :

5¢ AFRIL
Date SteggarPéggflsggéég'%%;ggigge ggant
Eﬂgﬁ_ iﬁél— gggg- leakage | S/D |Misc. Remarks
ble
1
2 0.3% 0,66% %#Booster pump
trouble
3 0.41
2 0,16
2 0.58
6
- 0.25
8
9
10
1l
12
13
14
15
16
17 1,00
18 0,25 0595
19
0.16
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Appendix 4,6 (contd,)

5, APRIL (contd,)

Loss in nours due to
Steam |Brosion |Plant

Date |Steam |Power
pump |failu- chor— |leakage | S/D |[Misc. Remarks
trou- (re tage
—__Jble _J_—— —
21 1,16 Feed water pump
tripped ;
22 0,1€ 0,50% *Shut down by
mistake
23 1058
25 0,66
26 0.16
27 0.55
28
29
30
e
0.00 1.16 18,73
Totel 2071 002 14,61 el
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Appendix
6. UAY
ag i1 _nours dque to
S?EEE_"ErosIon Blant " .
shor- |leakare s/p |misc. emark
tage
[ T
1
0,58
2 10.66 Bearing trouble in
3 chargze punp (E)
4
5
6
T
8 Boiler feed water
0.95 pump tripped
9
10
0,25
11
5.8% sTeakage in slurry
N 0.16 3.84% charging line
13
14
£a not available
0 HA ?ﬁoﬁ 0%-50 hours
0.16 on 16th May to 09-10
- NA nours on o0th Nay
Total T o) hrs
it NA

18



Apbpendix 4.6 (contd.)
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6. MAY (contd.)
Da Charging loss in houfs g_t.zgltot
te |St Power |Steam |Erosion [Plan

pu;pam fz2il1- |[shor- [leakage 5/D |Misc. Remarks

jtrou- |[ure tage
~—___|ble
19 NA

N
20 A
21 0,66
22
23 0.55
24
25 1.84
26
27
28
3]
/,' P

Total 0,55 0.0 10+
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Appendix 5,1 (contd,)

in use |kgf/em- ! | %
_abs. : -
Heater No,l Cycle 3
2 2).4 7 215.6 191 215
4 21.4 - 214,59 192 214
6 2348 220.4 202,3 217.8
8 2241 217.9 200.1 215
10 21.9 216,0 198.8 212.8
12 2247 217.5 198.,3 212.8
14 2342 219 200 213.6
Heater No.l Cycle 4
e 20.8 2l3.4 197.8  212.7
2 2046 212,22 191.8 210.8
4 20.5 2l2,6 193,3 21C,5
6 19,6 210.4 193 210
8 203 212,3 196,3 211




0; "SI ;CTSLO 13& k%gl/kg ;g?
"% |7
24 .6 0.6 4900 3057 1.07
22,9 0.9 5100 2773 1.30
18.1 2.6 5100 1663 3.61
17.8 2.9 - 4520 1378 5.27
17.2 3.2 4475 1264 6.25
13.6 5.1 £756 1074 8.66
19 5.2 4776 1038 9.28
19.6 0.7 4950 2771 1.30
21,1 2,1 4560 1768  3.20
19.3 2.1 4715 1757 3.24
Tl 0.4 4740 3004  1.11
16 1% 4800 2024 2,44

e —— —— —— ————



Appendix 5,1 (comtd,)

flo,of  [Steem Ig rn rsm .\_!5 -TSLI
days pressure

S
in use |kgf/cm % °c ‘o %
| abs, }

Heater No,2 Cycle 1

x2 18,8 208,3 192 205.5 16,3
14 19 208,8 192.3 204 16.5
16 19.9 21,2 193 204 18,2
18 19.4 209.9 192 203,3 17.9
20 20,1 211,17 196,5 205.5 15,2
Hgater Ho,2 Cycle 2

0 2.1 214,1 189,3 21243 24,8
2 2142 214.3 190.3 2l 24
4 21 3.9 186,3 209 21.6
6 Q.5 25.1 189,5 209,5 25.6
8 22,1 216,5 190 210 2645
Heater Ho,2 Cycle 3
3 21.4 214.9 198,5 213.5 16,4
6 2.4 214.9 197.5 214.5 17.4
9 21 213 .9 197 21,3 16.9
12 21.4 214.9 200 212.5 14.9
15 21,2 214.4 200.7 210,7 A5 7
18 20,3 212.3

197.3 208.5 15




37 7S lgm ;;glfkg 10!
% e U
2.8 4445 1315.5 5478
4.8 4790 993,.6 10,13
Te2 4740 T38.5 18,34
6.6 4630 176 16,6
6.2 4460 671,9 22,15
1.8 4560 2009 2.48
343 4260 1420 4,96
4,9 4020 1167.4 7.34
5.6 4270 1090,3 8.41
6.5 4630 11C4.9 8.19
l.4 4830 1996,3 2.51
0.4 4350 2757,1 1:.32
2.6 4910 1544 4.13
2.4 5120 1570,.6 4,05
3T 4900 1077.6 8,61
3.8 490C 1130

T.83

Ny
=
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Appendix 5,2 (contd.)

K|

e \gf;g’: Ts |Tsu |Tszo | Ts - Tsu |
in use |kgf/em®| % | % % %
‘ &bS. \ J

Heater No.,4, Cycle )

20 10,1 179.5 156,.8 115
24 10.4 180,7 159

29 10.5 181,56 165
54 10,1 179.5 156

22,7
176 21,7
176,5 16,6
170.5 25.5

39 18,1 206.,4 176,5 194.8 29.9
44 18,3 207 178.5 195 28,5
49 18,4 207,2 178.3 194.5 2854
54 18,4 207.2 179.8 19543 2T .4
59 11 183,2 162,3 173,5 20,9
64 10,5 181,2 161.3 172 19.9
Heater No,4, Cycle 2
0 1l,Y 185.6 165 183 18,6
A 10,8 182.,4 162,37 181.8 20,1
9 17.8 205,6 177 197 28,6
14 17,8 205.6 175,5 198 30.1
19 17,3 204.,2 174 198 30.2
24 16 200.4 172 193.3 28.4
28 16,9 203,1 173.5 196,3 29,6
34 10.2 179.9 156 174 23,9
39 10,1 179.5

154.8 172.5 24,7




S o, 510 1§ﬁ kcgl/kg 100
L K W
l % |
4.5 4445 1208,5 6,385
4.7 4240  1089.7 8.42
el 4200 832,7 14,42
9.0 4500 25,6 18,39
11,6 4950 T87.4 16,13
12 5115 143.3 18,09
12.7 4950  669,3 22,33
11,9 4980  697,8 20,53
9.7 4680  603.5 27,45
9.2 4940 640,3 24,39
0.6 4T35 273147 1.34
0.6 4590  2707.8  1.36
8.6 4910  991.2 10.18
7.6 4870 1126.1 7.88
6.2 4900  1303,4  5.89
7.1 4715  1098.1 8,29
6.8 4800  1186.1  7.11
5.9 4750  1116,3 8.02
7 4800 1016,8 9,67




Appendix 5,2 (contd,)

Wo. of | Steam Ts | Tsit | Tsto FS - Tsul
g??me \grg;?:m \ % \oc \ % %
Heater No,5, Cycle 1
0 T3 165.9 134 160 31.9
8 10,4 180.T 15745 17845 2342
16 10,8 182.,4 156.5 176,3 25.9
24 B.4 171.6 139 162,53 3246
32 10,6 181.6 1633 1763 18,3
40 1043 1803 1585 17243 21.8
56 10,2 179.3 158.,8 1713 21.1
Heater ¥o,5.Cyclg 2
0 10,6 181,6 156.5 1179 5.1
6 1,0 185,2 160,8 180,8 22.4
12 Te1 168 136.8 159.3 31,2
18 6.9 163.,6 133,3 155 3043
24 10,3 180,53 158 175.5 223
30 11,1 183.6 154.8 175 28.8
36 10,8 182.4 158.8 174.,3

23.6




I ~Teiol L T ’ 7
o lpm kcalef‘ncg \ 10
m- o 02

5.9 4900 1389,3 5.18
2.2 5155 2040,1 2,40
6,1 4970 1207,3 6.86
9.3 4680  986,2 10,28
5¢3 4750  988,8 10,23
8.0 4700  T91.5 15,96
8.6 4280  645,3 24,01
2.6 4970 1893,2 2,79
2.4 4850 1819,9  3.02
8.7 4920 1055.,6 8,97
8.6 4920 1040,9 9,23
4.8 5000 1290,2 6,01
8.6 4900  994,9 10,10
8.1 4670  839.0 14.21




A dix

2 (contd
Ko. ot Steam 13 ' ISLI . sLo_.—Ts - T3,1.1‘
\ E’g‘;‘}:,. % |°% |°% %

Heater Ho.G. Cycle 1

170.1
176,4
169,11
169,6
1T3.1
1T74.1

168
167
168,6
167.5
171.6
165.9
167
170.1
169,1

39 8,1
44 9.4
49 T9
54 8.0
59 8,7
64 8.9

Bagter No,6, Cycle g
0 T
4 Te5
9 7.8
14 Te6
19 Bad
24 T3
29 TS
34 8.1
39 7.9
4 7.5

169,1

141
144.5
135,.8
139
140,3
139.5

140,7
134.8
136,3
13343
139.7
134.,5
139

138

1%36,8
137.3

159

164,5
155.5
156,.5
157.5
157.8

163.3
161,8
163

160

165.3
158,.8
161

160,5
159.0
158.3

29,1
31.9
3343
30.6
32.8
34.6

273
3262
3243
34,2
31.9
31.4
28

32,1
3243
31.8




'S o SIO ]435 t:ngifkg 10

[ P | ¢
11.1 4750 769,1  16.90
11.9 4460 T38.8 18,32
13.6 4100 616.8 26,28
13,1 4950 705.5 20.09
15.6 5115 638,6 24,52
16,3 4950 625.9 25,52

47 4750 1403.9 5,07

5.2 4870 1491.8  4.49

5.6 4760 1401.3  5.09

7.5 4970 1266.9  6.23

6.3 4680 1275.2 6,14

7.1 4280 1069 8.75

6 4270 1105,1 8,19

9.6 4760 965,32 10.7%

10.1 5100  996,1 10.08

10.8 4460 809.2 15,27

¢

-3 91



Appendix 5,2 (contd.)

days press Og
in use kgt/cm
abs ,

No. ot Steam TS TSLI —\'!SLO 3 —

Heoker No,6, Cycle 3

0 Te& 166,4 138 160,5 2844
A T 167 158 16L.8 29
9 846 11246 137 15943 3536
24 Bl 11,6 141,55 165 3041
29 Tek 166.4 133 155.8 33«4

3% Te% 165,9 136,88 158 29,1




- Tl F U T
8 o 510 lpm | keal/kg 12
C 2 U
o m og
59 4940 13%304,2 5.88
5.2 5120 14783 4,58
13,3 4850 802,2  15.54
6.6 4370 1114 B.C6
10,6 4900 944.8 11,20
T.9 4750 1040.5 9.23
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Apnendix 6,1

EQUIPMENT OVERHAULING SCHEDULE FOR SIURRY MIX
DIGESTION, AND EVAPORATION ARRZAS

Month Week {Equipment (Equipment name Frequ-1EStIaTsd
No. ency  [man-hours
months
JAWNUARY 1 1233-2 | g?ﬁ%ﬁte slurry screen 6 64
1531-2 Hotwell pump 12 64
1914 Caustic circulation 12 48
pump
133%2W Spent liquor inje- 6 64
ction pump
1%3119-2 W Test tank sump pump 12 A8
1513E Hot well pump T2 64
3 1257=2 Reject pump No.Z2 of
BcMo N092 " ’ 6 32
13135-2 E Digestion sump pump 12 48
1818\ Evaporation discharge 12 30
punp
1840-2 W Condensate pump 6 48
4 1235-2 N Sump pump No.l 6 48
e gpent liquor charge 6 72
1386-2 W p pump
13111-2 W Condensate purp 6 48
1845-2 E Bvaporation discharge g
FEBRUARY 1 1214N Sump pump 6 48
1316 Blow off pump No.l 12 48
6 64

1330W Spent liquor booster
pump



=2 521 1=

Month Week {Equipment [Bquipment name Frequ- [Estimated
No. ency man-hours
months
?gggg%?y 1366 5 Ton digester hoist 12 24
2 1202w Bauxite grametric

feeder 6 64
1206M G.M.D, pump No,1 6 48
12198 Reject pump No.l 6 32
13124-2  Relief tank pump 12 48
1510N Condensate - pump 12 48
3 1355E Digestion sump pump 12 A8

1399-2W Spent liquor booster
pump 6 72

18168 Evap. Circulation

pump 6 48
1822E Evap. sump puip 12 48

4 1219-2 Bauxitew.eight feeder
No.2 6 64

1258-2 Reject pump No.4 of
H.M. No.3 6 32

2 W Condensaté: nump
1529 new unit 6 48
1954-2 E  Caustic metering pump 6 48
- . 1212 N Steam pump No.l 12 200
1350-2 pilute acid pump é 48
1363 Test tank mixer 12 32
_» § Spent ligquor injection

13102-2 pgmp 6 70
6 48

1841-2 E Condensate pump
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1 i Equivment | . "
lionth eek qnuﬁber Equipment name ]ﬁiGQ- Estimated
uency | man-
months | hours
KARCH 2 13208 Spent liquor char
I 1 ge
(CONTD) pump 64
1341 Condensate pump 6 48
1514E Hose water pump 6 64
3 12040 Bauxite slurry screen 6 64
1240-25 Sump pump No.3 6 48
1843-2E Evap. circulation
pump 6 96
4 1215 S Surmp pump 6 48
1224-25 Bauxite slurry screen
No.3 6 64
1226—'2N GOPIE.D. pum No“l 6 48
1532-2 N preg. Lig. discharge
purp 64
1947 c.D. area sump pump 12 48
No. 6
PRIL , 1215-25  G.M.D. pump 0.4 48
1317 glow off pump No.2 12 48
13122-2 W Dig. Sump PP o *°
Jga7-2 N Evaps sump PP 12 +8
caustic circulation
1951-2 pump 2 e
R ump No.2 6 32
5 1219-1 ¥ Reject P
tion
sp,Lig. Injec 6 64
1333 B “top.
8
Evap. gondensate PP ° *

1862-2



T lEquipmentf: T -
Month WeekJ namber | iquipment name /enCy-q Es;alﬁfted
- : i _months] hours
'%gg%%b) 3 1212-1 S Steam pump No,3 12 200
ik
1253-2 Reject pump No.l of
B.M. No.2 6 32
13120-2 M Test tank sump pump 12 48
13141-2 Electric winch 12 24
1530-2 E Condensate pump 6 48
4 12075 G.M.D. pump No.2 6 48
1387-2 E  Sp. liquor charge pump 6 72
13126-2 Bad water pump 6 48
1844-2 W  Evap. discharge pump 6 48
1911-2 N C.D, area hoist 6 24
~2 Reject pump No.3 of
24 BeMe 3 é 32
1331 E Sp. Lig. booster pump 6 64
1815E Condensate pump 12 48
o 1362 Bad water pump 6 48
1311.0-2 E Condensate pump 6 48
1515-W Hose water pump 6 64
3 1357E Tegt tank sump pump 12 48
13100-2 B S8p. lig. booster pump 6 70
13133_2 5 Ton crane over heaterl2 30
Bvap. circulation pump 6 48

1817N
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l'enth ]&éekiE Epmart oo '
X lsquipment |Equipment Freqgu- 5
! ‘f number f{ R nane / ncyq [E;;;nl?ated
"“*' = se—— months | houps
%ggﬁTD 4 1241-2 Grinding mill feed B
) conveyor No,2 12 64
1352 Dilute acid pump 6 43
1384-2 E Blow off pump No,2 12 64
JUNE 1 13101-2  Sp.lig. Injection
pump 6 72
1840-2 ¥ Condensate pump 6 48
1973-2 C.D. area sump pump 6 48
2 1319N Sp.1lig. charge pump 6 64
13127-2 N Test tank mixer No,1 12 32
12 48

13134-2 M Dig. sump pump
Hot-well pump 12 64

1512w
3 1220-2 Bxt. welght feeder
1842-2 W Evap. circulation.
pump 6 96
Caustic make up tank
e mixer 12 24
1953-2 W Caustic metering pump 6 48
4 1206-1 N ¢.M.D. pump No.3 6 48
1340N condensate puip 6 48
eg. Lig. discharge
1533-2 3 gﬁﬁp 6 64
12 200

jo13M  Steal PUP Hge2
1
th. Slurry screen p 64

JULY
1223-2 U g

5.2 B Evap . discharge pump

184
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Montn =
Week |Equipmes . e +
/ Lmpent  [Equipment name  Frequ- [Estimateg
i ency Yian..
) monthg hours
JULY 2 1228-2 Go1, D -
(Cowrp) v Bs pUID Nos3 6 48
1332w Sp.Lig, Injection
pump 6 64
3 1512W% Hot well pump 12 64
1821w Evap. sump pump 12 48
1848-2 M Evap. sump pump 12 48
4 12352 N Sump pump No.l 6 48
13862 & Sp. Lig. charge pumn 6 79
13111-2 ¥ Condensate pump 6 43
1819E Bvap. discharge pumpl2 32
AUGUST 1 1214N Sump pump 6 48
13300 Sp. Lig. booster
puamp 6 64
1354% Dig. sump pump 12 48
1360 Relief tank pump 12 48
1367 1 Ton dig. hoist 12 24
0oW Bxt. grametric
2 12 feeder 6 64
1206M G.M,D. pump No.l 6 48
12195 Reject pump No.l 6 32
13132-2 S pest tank mixer No.2 L 32
12
1510N condensate pump 48
grinding mill feed
Blow Off pump No .3 12 48
15161 6
y  Sp.Lid. booster PHIP 1%
9—2 F Me
139 circulation pump6 48

18165

Bvap.
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i Equipment : Frequ- |Estimated
Honth eek rquulzjlber Bquipment naine ency J man—
months | hours
AUGUST
(Courp,) 4 1219-2 Bauxite welght
feeder No.,2 6 64
82 Reject pump No.4
1529-2 W  Condensate pump 6 48
1954-2 E Caustic metering
pumn 6 48
SUPTENIER ] 1259-2 Sump numm 0 okt
1350-2 Dilute acid pump 6 48
13102-2 E Sp.liq. Injection
pump 6 72
1841-2 E Condensate pump 6 48
5  1231-2 Slurry holding tank
mixer 15 21
1320_3 Sp. liq. Ch&l’.‘ge
1341S Condensate pump 6 48
15145 Hose water pump 6 64
3 1204-N Bt Slllrry SCreen 6 64_
1211 Slurry holding tank
mixer 12
32
1240-2 S  Sump pump No,3 6 .
1843-2 E  Evap. circulation
pump 6
96
4 12155 Sump pump 6
48
No.3 6
6
1226-2 N G.M.D. pump No,q . 4
3 48
1532-2 N Preg. liquor 4j
’ pumo lschargz

64



Boui nt Frequ~ |EBsti
Month Week quugggr Equipment name enc; S;gﬂﬁted
months | hours
OCT ORBER 1 1,210 Slurry injection
tank mixer 12 24
1215-2 S G.M.D. pwmp No.4 6 48
1951-2 Caustic Circulation
Pump 6 48
2 1219-1 N Rejeact pump No,.2 6 32
1333E Sp. 1iq. Injection
pump 6 64
1862-2 Evap. condensate pump 6 48
3 1253-2 Reject pump No.,l of
B.M, No,2 6 32
1516 Preg. liq. discharge
pump 12 64
1530-2 B Condensate pump 6 A8
1849-2 S  REvap. sump pump 12 48
4 12078 G.M.D, pump No.2 6 49
1387-2 B Sp. liq. Charge pump 6 79
13126-2 Bad water pump 6 48
1844-2 W  Evap. discharge pump 6 49
1911-2 M C,D. area hoist 6 24
NOVEMBIR 1 1227-2 G.M.D, pump No.2 6 -
12%2~2 Slurry injection tank
mixer 12 35
1254-2 Rejeet pump No,3 of
BeMs Foo3 6 35
1331 E Spe. lig. Booster

pump 6

64
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Month Week
NOVEIIBER i 3
(CONTD)

2

3

4
DRCEMBER 1

2

[Equipment
nunber

- —— - - - ——

1356%
1383%-2 W
1951-2

1%62
13110-2 E
1515W

13100-2 E
1814V
1817N

1820

1552
15118

1918

1319N
13101-2 w

1840-2 W
1973-2
1236-2 M

1254-2

135121-2 E

~ |Batimated
Equipment name Fﬁﬁg; Sm;ﬁi ®
. months | hours
7.7, Sump pump 2 L
Blow off pump No.1l 12 84
Caustic circulation
pamp 6 48
Bad water punmp 6 48
Gondensate pump 6 48
Hose water pumn 6 64
Sp. liquor Booster
DU 6 T2
Condensate pump 12 48
Evap. circulation
pump 6 43
Excess liguer pump 12 32
DPilute acid pump 6 48
Condengate pump 12 43
Caustic cleaning tank
mixer 12 24
Sp. 1lig. charge pump 6 64
Sp. lig. injection
pump 6 72
Condensate pump 6 A8
C.D. area sump pump 6 43
Sump pump No .2 12 A8
Reject pump No,3 of
B.M, No.3 g 3
2
[
T.T. sump pump 1.3

43
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A !  [Frequ- |Estimated
Month Feek mqg;%ggnt Equipment name ency man—
0 =— months | hours
DEC EMBER
(CONTD) 3 12202 Bxt. weightfeeder
No.3 6 64
1842-2 W Evap. circulation
pump 6 96
1953-2 W Caustic metering pumpé A3
4 1206-2 N G,M.D. pump No.3 6 48
1340N Condensate pump 6 48

1533-2 S  Preg. liquor
discharge pump 6 64



