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CHAPTER I
INTRODUCTION

The iron and steel industry is considered one of the primary indus-
tries upon which the industrial development of a nation should be based.
With the rapid changes in technology and rising competition, the iron
and steel industry is facing a continuous challenge to produce the re-
quired products with the least cost. This cannot be achieved without
the utilization of available resources and the productive equipment

effectively and efficiently.

1.1 An Integrated Iron & Steel Plant

A brief description of an iron and steel plant with specific ref-
erence to the units of the system being studied would serve as an adequate

introduction. The various stages will be classified either as pro-
ductive units (units that markedly enhance the product status) or non—
productive units (units that prepare the raw material for the next pro-

ductive unit). Figure 1.1 is the production flow chart for a typical in-

tegrated iron and steel plant.

Productive Units

They are usually three main productive units in any iron and steel
plant: (1) blast furnaces (2) steel works, and (3) rolling mills. 1In
each of these units, the input product makes substantial progress towards
the final finished product status. A large amount of literature in

operations research exists on the productive units as compared to the
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non-productive units. A brief description will facilitate further dis-

cussion.

Blast furnaces. The ingredients for the manufacture of iron,

principally iron ore, limestone and coke are fired in a blast furnace
resulting in the manufacture of pig iron. It takes about 6.8 tons of
these raw materials (including 3.5 tons of air) to produce one ton

of pig iron. The furnace auxilliaries are the gas mains, boiler, stoves,
water lines, pumping station and the blowers. F¥ach of these is a vital
part of the system and a breakdown in any one would bring to a halt the
working of the entire furnace complex. The hearth area multiplied by

a factor of 2 to 2.6 depending on the raw materials, would give approx-
imately the rated daily production in tons. Slips occuring within the
furnace might lead to explosions and scaffolding of the charge might
seriously damage the firebrick lining. Iron and steel plants have
usually more than one furnace (generally two or three) so that the

output of molten pig iron is not interrupted by mishaps.

Steel works. It consists of several furnaces and adjoining
facilities for tapping the furnaces and teeming the molten metal into
molds. If the ingots are cast in pits or at the ground level, a special
stripping crane would be necessary to strip the ingots. However, if
buggy casting is favored, the stripping may be performed in the soaking
pit area itself as the ingots are cast atop the rail cars that trans-
port them there. The basic open hearth process is overwhelmingly pop-

ular in the United States and accounts for almost 90% of the steel



produced. Whatever the method used, proper planning and scheduling
of the various operations will bring about increased production at

insignificant cost.

Rolling mills, This is the stage in which the ingot is reduced

to a round, oblong, square or some other simple shape. As the cross
section of the ingot decreases, its length increases correspondingly.
The resulting pieces are called blooms slabs and billets. There is

no precise definition for any of these terms and tradition more than
anything else decides the use of a particular term. Generally, the
first mill that performs the reduction in the cross sectional area is
called the blooming mill. The ingot 1s sequentially rolled by a series
of mills till the finished product is arrived at. During the process
it might be necessary to reheat the semi-finished product to the re-
quired degree of plasticity as there is a continuous loss of heat

after the ingot leaves the socaking pit area. Each time the ingot goes
between the rollers, it is said to make a pass and several passes are
made by each mill before the product is ready for the next mill. The
entire rolling mill section is an in-line process for the greater part
and any stoppage of the blooming mill would necessitate idling of the
other mills in the flowstream., Exceptions would be the finishing mills

which have individual stockpiles of semi-finished rolled goods.

Non-productive Units.

The non-productive units, on the other hand, are: (1) molten metal

mixer, and (2) soaking pits. The former unit is placed between the



blast furnace and the steel works (melt shop) while the latter is lo-
cated after the steel works immediately prior to the rolling mills.

A functional description of these two units follows.

Molten metal mixer. It is a cylindrical, steel fabricated, re-

fractory lined vessel mounted on rockers so that it can be tilted to
disgorge the molten pig iron stored within. Its functions are three-
fold;

1. It conserves heat in the molten pig iron till the steel
furnaces are ready to receive the charge. Auxilliary burners are often
installed inside to maintain the molten state of the pig iron and make
up for lost heat.

2, Succeeding outputs of a blast furnace vary in composition
and more so the outputs from different furnaces. Significant structural
variations within a batch of steel ingots are avoided by mixing the
outputs of the blast furnaces. Thus, a uniformity in the composition
and temperature of iron is promoted.

3. Due to its large capacity, it can permit independent operations
between the blast furnaces and the steel making works, since any ordinary
delay in the operation of one unit will not seriously affect the other.
In this respect, its use is analogous to that of a flywheel with a large
moment of inertia. For added safety, modern plants have two mixers of
a smaller size each, rather than a single large one as a hedge against
mixer breakdowns.

Mixer capacities have to be carefully calculated taking into



consideration future increased production rates, if starvation of the

steel furnaces is to be avoided.

Soaking pits. Briefly, they are refractory lined chambers or

furnaces sunk into the ground wherein steel ingots are reheated to

an optimum temperature and degree of plasticity before being processed
by the blooming mills. The prime purpose is to reheat the ingot un-
iformly across its cross-sectlon without overheating the surface. This
is achieved by thermostatically controlling the temperature hetween
2150°F and 24500F(ll76oc and 1343°C) and permitting the ingot to 'gas
soak', that is, heat at the same temperature that temperature equali-
zation may take place.

The pit covers are generally steel fabricated and have a refractory
shield suspended at the bottom to withstand the impingement of hot
gésses. Sufficient insulation is provided between the shield and the
1lid to prevent heat losses. Electric motor operated mechanisms are
provided to remove and replace the lid as rapidly as possible to con-
serve the heat. There are principally two types of soaking pits in
contemporary use; the regenerative type and the recuperative type.' In
the regenerative type, the heat of the exhaust gasses is absorbed by
the regenerator and later transferred to the air blast entering the
burner in an alternate manner. However, the recuperator transfers
heat continuously from the exhaust gasses to the incoming air blast

through the use of heat exchangers.

A series of pits usually installed in rows are placed under cover



of a building adjacent to the entering side of the blooming mill. The
soaking pits are spanned by one or more electric traveling overhead
cranes equipped with a traveling hoist for charging the ingots into

the pits and lifting them out as they are needed by the mill. The
lower end of this hoist is provided with adjustable tongs to grasp

the ingot. The ingots arrive at the soaking pits atop rail cars or
buggies after they have been stripped of their molds by a specially
equipped stripper crane. For transporting reheated, ready to roll
ingots, a pot car or ingot chariot is provided, which usually is
electrically propelled along a track leading to the blooming mill tables,
upon which it automatically deposits the ingots. This process is re-
peated continuously, the frequency of the transportation cycles keeping

pace with the blooming mill operation.

1.2 Problem Definition.

The preceding discussion should make it apparent that greater
efficiency in the non-productive units of the integrated iron and steel
plant will necessarily result in increasing productivity and lowering
the cost per ton of the finished products. This work will only deal
with ways and means of increasing the efficiency in the soaking pit -
rolling mill complex, however. This increase in efficiency would con-
sist in finding the optimal capacity for the soaking pits based on a
minimum cost of reheating the ingots. In keeping with the law of di-
minishing returns a stage would be reached when the return per dollar
invested would start declining. Graphically, this point would be the

minima of the curve representing the net cost of heating an ingot. It



remains to be seen whether the net cost curve is flat in the region of
the minima or not. A quick review of the intricacies involved in the
reheating of ingots in the soaking pits will enable one to appreciate
more fully the restricted solution space wherein an optimum has to be
located.

In accordance with the well known formula, the heat transferred by

conduction is given by

Q = K.T.A (tl - tz)
where,
Q heat transferred in kilo calories,
T time during which the heat transfer takes place,
A surface area subjected to heat transfer,

(t.-t_,) temperature gradient where t. is the temperature of the sur-

12 1

face closest to the core of the ingot and t_, is the temper-

2
ature of the core of the ingot,

K coefficient of thermal conductivity,

Though the formula used above is strictly valid only in the case
of unidirectional heat flow, the fact remains that heat flow is a
function of the temperature gradiemt. It follows that by maintaining
tl as high as possible without letting the surface sweat, the greatest

amount of heat can be transferred by conduction into the body of the

ingot within the shortest possible time, other factors remaining constant.
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At the same time, as t2 rises, the rate of conductive heat transfer
would decrease necessitating a gradual lowering of the firing rate.

Some time before t, reaches the critical rolling temperature ¢ , the
c

2
firing will have to be stopped altogether to allow for equalization of
temperature over all sections of the ingot. At this stage, the existing
temperature gradient would permit conductive heat transfer to the in-

terior, tl and t, approaching tc from opposite sides. Of course, tl

2
would always be greater than t, while the ingot was gaining heat.

This practice of getting uniformly heated products at a high rate even
though uneven temperatures occured during firing is known as 'firing

and dampering’.

Initial dampering is even more importént in cases of very short
track time where track time is defined as 'finish pour through complete
charging' time. The spongy core of the ingot must be permitted to lose
heat to the outer surface and solidify. The fuel is shut off and no
draught of cold air is permitted within the pits. The larger the least
dimension of the ingot, the longer should the dampering period be. The
process effects a saving in time and fuel. The dampering time decreases
with increasing track time. Alternately, minimum track times may be set
to insure complete solidification of the'ingot core. The track time
would then be a function of the pouring temperature and the least di-
mension of the ingot. Ingots may be stripped at the pouring shed it-
self or later on at the soaking pit area. The latter is preferrable

if the track time is of considerable magnitude as ingot heat losses

are prevented to a great extent by stripping the ingots just prior to
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charging. In the design and operation of a modern soaking pit the fol-
lowing objectives are paramount.

1. Ingots in soaking pits must be reheated uniformly without
having any excessively hot spots on any of the ingots.

2. The operating cost of the soaking pits must be a minimum.

3. The initial capital expenditure should be reasonably low.

4. Soaking pits should be as compact as possible without sacri-
ficing any heating capacity.
| 5. The soaking pits must be able to cope up with the blooming
mill requirements.

6. The duplication of reheating of different batches of ingots
must be possible.

7. Control of the atmosphere in which the ingots are heated
must be possible.

The first objective is the prime purpose of the soaking pits.
Objectives 2, 3, and 4 call for reduced expenditure while objectives
5, 6, and 7 define a floor level for the reduction beyond which any
further reduction in the net total cost is impossible. Thus, starvation
of the rolling section would be the result of inadequate soaking pit
capacity while an oversized capacity would entail unnecessary capital
expenditure as well as increased operating costs. To put it in terms
of costs, a balance between the cost of service and the cost of waiting
for that service has to be achieved. The variable part of the cost of
service is the operational cost per unit output and that part of the out-
put installation that depends on the size and the number of the soaking

pits. The cost of waiting depends on the inventory costs, the cost of
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the heat lost by ingots waiting to be charged to the pits and the cost
of 'cold steel', that is, the idle time of the blooming mill due to
the non-availability of ready-to-roll ingots. The scope and extent

of this investigation is to determine the "best" capacity of soaking

pits such that the total cost is minimized.

1.3 Literature Survey

The first point that strikes a researcher in this field is the
diverse objectives of the various investigators, although the basic aim
in all cases is to increase the efficiency at some point or the other.
Reddy [16] has primarily been interested in increasing the throughput
of the pit-mill complex. His approach to achieving this end consists
primarily in instituting arbitrary criteria based on sound common sense
in the crane operation with respect to the soaking pits. Brancher,
Stringer and Savage [4] have the same objective but they have concen-
trated, to a greater extent, on reducing the track time of the ingot
batches arriving at the scaking plt area. 1In fact, a judicious appli-
cation of the critical path method brought about_substantial reduction
in track time and hence the heating time.

Hindson and Sibakin [9] have also been concerned with increasing
the throughput but with particular attention paid to the correlation
of the ingot temperatures with the maximum permissible draft and the
number of passes required. Their findings clearly indicate that light
drafts result in a time loss by increasing the number of passes while
too heavy drafts result in time losses by increasing the number of
trippings of the blooming mill motor. Consistent drafting at the safe

maximum limit is conducive to a greater throughput.
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All previously mentioned authors agree clearly on one point,
namely, in the absence of exact knowledge of the rate of cooling and
heating of ingots, empirical relations are successfully being used
in the predetermination of heating time in soaking pits as a function
of the track time of the ingots. This 1s largely due to the non-
availability of accurate surface pyrometers in the 700° to 1350°¢C
range as Brancker, Stringer and Savage [4] have pointed out. Further,
it is mentioned that knowledge of a technique to establish the precise
temperature distribution through an ingot at anytime and the cooling
rates of stripped ingots as well as the heating rates of charged ingots
under various furnace conditions, would lead to greater control over
the soaking pit practice.

In their recent publication entitled "A Mathematical Model of
Soaking Pits", Kung, Dahm and DeLancey [10] have established minimum
ingot heating times based on the knowledge of the temperature distri-
bution in the ingots at the time of charging. This in turn implies
that the cooling rate of the ingots after teeming must also be known.
The obwvious drawback to this aﬁproach is‘the difficulty in determining
the various heat transfer coefficients as well as the dimensionless
empirical quantities. These would necessarily be determined by a
particular setup and type of equipment. In addition, some of the as-
sumptions made are approximations of the existing situation so that an
analytical solution to this approximation can, at best, be an approximate
answer to the original problem. Nevertheless, the approach is a break
through of sorts.

So far the emphasis had been on gaining more information about the
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heat content and heating rate of the ingots being charged to the soaking
pits in order to arrive at a minimum fuel expenditure. Buzacott and
Callahan [5] struck off in another direction and have concentrated on
keeping the blooming mill busy and increasing the throughput. They
have made use of a closed cycle queueing model proposed by Posner and
Bernholtz [13, 14] in arriving at an expression for the probability of
the mill being idle for want of hot steel. This expression turned out
to be a function of the number of soaking pits, the product of the mill
rate and the reheat delay of the pits. Though it appears to be rather
attractive due to its simplicity, its limitations shall be explained

in the next chapter.

Mellor and Tocher [11] devised a steelworks production game by
building a computer simulation model of the steelworks and then valid-
ating the model with the co-operation of the plant management. This
model is useful in predicting the utilization and efficiency of various
parts of the complex and testing human reactions to various situations.
The primary purpose, however, is to demonstrate the advantages of con-
tinuous central control.

As the above mentioned publications have been studied, two points
crystalized: (1} each setup has been investigated as a unique problem;
and (2) none of these have been aimed at arriving at a socaking pit capacity

based on a minimum reheating cost per finished tonm.

1.4 Proposed Research

The investigation with which this paper is concerned is limited to
the pit-mill complex of an integrated iron and steel plant. The principle

aim is to find the optimal reheating capacity given a particular production
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rate. The pit-mill complex will be viewed as a cyclic queueing process
in which the blooming mill and a crane are represented as a single
service station and the set of soaking pits are the units in the system
needing service.

Due to the complexity of the process, a simulation model will be
developed in which various factors such as furnace breakdown and repair,
mill and crane breakdowns, soaking pit operations, rules governing inter-
actions between the cranes, pits and the mill, among others, are taken
into consideration. Several experiments under varying conditions will
be conducted to study the effects of various factors. In order to find
the optimal reheating capacity, all other factors will be fixed at certain
levels with varying only the number of pits for each of a series of experi-
ments. A sensitivity analysis of the system's behavior with changing
number of pits will be made and conclusions drawn. A secondary objective
would be to compare the results obtained analytically from a cyclic

queueing model with the simulation results.
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CHAPTER II
PIT~-MILL SHOP-LIKE QUEUEING MODEL

The system with which this paper is concerned is best analyzed if the
various processes in the soaking pit area are viewed as forming part of a
queueiﬁg network with the inputs and outputs governed by certain laws and
assumptions. This will help analyze the problem in all its aspects.

The socaking pit area can be represented as a closed cycle with a
.single service station and m units needing service moving in a cyclic
fashion. The units in this model are the soaking pits, each of which
holds a certain number of ingots according to some probability distri-
bution function. The service station is considered as a combination of
the blooming mill and an overhead crane. When a pit is ready to receive
service, an available crane unloads the pit, one ingot at a time, the
ingot chariot carrying the ingot to the blooming mill table and re-
turning for the next ingot and so on. The time taken to draw a pit is
in effect the time to process the pitload of ingots by the blooming
mill. This 1s the service time, its mean value being 1/u where p is the
mean service rate, assuming an exponential service time. A crane can
charge or draw a soéking pit. The pit is said to be "in transit" as soon
as it leaves the service station.

The arrival of ingots from the steelworks is batchwise and the number
of ingots per batch 1s randomly distributed. The arrival rate o£ the batches
and hence, the interarrival time follows a certain probability distribution.

The pit in transit is charged with ingots arrived from the steelworks, if



17

any, or with cold ingots from the ingot bank. The pit then starts reheating
the ingots and the transit time, denoted by H* ends as soon as the pit-

load of ingots reaches the rolling temperature. Thus the transit time

H* is a sum of the charging time and the reheating time. The pit then

joins the queue awaiting service, with the maximum queue length being m.
‘The arrival rate of the pits at the blooming mill queue follows a certain
probability distribution function.

At any given time there will be 2, £ =1, 2, ..., m, pits in transit
and (m-%) pits awaiting service or being served. It should be noted that
if the service station is always busy, the maximum length of the queue
would have been (m-1). However, there is a possibility of one of either
cranes or the pit, as well as any combination of the three units breaking
down or forced to be idled for some other reasons. Likewise, for the
number of pits in transit to be equal to zero, the transit time will
have to be less than the service time 1/p. This is a near impossibility
as the minimum heating time itself is several times larger than the mean
service time. Only a breakdown of the blooming mill, while it is in
operation, would give rise to this contingency. Figure 2.1 gives a
diagrammatic view of the soaking pit operations as a closed cyclic
queueing network with a single-~channel, single server.

A general cyclic queueing model developed by Posner & Bernholtz [13]
might provide an approximate analytical solution to the model described
in this work. The general model will be described first, after which
the pit-mill model will be considered as a special case of the general

model, and its solution described.
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Consider a finite closed cycle queueing system in which m identical
units move among 1,2,...,N stations. A unit completing service at
station i moves to station j (i,j = 1,2, ..., N) with probability ey
If there is no queue and the server is idle, the unit is serviced im-
mediately. However, if there is a queue, the unit awaits service in the
queue. Following are the assumptions made in arriving at the general
model.

1. All units in the system are identical. Every unit has the

same set of parameters for service at the stations, and the
same set of travel time distributions between stations and
the same routing procedures.

2. There is a definite time lag between the time a unit finishes
service at one station and arrives at the next. This transit
time has a definite distribution function,

3. The service times at each station are independent, exponentially
distributed random variables.

4. The instantaneous service rate at a station is an arbitrary
function of the number of units awaiting service at that
station.

The vector state Z(t) at any time t is a function of the following

three variables:

1. I(t), a vector function that denotes the number of units at
gtation r, r = 1,2, ..., N, at time t.

2. [A(r,s,t)], an NxN matrix giving the number of units in transit
between any two stations r and s at time t, where r, s & N¥%,

N* = {n|n = 1,2, ..., N},

19
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3. [Eﬂ(r,s,t)]’ an NxN matrix of the elapsed in-transit times for
the A(r,s,t) units on path (r,s) at time t.
Thus,

Z(t) = {I(t); [Alr,s,t)]; [X 1},

A(r,s,t
and the probability element of the state variables at time t is given by
ft(i; [al; [x]) d[x] where the lower case variables denote the values of
the random variables designated by the upper case.
Consider a specific state z(t+h) at time t+h of the most general
form in which (1) there is at least one unit at each station and at least
one unit in transit on each path at time t+h, and (2) no unit in transit
at time t+h has an elapsed in-transit time less than h.
The first step in obtaining the integro-differential difference
equations is to arrive at expressions for a transition from state z(t)
at time t to the specific state z(t+h) at time t+h. In doing this, it
is recalled that the process of arrivals and service completion of units
at every station represent palrwise independent events. Using these
results, the Chapman-Kolmogoroff equations (a generalization of the
equations describing Markoff chains) which give ft+h d; [al; [x]) in
terms of f' can be arrived at.
Assuming that ft has all the jointly continuous derivatives re-
quired, it can be shown by using a multiple Taylor's expansion of the
right hand side of the Chapman-Kolmogoroff equations involving £* and
by taking limits on both sides as h + 0 that the general integro-differential

difference equations of the process are:
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(50 Lo e ] L0 w2
— 4+ w_ (i) + [ 575y + ]}
B r=1 rr r=1 s=1 k=1 gr:S it r,s

r,8
a(r,s) xk+1

k=0 r,s

t N N
£ [als [xD) = ] ]
1 s=1

r-":

(x

—a(r,s))T) gr,s(T) dx

where, ir’ a(r,s) > 0 for all r, g ¢ N*, and S(1) + S([a]) = m

The boundary equations corresponding to the cases in which at least
one of the stations has no units either waiting or in service and/or at
least one pair of stations has no units in transit between them, are de-
rived similarly.

Recall that it was initially assumed that no unit in transit at
time t + h has an elapsed time less than h. If one of the elapsed times
does violate this assumption, additional boundary equations will have to
be found. Of course, this can occur if and only if a service had been
‘completed at station r during the interval [t, t+h] and the unit is
subsequently directed toward station s along path (r,s). The assumption
is then made that the events of a service completion, and subsequent
selection of a path are independent. Combining the general and boundary
equations yields the complete set of integro-differential difference
equations. In addition, the probability normalizing condition holds
for all t > 0 namely, ft(i; [al; [x]) d[x] summed over the entire range

is equal to one.
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In order that the steady state for the above system of equations

exist, the following conditions must be satisfied.

1. The mean rate of departure from each station s, s & N¥, is equal
to the mean rate of arrival of units at station s along all
paths directed towards that station.

2. The mean rates of entry and departure of units along any path
of the system must be equal.

3. The steady state is totally independent of initial conditions.

If V; denotes the mean rate of unit departure from station s, then

N
V4 = X Ve e , , for all s ¢ N¥
s L2 T s/r

The unique steady state solution can be such that

N N N a(r,s) s
£(i; [a]; [x]) = C [ I B_ (i )][ T 0 I fe. [L-6_  (xF)]
(._ 0 r=1 r r el =1 kel r,s r,s xk
and
S E § o s z [ T B (i )] { By }
% “s@=o0 =1 T T (m-S(1).
where

H* the expected duration of the time lag that a unit which has just
completed service at one of the stations must undergo.

C, a constant with respect to the elements of [x], C0 = C(0,0,...,0).

0
i
Vrr
Br(ir) = i
r
I ur(k)
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The marginal joint probability that there are ir units at station

r, * € N* is denoted by

P = By, Los suws So)e

By integrating out all vectors{ﬁa( and summing over all

u,v)’

(u,v), where u, v € N* in the steady state equation such that

S([a]) = m - S(1), it can be shown that

N e (1)
P(i) = C0 [r,I__I]_ Br(ir)] m‘r , for 5(i) < m,

The pit-mill complex may now be considered as a special case of
the general model described above. There is one service station, the
mill, N = 1 and m units, the soaking pits all of the same class. The
mill serves all the pits at the same rate p.

The mean transit time of a pit, H* is defined as the sum of the time
it takes to charge the pit and the heating time of the ingots. This
transit time may be redefined to include the time taken to overhaul the
pits. Suppose p is the probability that a soaking pit completing a cycle
needs overhaul and suppose that the expected time required to overhaul
the pit is R. Then, the expected transit time is given by H = bR + H*,
This value of the transit time may be used in steady state probability

calculations. Let

{1, if pit j is waiting or being drawn,
0, otherwlse,

and
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Since all the pits are considered identical, S(i) = i, where i is the

number of pits in the waiting line or being served; thus
P(1) = P(1)
where i is the total number of pits waiting or being served by the mill.

Let Vr be the probability that a unit was last served at station T

such that

i, ifr=1
v, {
0, if r# 1

L (k) = 1/u,
as there is only one station and one class of units being served.

The simplified queueing network to fit the mathematical model is
shown in Figure 2.2. With the above values, the general steady state
equation may be simplified to

m, 1 T m. 1 -1
P(i) = ey -
W = DT T {kgo k)T (uH*)k}

and

@3 = § malihp =l
v -],
op (m-k)! (uH%) K

where P(0) is the probability that no pits are either walting or being
serviced by the mill and the mill is idle for want of hot ingots.

It is seen from the above expression that factors affecting the
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extent of cold steel delays are the number of soaking pits and the pro-
duct of the blooming mill rolling rate and the heating time of the in-
gots in the pits. Consequently, the capacity of the pit-mill complex
is given by

= (1-0Q

It should be fairly clear by now that the analytical approach to
dynamic systems uses differential equations. The relationships between
the elements of the subsystems are expressed as algebraic relationships
between differentials with the assumption that the variables and their
derivatives are continuous and the relationships are stable over time.
However, most real life situations are stochastic (randomly varying with
respect to time) by nature. In a simulation, these properties might be
modelled explicitly for the subsystems whereas a mathematical approach
to the same problem is dependent on having truly representative values
for the transit time .and the service time. Each of these in turn is
dependent on factors such as (1) track time, (2) crane and mill operating
status, (3) crane operating priorities, and (4) ingot arrival patterns and
frequencies. The ingot arrivals themselves are functions of the oper-
ating status of the steel furnaces in the steelworks.

While it is feasible to impute certain distributions and parametric
values to each of the above subsystems, it would be presumptious to arrive
at expected values for p and H* as a result of the interaction of all
these factors. Thus, the analytical approach to a problem of this nature
would give "an exact answer to an approximate problem", to quote
N. J. Reddy [16] and recalling that the simplified network for application

of the mathematical model is not a true functional replica of the queueling



network shown in Figure 2.1.

The desirablility for simulating the process is more so when it
becomes necessary to impute cost factors to the measures of performance
of the system's components so that a minimum cost of reheating ingots
is obtained. For these reasons it would appear that a persuance of
the objective using computer simulation would prove more fruitful.
However, in one of the experiments conducted with the simulation model,
equivalent values shall be substituted in the mathematical model as

far as is feasible, and a comparison of the results made.
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CHAPTER III

DEVELOPMENT OF A SIMULATION MODEL

Simulation is a method for predicting the dynamic characteristics
of a system to improve the basis for the decision process. This chapter
is devoted to describing a simulation model developed to investigate
the soaking pit - rolling mill complex. The assumptions made in de-

veloping this model are introduced. Various measures of performance

including the economics of ingot reheating are also discussed.

3.1 Model Description

Modelling involves two broad subtasks: the creation of a structure
and supplying the data. 1In the course of establishing the structure,
the system boundaries are clearly defined and separated from the system
environment. For example, in the flow-chart of the simulation program
shown in Figure 3.1 the arrival of the charge to fill the steel furnaces
is part of the system environment whereas the arrival of the ingots at
the soaking pit area is a part of the system structure. Any object that
is of interest in the system will be termed an entity having one or more
attributes. An activity changes the state of the system as exists at
a given point in time to another state. The entities, attributes and
activities of the model being investigated are listed in Table 3.1.

It will be observed that certain events occur within the system,
such as the completion of heating a pitload of ingots. These are called
endogenous events as opposed to exogenous events that take place outside

the system boundaries but nevertheless affect the system. An example
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is power failure that would hold up the entities in the system. The
gsystem is an 'open' one as exogenous activites affect it. If this were
not the case it would be termed a closed system.

The organization of advance of time in a simulation process cannot
be overemphasized. A 'continuous time simulation' would require a flow
of time in uniform, discrete quantities mimicking a continuous flow.

The system is updated and operating characteristics noted before each
time advancement. This method is more suitable for analeg computers
than digital ones. The time keeping method used here can be described
by the term 'discrete—event simulation' The time axis is broken into
discrete intervals that occur between 'events' or points of interaction
between entities. An event is defined as a particular happening that
changes the state of the system in a discrete quantity though the

true life process may be a continuous one. The measures of the system
are taken at event times and are discrete in nature. For instance,
though the reheating of ingots in a soaking pit is a continuous process,
the event of reheating is accomplished only at the end of the process
and the simulation clock is advanced by a discrete quantity of time
representing the duration of heating. The intervals are not necessarily
equal. The advantage in employing this method of time advancement is
that the futility of system updating for minuscule changes is eliminated
especially when these small changes are of little significance. In other
words, it is sufficient to examine the system at event times in order

to understand the behavior of the system.

The principle events considered in this simulation are:
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1. The arrival of a batchload of ingots.

2. The arrival time of a furnace overhauling contingency.

3. The end of reheating of a batch of ingots by a soaking pit.

4. The end of drawing and charging a pit by one of the cranes.

5. The earliest time the blooming mill is free after rolling

a pitload of ingots.

An explanation of the flow logic of the model along with the assumptions
made to simplify the simulation, will give a clear insight.

Arrival of ingots at the soaking pit area is batchwise. Each
furnace at the steelworks is capable of putting out a certain number
of heats before it goes in for re-~lining; when it does so, a previously
idled furnace is activated which then takes the place of the furnace
being idled. The range of the batch size depends on whether a 100 ton
or a 150 ton furnace has teemed the currently arriving batch. The
number of ingots in each batch is a random variable.

The arriving ingots are immediately queued up for a simple reason,
the avoidance of keeping the crane and hence the blooming mill idle.
If at the time that a pit is totally drawn, there are insufficient
or no ingots freshly arrived from the steelworks, cold ingots are charged
instead. On the other hand, a long waiting line of hot ingots from the
steelworks would result in expensive loss of heat. Hence, an information
feedback loop is instituted and the interarrival time of the ingot batches
made a function of the number of ingots in the queue.

As soon as one of the two cranes 1s free, a check is made to see il

any of the soaking pits 1s ready for drawing. If one of the cranes is
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available, the free crane proceeds to unload the pit. However, if both
cranes are free, the crane with a higher priority over the pit will at-
tend to the pit. This is done to avoid the possibility, as far as
possible, of one of the cranes being blocked by the other. If no pits
are available, the crame has to remain idle until a pit gets ready, at
which time a check is made on the status of the blooming mill. If the
blooming mill is inoperative, the crane and the pit wait till it does
become operative. A figure of five percent has been widely accepted

as the percentage inoperative time of the crane by the steel industry
[9]. The value used in this model, however, is the average of the
readings taken over a period of five years at the Kansas City steel
works visited, both for the cranes and the blooming mill. Tables 3.2
and 3.3 display the values for the years 1966 through 1970.

The unloading time has been observed to be about a hundred seconds
for each ingot. This is also the rolling time per ingot, as the un-
loading process alternates with the rolling ingotwise. Thus the un-
loading rate in effect gives the throughput rate.

The ingot queue is then checked. If there are sufficient 'hot'
ingots waiting*, they are charged to the pit; otherwise,‘cold ingots
from the ingot bank are charged into the pit. These cold ingots are
imported from the outside and the mean rate of consumption of cold
and hot ingots is 900 tons every 8-hour shift. The heating time of

the ingots is a function of the track time as will be explained later.

*
Based on discussions with Mr. S. Baldwin of a steel company in
Kansas City during my visit.
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Table 3.2 Blooming Mill Downtime Statistics at a Kansas City Steelworks

Period

1966
1967
1968
1969

1970

Grand average of Mill & Size change delay, 1966 through 1970 is 4.

Jan,
Feb.
March
April
May
June
July
Aug,
Sept.
Oct.
Nov.
bPec.

Mill & Size
Change Delay

- 4.45
- 3.70
- 3.10
- 3.00
- 2.84
- 4,52
- 5.50
- &.59
- 6.00
- 5.86
- 6.18
- 5.43

%

5.05

4.30

4.06

3.98

4.57

R ERNENOOR O

Cold Steel
Delay

.80
72
.96
.50
.60
.79
.27
.54
.91
.50
.19
.02

%

. 79

.81

.65

.76

<49

O N~~~ B oy

.33
<42
.06
.50
44
.31
77
.13
91

36

.37
.45

Total
De Lay
%
6. 8B4
b.11
5.71
6.74

6.06

3927%
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Table 3.3 Crane Downtime Statistics at a Kansas City Steelworks

Period Electrical Mechanical Total
Breakdown Breakdown Downtime
% % %
1966 1.25 2.46 3.71
1967 1.27 2.83 4.10
1968 1.37 2.36 373
1969 1.58 3.30 4.88
1970 3.28 5.62 8.90
Jan., - 6.20 7.30 13.50
Feb. - 6.05 3.51 9.56
March - 1.93 4.50 6.43
April - 4.03 3.06 7.09
May - 2.13 8.38 10.51
June - 2.99 5.44 8.43
July - 1.69 9.03 10.72
Aug. - 4,37 8.29 12.66
Sept. - 4.99 5.15 10.14
Oct. - 1.62 3.60 5,22
Nov. - 2.49 5.02 7.51
DEC- b 2-95 4.74 7.69

Grand average of total downtime from 1966 through 1970 is 5.064%
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The maximum heating time, of course, is the same as that for cold iugots,
that is, six hours on the average.

As soon as a pitload of ingots is ready to be drawn, the crane status
is checked and if the crane is available the mill status is checked.
Only if a crane is free and the mill is functioning does the process of
unloading the pit begin. Otherwise the pit joins a queue. Similarly,
if a crane becomes available, the waiting line of the pits is checked
and if a pit is available, the mill status is checked. Figure 3.2 is
a bar graph showing relative activities of the two cranes and the mill
along a time scale. Thus, it is seen that the model has two distinct
phases. The first phase deals with the arrival of ingots, and generation
of new arrivals. The second phase constitutes the heart of the model
and processes ingots through the pit-mill complex. The latter phase
is actuated by one of the three events — a pitload of ingots getting
ready or a crane being freed or the completion by the mill of processing
a pit load of ingots. The occurrence of one of these three events sets
into motion a series of logically sequenced interactions between the
cranes, pits, ingots and the mill.

A noteworthy point is that the breakdown of the cranes and the mill
are mutually independent random variables. Hence, the periods of idling
may overlap. If TC denotes crane downtime and Tm denotes mill downtime,

then the total downtime T, is such that Td = TCLJ Tm. The computer

d

program provides for this eventuality.

Ingot heating time. There are several formulae available that cal-

culate the heating time of ingots in pits as a function of the track time.
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These are empirical relations that have been arrived at by plotting thel
heating time against the track time and are found to be practically use-
ful, at various soaking pit installations. Almost all of them are
linear relations of the form y = mx + ¢, where y is the heating time,

x the track time, m of the order of 0.5 to 1 and ¢ ranges 0-2. On this
basig, a linear equation shall be used in this simulation to calculate
the heating time. The values of the parameters m and ¢ depend on several
variables such as the shape and size of the ingots, the rate of firing
of the soaking pits, the ambilent temperature and the type of rolled
products and composition of steel. It would not be incorrect to say
that each installation is unique for the determination of the heating
time.

In the problem under consideration, it was noted that: (1) cold
ingots were heated for an average of 6 hours, (2) freshly arrived in-
gots were treated as 'cold' if the track time exceeded 4 hours, and (3)
the minimum time in the pit was 1.75 hours. With these three conditions,
the value of m is equal to 1.06. The heating time will then be given
by the expression.

Heating time = 1.06 (traék time) + 1.75
Figure 3.3 shows a graph of heating time versus the track time.

Assumptions. The assumptions under which the simulation is con-
ducted are:

1. WNo allowance shall be made for a decreasing rate of gctivity

during shift changes. All parts of the complex are assumed

to be uniformly active around the clock.
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2. The pit maintenance time has not been considered owing to in-
sufficient data.

3. The crane traveling time between pits has not been deemed
significant enough to warrant inclusion in the model.

4, The firing rate for a pit waiting to be drawn is 20 per cent
of the full firing rate. This heat is supplied only to make
up for heat losses from the waiting pit.

5. As a policy of preventive malntenance is followed, not more
than one furnace is idle at any time. Time allowances are
not made for breaking in a newly lined furnace.

6. The percentage breakdown times for the cranes and the blooming
mill involve a peolicy of preventive maintenance. Repairs are
started when a crane becomes idle but may not end in time for
it to report to duty when called upon. Thus, the program does
not provide for the contingency of the crane breaking down
when it is in the process of drawing or charging a pit.

7. The crane operators are assumed to have full information about
the pits' status. They know which of the pits are ready to
be drawn and the order in which the pits got ready. Thus the
pits can be serviced on a 'first-come, first-served' basis.

8. A pit cannot hold more than 16 ingots.

3.2 Operating Characteristics

The operating characteristics of the system are recognized by col-
lecting appropriate statistics at suitable times, generally whenever a

discrete change occurs in the system. Two kinds of statistics can be



41

collected. When the value of a variable persists over a period of time,

one is interested, not only in the value of the variable, but also in

the length of time the variable assumed that value; such statistics are

gaid to be time-weighted. On the other hand, when the value of a vari-

able is a sample value of an attribute, the statistics is said to be

non-weighted. Time-weighted statisties are taken to calculate the

following measures of performance.

1.

2.

5.

6.

The average number of ingots in the system.

The utilization of each of the two crames.

Average number of ingots waiting to be charged to the soaking
pits.

Average number of soaking pits waiting to be serviced by

the cranes.

Average number of ingots heated in each pit.

The utilization of each soaking pit.

Non-weighted statistics are collected to determine the following.

] i

2.

Average waiting time of the ingots before being charged to

to the soaking pits.

Average waiting time of the ingots before being drawn from

the soaking pits.

In addition, the following measures are computed at regular intervals

throughout the simulation run.

1.

2.

Average heating time of ingots.

The various costs involved in the process.

The last mentioned measure warrants detailed explanation forthwith given.
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Cost analysis. The study of this problem is extended to include

various cost analyses. In doing so, it will be necessary to determine
the cost per ton of finished steel. This cost consists of two parts;
(1) a fixed cost that does not vary with the reheating capacity, and
(2) a variable cost that varies with the reheating capacity of the
soaking pit. Cost comparisons can therefore be made after computing
only the variable cost of finished steel per ton. The components of
the variable cost are:

1. The capital cost of adding a soaking pit along with all its

auxilliaries.

2. The cost of running the pit such as labor, fuel and electricity.

3. The maintenance cost for the pit including the cost of repair

materials and labor charges.

4, The cost of an idle blooming mill.

It will now be explained how excessive or insufficient pit capacity
affects the variable part of the cost of finished steel, or simply,
cost per ton. Thus, if the mill produces x tons of steel in a given
period of time at a cost of y, then y/x is the variable cost per ton.

As mentioned earlier, the objective in this study is to minimize the
cost per ton.

The capital cost in adding a pit is a large one, of the order of
half a million dellars and includes the pit auxilliaries. Obwvicusly,
the increased capital expenditure must be offset by increased output if
the cost per ton is not to increase. With regard to the cost of running
an extra pit, it stands to reason that added pit capacity results in

increased fuel expenditure even if the output remains constant. Putting
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it differently, fuel consumption would not be directly proportional to
the output tonnage as one would expect in an ideal situation. A per-
centage of the total fuel and electricity supplied is a function of the
output tonnage. The remainder varies as the number of pits and is used
in heating up cold pits, making up pit heat losses and the unavoidable
wastages connected with pit operation. It must be noted that the former
need not vary linearly as the production tonnage. Assuming that the
output has not changed inspite of an increased heating capacity, it
would naturally result in a shorter waiting time for ingots queueing

up to be charged. Consequently, the heating time in the pits would be
reduced. The precise relation is difficult to predict, as, not only
the pit characteristics have to be considered, but also the delays re-
sulting from crane and mill operation policies.

With regard to the cost of maintaining an additional scaking pit,
in the absence of detailed records, it is reasonable to assume that the
cost of items such as labor, repair supplies (fireproof cement, high
quality refractories, etc.) varies directly as the number of soaking
pits in the long rum.

The blooming mill downtime cost consists of three distinct com-
ponents. The first is the cost due to idle labor and capital. Some
of the units in the complex would not be affected as they have their
own stock of semi-finished products to be further processed while other
units form a direct "in line" queue behind the blooming mill so that
starvation of the blooming mill would starve these other units too.
Thus, an indeterminate percentage of the labor force and capital equip-

ment would be idle and precise record keeping would be necessary to
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arrive at this cost. The second is the cost of lost opportunity and
is the value of the finished products that might have been turned out
were the mill not idle. The third component is the intangible part

of the cost of lost opportunity and is the result of loss of goodwill
and future orders for not fulfilling standing orders on time. Penalty
costs may be included in this category. In the absence of extensive
information, intangible costs are not considered.

The following costs data* refers to the plant whose soaking pit

area has been modelled for this investigation.

1. The production for the year 1970 was 900,000 finished tons.
This works out to 900 tons per 8 hour shift and there are
1000 shifts available in a year,

2, The capital cost of a soaking pit of the type already installed
would be $475,000 including all auxilliaries. Pits are de-
preciated over g period of 15 years with no scrap value at
the end. The existing setup had 12 pits.

3. The fuel consumption at "“high fire" (full load) is 28,000 to
30,000 cubic feet per hour. At low fire, the consumption is
a fifth of the full load wvalue.

4. The maintenance cost was $0.37 per ton for the year 1970,

© 5. The downtime cost of the blooming mill, not including the
opportunity cost, was $671.00 per hour for the year 1970.
6. The average price for the finished products was 5230 a ton

for 1970.

*Based on discussions with Mr. 8. Baldwin of a steel company in Kansas
City during my visit.
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The following notation are used in arriving at expressions for the

component costs:

~
n

]

number of pits in the plant when the above data was
collected.
number of pits assumed in the experiment.

number of production hours simulated.

total number of production hours available in a year.
total number of ingots processed during the experiment.
recovery weight of an ingot (in tomns).

weight of steel rolled per hour (in tons).

total number of pitloads of ingots heated by the i-th
pit, i = 1,2, ..cy m

= heating time of the j-th pitload of the i-th pit.

]

waiting time of the j—th pitload of the i-th pit.
mill downtime {in hours).

capital cost per pit per year

fuel cost per pit per hour

opportunity cost per hour of mill downtime.

establishment cost due to mill downtime

Now the following cost factors can be computed such that

1. Capital cost per ton,

e

H

]
' y—

H

o o ¢
P

This indicates that the cost of the soaking pits per hour is multiplied

by the number of hours of production simulated and divided by the total
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tonnage produced during this time.

2. Fuel cost per ton,

- L { ? ;i ? ;i
C. = (1,4) ¢ e H (i,7) » 0.2 ¢ }
f na T, el Hh f Je1, 4 W £

This indicates that the total cost of fuel used by all the pits over
all the pitloads, both while heating at high fire and walting at low
fire, is divided by the total tonnage produced during the run.

3. Maintenance cost per ton,

Jn '[:l m WHS
C = ( L
r r m na

This indicates that the malntenance cost per ton is directly proportional
to the ratio increase in heating capacity and inversely proportional to the
ratio increase in finished tonnage,with the constant of proportionality
being the original maintenance cost per tomn.

4. Downtime cost per ton,

m Hd
Cy mog v Log + gt

This indicates that the lost production time is multiplied by the sum
of the establishment and opportunity costs and divided by the tonnage

produced.

The wvariable cost per ton of finished steel which is a function of

the reheating capacity is

m
L

M=+ + ™+
p f T



or in words, the cost per finished ton is the sum of the capital cost,
the fuel cost, the maintenance cost and the cost of blooming mill

downtime — all of them on a "per ton of finished steel” basis.

47
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CHAPTER IV
EXPERIMENTAL INVESTIGATION

The investigation comprises four sets of experiments. The number of
soaking pits is the only factor to vary within each set of experiments.
Each experiment consists of simulating the model described in the previous
chapter for a certain time on the simulation clock. Computer runs made
for Sets A and B will be discussed together and similarly, with Sets C
and D. This is convenient as Set A differs from Set B only in the
service discipline for arriving ingots as does C from D. A comparison
will be made between the simulation results obtained in Set A and the

analytical results obtained as explained in Chapter 2.

4.1 Computational Experiments

The simulation model has several independent variables that are
termed factors. Table 4,1 lists the important ones, Some of these
factors are uncontrolled because 1t is not known if the distributions
used are the exact ones for the processes. They are qualitative in
nature and have been included to increase the precision of the model.
However, some control has been exercised by using previously observed
values as some of the parameters. Variables 5, 6 and 7 of Table 4.2
fall in this category. Their levels were purposefully set from pre-
viously observed values as they were expected to significantly affect
the response (dependent) variables. Variables 1,2,4 and 9 are totally

controlled. Appendix A lists the quantitative factors, that is,
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factofs whose levels are expected to affect the response variables. The
only controlled factor whose response is well studied is the number of
soaking pits within a set of experiments and to a lesser extent, the
service discipline for arriving ingots.

In this context, the factor of the number of pits can be termed a
fixed factor within a particular set. This is not to imply that all the
levels of that factor have been investigated; but, knowing the nature of
the response (in this case, the total variable cost) to be unimodal, it
was deemed sufficient to run experiments in the vicinity of the minima.
On the other hand the service disciplines, namely, first-come, first-
served (FCFS) employed in Sets A and C, and last-come, first-served
(LCFS) employed in Sets B and D are arbitrarily chosen from a population
of levels for that factor. This does not constitute an exhaustive search
and inferences drawn from investigating these levels of that 'random'

factor apply only to the two levels experimented with.

Steady State, The responses of interest in this investigation are

measured when the system has reached a steady state. The transient stage
being of no interest, statistical files and arrays are cleared when the
system's equilibrium is ascertained. In order to minimize the time

lapse before the onset of steady state conditions, experimentally obtained
steady state values are used in the initialization of each experimental
run. Identical starting conditions have been maintained for all the
experiments in all the four sets so that the approximate time for re-
setting the statistical arrays for future experiments might be predeter-

mined to facilitate the collection of steady state statistics. The use
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of identical sets of random numbers is prompted by the same interest as
well as to sharpen the contrast between computer runs, having less to
worry about differences introduced into responses by a different set

of random numbers.

The important question is what should be the criteria for recognition
of steady state. It must be recalled that the model has scme subsystems
so that not all the interesting responses would become steady at the
gsame time depending on the cyclic period of the subsystems influencing
these responses. It has been noted that most of these measures of per-
formance such as crane utilization, queue lengths, waiting times and
mean number of ingots in the system stabilize after about fifty hours
of simulation time. Pilot runs have been made for all the sets to insure
this, see Figures 4.17 through 4.20. Further, it is noted that changing
the number of pits in an experiment does not have much affect on the
time needed to attain equilibrium. It was decided to error on the safe
side as well as provide a safety margin should the transient state linger
in any experiment and a hundred hours were permitted to elapse before
the statistical arrays were cleared to collect steady state statistics.
This decisien has resulted in no significant loss of time as, even at
that value, the transient period comprises less than seven percent of

the run time.

Length of Simulation Run. The length of each run is a compromise

between the necessity to reduce random error and the need to minimize

computer time, The primary response (total variable cost per ton)
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which is a function of the mill downtime fluctuated considerably for a
long period. This can be explained by the results which indicate that
even a little idling of the mill causes significant increase in the cost
per ton. By a process of trial-and-error it has been decided to run
each experiment for 1500 hours on the simulation clock. The collection
of statistics being a cumulative process, the random variation at the
end of this period is within acceptable limits. Needless to mention,

if greater accuracy is warranted, the simulation time can be further
increased to improve the stochastic convergence.

Experiments Conducted. In each set, the minimum number of soaking

pits was initially assumed to exist somewhere between twelve and twenty.
A sequential search for the minimum was made between these two points.
Once the minimum was narrowed down to a small set of possibilities, an
exhaustive search was made in that region. As 1t turned out, seven
experiments were conducted in each set - twenty eight in all. Resulting
total cost curves can be seen in Figures 4.7 (Sets A and B) and 4.15

(Sets C and D).

4.2 Experimental Results

Table 4.2 is a comprehensive representation of the results obtained
from all the four sets of experiments. Figures 4.1 through 4.7 show
graphs of selected measures of performance for Sets A and B as a function
of the number of soaking pits., The total variable cost curve depicted
in Figure 4.7 has a shape that was expected and is characteristic of

cost curves. The penalty for not having sufficient reheating capacity
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far exceeds the extra cost incurred by erring on the safer side, that
is, having excessive reheating capacity. Set A has a unimodal curve
with a minima for sixteen pits while Set B has a minima for fifteen
pits; see Column 18 of Table 4.2. There appears to be a random error
in the experiment conducted for seventeen pits in Set B. As mentioned
earlier, the total cost curve was the slowest to converge and no doubt
better results can be obtained by increasing the length of each run,
say, upto two thousand hours. Moreover, the error is of the order of
two percent of the expected value which is an acceptable figure.

A noteworthy point is that an idle mill contributes the largest
towards increasing the cost per ton. Fuel cost, capital cost and main-
tenance cost together constitute only about fifteen percent of the total
cost. This is to be expected as the entire production of the rolling
mill complex has to pass through the blooming mill at first and the
maximum number of the working hours for the bleooming mill itself con-
stitutes an upper limit for production. Thus, any effort aimed at re-
ducing mill idle time would be rewarding. Further, it is observed that
the cost of sérvice, namely, fuel, capital expenditure and maintenance
increases monotonically with an increase in the number of soaking pits.
However, the cost of waiting for this service does not decrease monoton-
ically as was hypothesized. This anomalous behavior can be explained
as follows.

Figure 4.6 shows a steep increase in production rate till the
optimum value of the number of pits is reached. Thereafter, the pro-

duction rate is obviously limited by mill and crane performance and the
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curve flattens out. With the production rate being fairly constant, the
only factor that can increase the downtime cost is an increase in the
idle time of the mill. Each time the mill completes processing a pit-
load of ingots, several conditions have to be fulfilled before it can
commence processing the next pitload of ingots. For instance, a pitload
of ingots has to be ready and waiting and at least one crane has to be
free and functioning. The mill itself must not be due for any change

of rollers or overhauling. Thus, there is a chance of the mill being
idled for one reason or the other after it rolls a pitload of ingots.

It must be recalled that mill breakdown during operation on a pitleoad

of ingots has been excluded from the model.

It follows then that with a constant output rate, increasing the
number of pits would result in a reduction in the utilization of soaking
pits and, a greater number of pitloads would be supplying the same number
of ingots. Figure 4,16 shows the mean utilization of soaking pits falling
with an increase in the number of pits. As a result, a larger number of
interactions take place between the entities of the system resulting in
a slightly increased downtime. The cost of downtime per ton of finished
steel, therefore, increases slightly (Column 17 of Table 4.2) with an
increase in the number of pits after the minima for the total cost curve
has been reached.

Pit utilization in the vicinity of the minima appears to be more
steady than when away from it; see Figure 4.16. This reinforces the
general conclusion emerging that in the region of the minima the sensi-
tivity of the system to changing number of pits is not as great as when

away from it. The waiting time of ingots is hardly affected by increasing
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the reheating capacity in both Sets A and B. However, the waiting time
of pits before being drawn varies linearly as the number of pits, see
Figure 4.2 and Columns 4 and 5 of Table 4.2, The average number of
ingots in queue, likewise, undergoes marginal reduction in both Sets A
and B but the number of pits in queue registers a steep linear increase
with the number of pits, see Columns 6 and 7 of Table 4.2 and Figure 4.3.
Contrary to expectations, increasing the number of pits does not de-
crease the tracktime and hence the heating time significantly. However,
a three percent decrease in heating time (Columm 9) for ingots arriving
from steelworks only has been effected in Set B where the ingots were
charged on a LCFS basis. Inspite of this, the minimum variable cost

for both the sets remains almost equal. The average number of ingots

in the system has registered an increase of about eleven percent over the
entire range of experiments in both Sets.

A point of contrast between Sets A and B is that prior to the optima
being reached there is a significant difference between the values of
most of the measures of performance. This difference between the cor-
responding points for the two sets narrows as the optima is reached and
thereafter the curves for both the sets practically coincide. Thus, the
service discipline has an effect, if there are less than the optimal
number of pits in a steelworks.

A comparison will now be made between the results obtained via
simulation and those obtained by the analytical model discussed in
Chapter II. As discussed earlier in this Chapter, mill idling is caused

by one or more of the following three factors:
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1. A crane not being available for drawing owing to mechanical ox

electrical failure.
2. The blooming mill being inoperative for similar reasons.
3. No soaked ingots being available for drawing.
The analytical model, however, deals only with the third contingency
mentioned above. The total fractional mill downtime owing to the first
two factors can be calculated with the help of set algebra and the data
provided in Tables 3.2 and 3.3. The resulting 'unavoidable' mill down-
time is given in Table 4.3. These values added to the calculated prob-
ability of 'no hot steel' for varying number ‘of pits according to the
laws of set algebra give the total fractional mill downtime analytically,
The same table also lists the fractional 1%st time owing to all three
factors, obtained during the simulation runs for Set A. Figure 4.8
shows plots of the theoretical and simulated values with increasing number
of pits. The theoretical values form an exponential curve that is as-
ymptotic té the line parallel to the x-axis representing mill idling
due to crane and/or mill breakdowns. The simulated curve is a more
optimistic curve and is expected to be asymptotic to the same line. That
this curve goes below the asymptote at all could mean the precision of
the simulation model can be further improved upon.

The results for Sets C and D shown in Figures 4.9 through 4.15 will

now be discussed with particular emphasis on those aspects where these
sets differ from Sets A and B, In Sets C and D, the interarrival times

as well as the crane and will breakdown durations all have Erlang 4 type



Table 4.3 Comparison of Analytical and Simulation Results in Set A

No. Calculated Fraction of Total fractional Total fractional
of probability run time lost lost time lost time
pits of 'no hot due to other calculated during
steel' reasons analytically simulation run
12 0.05537 0.0465 0.10187 0.0650
13 0.03350 0.0465 0.08000
14 0.01910 0.0465 0.06560 0.0454
15 0.01026 0.0465 0.05676 0.0453
16 0.00519 0.0465 0.05169 0.0436
17 0.00248 0.0465 0.04898 0.0443
18 0.00112 0.0465 0.04762 0.0446
19 0.00048 0.0465 0.,04698

20 0.00019 0.0465 0.04669 0.0452
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Figure 4.8
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distribution instead of the exponential distribution used in the carlier
Sets. However, the remaining parameters for the distributions are the
same as before, in both Sets C and D. The resulting distribution curves
pass through the origin and are more skewed to the right than the ex-
ponential curve. A readily discernable effect of this is the vastly re-
duced intake of 'hot' ingots into the system. Whereas cold ingots from
the bank constituted a mere twenty two percent of the input into the
system in Sets A and B, this wvalue rose fifty four percent in Sets C

and D. A natural corollary to an increased intake of cold ingots is the
increased value of the average heating time of all ingots, (Column 9 of
Table 4.2) and a corresponding increase in the fuel cost (Column 14) for
both Sets C and D. The increased transient time (heating time) of the
pits would naturally result in a smaller number of pits waiting to be
drawn. Comparing Figures 4.3 and 4.11, it is apparent that for the first
two Sets with twenty pits in the system, the mean number of pits waiting
to be drawn is about 10,75, see Column 7 of Table 4.2. The same value
for Sets C and D is 8.95. These figures indicate that in the latter two
sets, the mean number of ingots in queue has decreased by almost fifty
percent.

Crane utilization for all sets remains roughly at about the same
level, Figure 4.9. The output rate for Sets C and D has decreased by
about five percent which probably contributes heavily to the almost
hundred percent increase in the downtime cost per ton, see Columns 13,
17 of Table 4.2 and Figure 4.14. Other factors contributing tc the

increased downtime cost would be the longer durations of mill and crane
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downtime owing to the shape of the Erlang 4 distribution curve. Both
capital and maintenance costs are a little greater than in Sets A and
B beéause of lower output rates. The penalty for not having sufficient
reheating capacity is much greater, as a percentage of the minimum cost
per ton, for Sets C and D. The minimum numbers of pits for Sets C and

D are at sixteen and seventeen, respectively.
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CHAPTER V
SUMMARY AND CONCLUS IONS

Steel is the backbone of industrialization and operations research
techniques can be profitably applied to integrated iron and steel plants.
The current trend is towards a high degree of automation to reduce the
cost of finished steel. For purposes of analysis a steel plant may be
divided into (1) the 'productive' units such as the blast furnaces,
steelworks and rolling mills; and (2) the "non-productive' units such
as the molten metal mixer and the soaking pit complex. The latter are
often neglected by operations researchers. Yet, these are the very
areas in which cost reductions can be effected, or alternately, a
neglect in these areas could lead to avoidable delays in the productive
units. |

Figure 1.1 is a process flowchart of an integrated iron and steel
plant. The mixer which is an intermediary unit between blast furnaces
and steelworks, has metallurgical as well as logistical uses. The
soaking pits (hereafter referred to as pits) reheat the ingots produced
by the steelworks to the required degree of plasticity before they are
processed by the blooming mill. TIn addition, the pits reheat cold
ingots stored in an ingot bank. These cold ingots comprise an excess
of production by the steelworks and/or special purpose ingots imported.
The layout of a typical pit-mill complex is depicted in Figure 1.2,

The capacities of the mixers have to be carefully calculated taking

into account future expansions, if starvation of the steel furnaces is
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to be avoided. The reheating capacity of the soaking pits, likewise,
has to be carefullv optimized and that is the problem dealt with by
this investigation.

The soaking pit area can become a bottleneck if the various com-
ponents are not carefully designed. There must be ample trackage
making the pits highly accessible and the tracks must avoid crossing
each other as much as possible. Often there is an attempt to economize
on capital intensive soaking pit facilities. Sometimes the mean out-
put rate from these pits may match or even exceed the mean rolling rate
of the blooming mill: but unless the stochastic nature of the ingot
reheating process is accounted for, there could be spells of mill
starvation. The seriousness of this condition can be comprehended,
if it is realized that the blooming mill, by virture of the limited
amount of productive time available per year, constitutes an upper
limit to production. Increased mill downtime would result in decreased
output and loss of customers. In addition, the cost of mill idle time
and other connected units and labor as well as overheads would have to
be absorbed by this decreased production thereby increasing the price
of finished steel.

Though the objectives of the several authors in this field are
diverse, the basic aim has been to increase the efficiency at some point
or the other. Brancher, Stringer and Savage [4] have brought about
substantial reduction in tracktime by a judicious application of the
critical path method. A similar end has been achieved by Hindson and

Sibakin [9] with greater attention paid to the correlation of mill drafts
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with the ingot temperatures and the number of passes required. The
general consensus among the above authors seems to be that a more
thorough knowledge of ingot heat transfer phenomena could lead to further
economies in soaking pit practice. The mathematical approach proposed
by Kung, Dahm and DeLancey [10] seems to fill this need but is cumber-
some to use. The cyclic queueing approach proposed by Posner and
Bernholtz, in arriving at an expression for the probability of the mill
being idle for want of hot steel, is the most promising vet because of
the simplicity of the final expression. However, the question of its
validity remains, since it does not consider several factors, such as
the interactions between the cranes, pits and mill, which affect the
operating characteristics of the system.

So far, it has been recognized that the process of reheating of
ingots would cause expensive mill idling if due attention is not given.
On the one hand, the reheating facilities could be expanded with a
corresponding increase in the cost of this service. On the other hand,
savings could be effected by decreasing the waiting time of the ingots as
well as the idling time of the mills. The optimal reheating capacity
would be the breakeven point for decreasing and increasing costs. The
objective of this study is to find an economic basis for optimizing on

the reheating capacity of the soaking pits.

5.1 Statement of the Problem

The system as investigated consists of the pit area with the
auxilliaries. Four steel manufacturing furnaces supplying freshly cast

'hot' ingots and an ingot bank for 'cold' ingots form the boundary of
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the system on the input side, and the blooming mill on the output side.
A series of soaking pits installed in a row is placed in a building
adjacent to the blooming mill. Two overhead traveling cranes spanning
the pit area and all the tracks charge incoming ingots (hot and cold)
into the pits and when a pit is ready to be drawn, the ingots are re¥
moved, one by one, onto the ingot chariot. The ingot chariot plying
between the pit being drawn and the mill table conveys the soaked ingots
one at a time to the mill, keeping pace with the mill rolling rate.

The following objectives are to be aimed at in the design and oper-
ation of a modern soaking pit: (1) Total metallurgical control ovér the
ingots being reheated; (2) Minimum capital expenditure and maintenance
cost; and (3) Compactness and ability to keep pace with the mill. No
compromise can be made as regards the first objective. The second calls
for reduced expenditure and a compromise will have to be reached between
the second and the third objectives as the third implies increased
expenditure,

The pit area can be represented as a closed cycle with a single service
station (blooming mill with an overhead crane) and m units (soaking pits)
needing service moving in a cyclic fashion. Each soaking pit holds a
certain number of ingots. The service time is the time during which a
crane draws all the ingots from a pit and the mill completes processing
them. This service time is asgumed to have an exponential distribution.
Immediately on completion of service, the unit (pit) commences on its
'transit' time. The transit time is the sum of the time taken to re-

charge the pit with hot or cold ingots and the reheating time. The pit



then joins the queue awaiting service, with the maximum queue length

being m.

Prior to constructing a simulation model, it must be declded as to

which responses

need to be studied. Collection of the following

statistics and measures of performance should give an insight to the

response of the system as a whole with changing number of pits:

1. Mean number of ingots in the system.

2, Mean utilization of cranes and pits.

3. Mean number of ingots waiting to be charged.

4. Mean number of pits waiting to be drawn.

5. Mean waiting time of ingots in queue before being charged.

6. Mean waiting time of pits in queue before being drawm.

7. Mean heating time of ingots.

8. Associated costs involved in the process.

The cost analysis of the system involves the recognition of the

factors that contribute towards increasing the cost of finished steel

as a result of the ingots passing through the system. Broadly, the

factors can be divided into two categories; (1) a fixed cost that does

not vary with the reheating capacity, and (2) a variable cost that

varies with the
function of the
(1) the capital
(2) the cost of

the maintenance

reheating capacity. The variable cost which is a
varying reheating capacity may be subdivided into;

cost of adding a soaking pit with all its auxilliaries;
operating the pit such as labor, fuel and power; (3)

cost for the pit including the cost of repair materials

and labor charges; and (4) the cost of an idle blooming mill.

80
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The sum of these cost factors is the total variable reheating cost.
The objective of this study is primarily to find the value of the
number of pits for which the total variable cost per ton is a minimum.
In addition, the nature of the variation of this cost with changing
number of pits will be investigated to study the penalties incurred

by not operating with this optimal reheating capacity.

5.2 Development of a Simulation Model

The system boundaries are first demarcated. On the input side the
batch arrivals from the four furnaces of the steelworks as well as the
maintenance cycle of these furnaces comprise the boundary. Cold ingots
from the bank are assumed to be always available at the pit area for
charging. On the output side, the blooming mill and its breakdown
cycle form the boundary. The entire soaking pit operation forms the
body of the system. The ingots, steelworks furnaces, soaking pits,
cranes and blooming mill are the entities. Their attributes and activities
are listed in Table 3.1. The method of 'discrete - event simulation'
has been adopted. The principle events considered in the simulation
are:

1. The arrival of a batch load of inpgots.

2. The arrival of a furnace overhauling contingency.

3. The end of reheating of a batch of ingots by a pit.

4, The end of drawing and charging a pit by one of the cranes.

5. The earliest time the blooming mill is free after rolling a
pitload of ingots.

In addition, the program computes the required measures of performance
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at specific intervals. When the system has reached a steady state,

all statistical arrays are reinitialized as only &he steady state re-
sults are of interest. At the end of the simulation run, the program
prints out all the measures of performance accrued. The entire process
is accomplished with the help of 10 user-written and 23 standard
GASP-IIA subroutines. Several options have been instituted in the
program to simulate a variety of situations (see Appendix C).

The simulation is performed under the following assumptions;

1. All parts of the complex are assumed to be uniformly active
around the clock. No allowance shall be made for a decreasing rate of
activity during shift changes.

2. The pit maintenance time has not been considered owing to
insufficient data.

3. Crane traveling time between pits has not been deemed signifi-
cant enough to warrant inclusion in the model.

4, The firing rate for a pit walting to be drawn is 20 percent of
the full firing rate. This heat is supplied only to make up for heat
losses from the waiting pit.

5. As a policy of preventive maintenance is followed, not more
than one furnace is idle at any time. Time allowances are not made for
breaking in a newly lined furmace,

6. Only preventive maintenance is performed on the cranes. Thus
a crane may be idled only after completing the drawing of a pitload of
ingots and recharging the pit. The probability of a breakdown in the
course of servicing a pit is low enough to be neglected. This is also

the case with the mill.
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7. The crane operators are assumed to have full information about
the pits' status. They know which of the pits are ready to be drawn
and the order in which the pits become ready. Thus the pits can be
serviced on a first-come, first-served basis.

8. A pit cannot hold more than 16 ingots.

9., No allowance is made for the time taken to strip the arrived
ingots. This is presumed to be included in the constant of the heating
time formula.

A linear relation of the form y = mx + ¢ is used to compute the
heating time of the pitloads of ingots, where y is the héating time,

x the track time and m is a constant. The values of m and ¢ depend on
several variables such as the shape and size of ingots, the rate of
firing, the ambient temperature, and the type of rolled products, and
composition of steel. Considering the constraints in this particular

simulation, the expression becomes

y = 1.06 (track time) + 1.75
Figure 3.3 shows the relation between the track time and the heating

time.

5.3 Experimental Investigation

This investigation comprises four sets of experiments. In each
set several experiments have been run in the region of the minimum by
changing only the number of pits In each experiment. Sets A and B have
the same parameters for the system except that the service discipline
for arriving ingots is FCFS in Set A and LCFS in Set B. These two sets,

however, differ from the Sets C and D in the arrival, mill and crane
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breakdown distributions. Furthermore a comparison has been made between
the results obtained from Sgt A and the analytical results.

The important factors (independent variables) used in the simulation
are listed in Table 4.1 for each of the four sets. Strictly speaking,
any factor that is randomly distributed, is said to be uncontrolled.
However, a degree of control has been instituted by specifying historic
data as parametric values. The distribution for interarrival times
of ingot batches as well as those for mill and crane breakdowns are of
this type. Some other factors have been totally controlled because it
is desired to study the effect of these particular levels of the factor
on the system. The service discipline for ingots, the minimum number
of ingots charged to a pit, and the service discipline for pits waiting
to be drawn are totally controlled. Except for the number of pits in
each experiment, all factors in the system are qualitative as they
merely serve to increase the accuracy of the model.

The determination of the onset of steady state for experimental runs
has been dome on the basis of an equilibrium being reached between the
rate of ingots entering the éystem and the rate leaving it. Pilot runs
made for each of the four sets indicate that this equilibrium is generally
reached after 50 to 60 hours have passed on the simulation clock. However,
the prime response, namely, the total variable cost per ton, does not
stabilize sufficiently for about a thousand hours. Since the initial
conditions for the system for all the experiments have been kept iden-
tical, it has been conservatively assumed that steady state for all

experiments would have been well established by the time a hundred hours
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have elapsed on the simulation dock. Thus, resetting has been done

at a hundred hours for all experiments. The length of each experiment
hag likewise been decided after observing the fluctuation of the prime
response. A period of 1500 hours on the simulation clock has been
deemed sufficient on a trial-and-error basis. All statistics collected
are cunulative and random errors can be further eliminated by increasing
the run time. The various seed values for the generation of random
numbers have been kept identical in all the experiments, not only to
help predetermine the time it takes to reach the steady state, but also
to sharpen the contrast between computer runs,

In each set, the minimum number of soaking pits has been assumed
to exist between twelve and twenty. A sequential search has been con-
ducted first, followed by an exhaustive search in the vicinity of the
minimum. This procedure has resulted in seven experiments being run

in each set, twenty-eight in all.

5.4 Analysis of Results

Considering Sets A and B, it is seen that the total cost curves for
both sets have the expected unimodal shape, see Figure 4.7. The curves
converge near the minimum and thereafter, run very close to each other.
Thus the service discipline matters only when there are less than the
optimal number of pits. The initial slope indicates that the cost of
heating rises steeply if the number of pits in the system is reduced
below the optimal number. At the optimal value of sixteen pits for
Set A and fifteen pits for Set B, the total variable costs are practically

equal, indicating that the service discipline does not play an important
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role in reducing the minimum cost per ton or shifting the minimum point.
The almost flat region near the minimum and to its right indicates that
the decision to operate with a certain number of pits is not critical
provided the minima is kept as a lower limit.

If the possibilities of pit failures and relining are considered, it
is expected that the result would have only been a shift of the minimum
point of the curve to the right along the x—axis by a quantity equal to
the number of pits being down on the average. The minimum cost might
have been higher than in the present case. Further, as may be seen from
Table 4.2, the major influencing factor for the total cost curve is the
mill downtime, accounting for more than 85 percent of the total cost
while capital, fuel, and maintenance costs contribute the remainder.
This fact, though explicit in this table, does not impress vividly in
real life situations where management would yet balk from spending
about $400,000 on a single soaking pit.

Crane utilization appears to be fairly constant in both Sets A and
B at all levels of the prime factor as Figure 4.1 depicts. How much
of the mill idle time has been due to non-availability of cranes is a
question that remains to be answered. Experiments conducted with crane
operation rules, other than the ones used in this model, may shed some
light on that aspect. The number of soaking pits waiting to be drawn
increases linearly at the rate of almost an additional pit inqueue for
an increase of ome pit in the system, see Figure 4.3. Also, the waiting
time of pits increases linearly at the rate of almost an additional

hour for an increase of two pits in the system within the range of the
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investigation. One would expect that the fuel cost would accordingly
increase to make up for heat lost while waiting to be drawn. Column 14
of Table 4.2 shows this to be true but not significantly so. However,
a portion of this increase would be due to the declining utilization

of pits as seen in Figure 4.16.

The waiting time of ingots does not seem to be affected by increasing
the number Qf pits, see Figure 4.2. Production rate increases only till
a little before the optimal number of pits is reached and then remaiﬁs
very steady thereafter. This is in keeping with the model characteristics
wherein an upper limit to production is inbuilt owing to the mill rate.
Thus, after the optimal pit number is passed only marginal decrements
occur in mill idle time. 1In fact, the downtime soon begins to increase.
At this stage an anomolous situation is faced because it is reasonable
to expect that the mill idle time would decrease monotonically with an
increase in the number of pits. The reason for this increase is the
decreasing utilization of pits with an increase in their number in the
system, see Figure 4.16. There is always the probability of some idle-
time between the drawing of consecutive pits because a crane or the
mill itself may need repair and in-process breakdowns have been excluded
from the model. If processing a pitload of ingots is considered as a
'transaction', then it follows that with an increase in the number of
transactions, mill idling probabilities increase after a minimum is
reached,

A comparison between results obtained from the analytical method

introduced in Chapter II and the simulation results for Set A is of
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interest. The analytical model consider: mill idling only due to the
non-availability of soaked ingots. A constant calculated from his-
torical data in Tables 3.2 and 3.3 according to the laws of set algebra
represents mill idle time due to mill and crane failures. This con~
stant could be added to give the total mill downtime, see Table 4.3.
Figure 4.8 depicts the theoretical curve to be asymptotic to the line
parallel to the X-axis representing this constant value. The downtime
curve obtained from simulation results has roughly the same shape but
represents significantly more ‘optimistic' values. That this curve goes
below the calculated asymptote at all could mean that the accuracy of
the simulation program could be further improved upon.

The results for Sets C and D are much the same as the first two
sets with a few differences. The minimum number of pits are at sixteen
and seventeen, respectively. The Erlang 4 type distribution used for
generating interarrival times and cr%he and mill breakdown duratiocons,
causes a vastly reduced intake of hot ingots into the system. The in-
take of cold ingots is thereby increased from about 22 percent for Sets
A and B to about 54 percent for Sets C and D. C(Consequently, the average
heating time of the ingots has incfeased (Column 9 of Table 4.2) along
with the fuel cost (Column 14). A natural corollory td increased transient
time is the reduced number of pits waiting in queue, see Figure 4.11.
The almost hundred percent increase in the total cost curve for Sets C
and D may be attributed to the five percent decrease in production as
well as the longer durations of crane and mill downtimes owing to the

shape of the Erlang 4 curve., There is a proportionate increase in the



89

penalty for insufficient reheating capacity but the nature of the cost

curve remains the same as before.

5.5 Conclusions

In the case of the exponential interarrival, crane and mill break-
down times, the penalty for having a particular number of pits less than
the optimal value is far greater than having a similar number of pits in
excess. This is because the cost per ton curve flattens out after the
minima is reached. As the idling and overhauling of pits has not heen
considered, it would be prudent to have ome or two more pits than the
optimal number arrived at in each set.

If the above mentioned distributions are of the Erlang 4 type, the
penalty for less than the optimal is even more promounced.

Other factors remaining constant, the service discipline for
charging the ingots may be FCFS or LCFS with very little advantage to he
gained by using the one or the other. However, LCFS is better economically
if the number of pits 1n the system is less than the optimal and the
distributions are of the type as in Set A,

The factor that larpely contributes towards increased total variable
cost is the idling of the blooming mill. Any effort towards reducing
this idling of the mill would be profitably directed. Even a small re-
duction in mill idle time offsets the extra costs incurred by increasing
the reheating capacity. In this context, it is profitable to undertake
preventive maintenance action on the cranes whenever the blooming mill
is idled for change of rolls,

The probability of the mill being idle calculated according to the
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analytical model is a pessimistic value when compared with the simulation

results,

Future Research. Tt would be interesting to study the econonies

of having two blooming mills processing the ingots in parallel and/or
more than two cranes operating In the soaking pit area. The contingency
of the soaking pits needing overhaul might be included in the model after
collecting sufficient data on the repair cvcle. The computer program has
several options incorporated in it and multifactorial experiments may

be performed to determine the sensitivity of the responses to changing

factor levels.
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APPENDIX A
PROGRAM VARTABLES

This Appendix includes (1) Non-GASP variables that are quantitative
factors with the values used in the experiments, and (2) GASP-IIA data
card variables and their definition and curremt wvalues. All Non-GASP

variables are described in the listing of the computer program in

Appendix C.



Following 1s a list of Quantitative Factors used in the Computer

Program.

NPIT Number of soaking pits in the experiment.

INDEX Minimum number of ingots charged to a furnace.
(INDEX < INGMAX) where INGMAX is the maximum number of
ingots chargeable.

ABC Time it takes to process an ingot by the blooming mill
such that

ABC = 0.0278 Hours.
BBC Average time taken to charge an ingot to a pit such
that
BBC = 0.0150 Hours.
CEC Maximum heating time for an ingot bateh such that
CBC = 6.0 Hours.
AMT2 ,XMT1 Upper and lower limits for the number of heats a furnace
puts out before going in for relining such that
XMT2 = 21.0, and XMT1 = 10.0.
XWT Net recovery weight for an ingot such that
IWT = 3.5 Tons. |
XHRS Maximum available working hours in a year such that
XHRS = 8000.0 Hours.

- BDNMIL Fraction of time the mill is not functioning from
past data such that

BDNMIL = 0.044.



BDNCRN

PCOST

FCOST

BIMCST

OPPCST

XMCST

NUMBER(I)

CRMAX , CRMIN

XMLMAX , XMEMTN

Fraction of time the crane is not functioning from
past data such that
BDNCRN = 0.051.
Capital cost of a pit per year such that
PCOST = $31666.66.
Fuel cost in dollars per pit per hour of operation
at high fire such that
FCOST = $7.87.
Blooming Mill downtime cost per hour such that
BLMCST = $671.0
Cost of lost opportunity per hour such that
OPPCST = $230.0.
Maintenance cost per pit per ton of finished steel
such that
XMCST = $0.39.
Number of ingots in the I-th type of arriving ingot

batch (I 5 4)

NUMBER(1) = 27,
NUMBER(2) = 28,
NUMBER(3) = 41,
NUMBER(4) = 42.

Upper and lower limits for crane breakdown durations
if optional uniform distribution is used.

CRMAX = 0.7, and CRMIN = 0.5.
Upper and lower limits for mill breakdown durations if
optional uniform distribution is used.

XMLMAX = 0,48, and XMLMIN = 0.3.
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ARTMAX , ARIMIN

QLMT

POWER

COEF

CONST

INGMAX

96

Limits for interarrival times if uniform distribution
is used.

ARIMAX = 3.5, and ARLMIN = 3.0.
Queue length limit for arriving ingots (optional).
Exponent value for queue limiting factor (optional).
Co-efficient of track time in the Heating Time Formula
such that

COEF = 1.06.
Constant value in the above formula such that

CONST = 1.75.
Maximum number of ingots that may be charged to a
pit such that

INGMAX = 16.

Following is a list of GASP - II A data card variables and their

definition and current values.

Data Card Type 1: TFORMAT (6A2, T4, 12, 12, T4, T4)

NAME

NPROJ

Programmer's name.
Project number.
Month number.

Day number.

Year number.

Number of simulation rums to be made.
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Data Card Tvpe 2: TFORMAT (10I5)

NPRMS Number of sets of parameters to be used in simulation.
NPRMS < 20

NHIST Number of histograms required for this simulation.
NHIST < 20

NCLCT Number of wariables for which statistics are collected

in subroutine COLCT. NCLCT < 25

NSTAT Number of variables for which statistics are collected
in subroutine TMST. NSTAT < 25,

ID Number of columns in the filing array NSET.

M Maximum number of attributes of a fixed point type as-

sociated with any entry of the filing array. IM < 7.

NOQ Number of files contained in the filing array. NOQ < 14.
MXC Largest number of cells to be used in any histogram.

MXC < 30.
™M Maximum number of attributes of a floating point nature

associated with any entry of the filing array. IMM < 8.

Data Card Type 3: FORMAT (14I5).

If NHIST is greater than zero, the number of cells for each his-
togram used is initialized from this data card. The GASP variable
NCELS(K) is the number of cells in histogram K, not including the end
cells. NCELS(K) < MXC - 2 always. 1If no histograms are used in a
simulation, this card is not used. 1In the current program, the fol-

lowing relation holds absolutely,
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NPIT = NHIST = NSTAT - 5; NCLCT = 3
The format specification for Data Card Type 3 allows only 14 values
per card. One card of this type is required for each 14 histograms or

fraction thereof.

Data Card Type 4: TFORMAT (1415).

There are as many values in this card as there are number of
files. KRANK (J) is the wvariable that determines the attribute on

which file J is ranked. If KRANK (2) = 3, File 2 is ranked on ATRIB (3).

Data Card Type 5: FORMAT (1415).

This card reads values for the vector INN, 1If INN(J) = 1, File J
will be serviced on a "first—in, first-out' basis. If INN(J) = 2,
File J will be serviced on a '"first-in last-out' basis. INN values
have to be used in conjunction with KRANK wvalues. INN(2) = 1 and
KRANK(2) = 3 specifies that file 2 entries with smaller values of
ATRIB(3) are serviced earlier. Thus KRANK(1l) = 1 and INN(1) = 1 ensures

that events are ardered chronologically.

Data Card Type 6: FORMAT (4F10.4).

This card is needed only if parameters are used in the simulation;
i.e., NPRMS > 1. Parameters are stored in the array PARAM. Normally,
PARAM contains parameters of statistical distributions from which
samples are to be obtained during the simulation run. There are NPRMS

cards of Type 6.
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Data Card Type 7: FORMAT (416, 2F10.3, I4).

This card is used to initialize control variables that may change
from run to run. The variables are:
MSTOP Method employed to stop simulation.
0 End-of-simulation event has been furnished by
programmer
+ Simulation ends when TNOW > TFIN
— Simulation run is completed and final reports
should be given, if requested.
JCLR Index to clear statistical array from run to run.
< 0 Accrue data. Do not clear statistical storage
areas.
1 Clear statistical storage areas.
NORPT Control for summary report.
0 Final GASP summary to be printed.
1 No final summary reporting required.

NEP Starting card number for reading in data for the next

simulation run.

TBEG Beginning time of simulation run, i.e., initial value of
TNOW.

TFIN Ending time of the simulation run only if MSTOP is positive.

NSEED Number of seed values used in generating sets of random

numbers. NSEED < 8.

Data Card Type 7A: FORMAT (817).

This card 1s used only if NSEED > 0. Each value forms the seed

from which a set of random numbers are generated by FUNCTION DRAND.
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Only one card is needed as NSEED < 8.

Data Card Type 8: FORMAT (8110), FORMAT (8Fl0.4).

This card is used to initialize the filing array and to insert
initial entries into it. Each entry into the file needs two cards.
The first card contains the file number and the fixed point attributes
(JTRIB). The reading in statement is:

READ (NCRDR, 1110) JQ, (JTRIB(JK), JK = 1, IM)
where JQ is the File number. If JQ is negative, the entire filing
array is initialized. If JQ is positive, the values of JTRIB are in-
serted into an entry in File JQ; FORMAT(8I10). Thus the maximum number
of fixed point attributes that can be had is 7. The next card to be
read in the same cycle of the DO loop contains floating point variables;
FORMAT(8F10.4). Thus ATRIB(8) can be the last wvalue. Since GASP re-
quires at least one initial event to start the simulation, at least one
entry is read into File 1. A JQ value of zero signals that all initial-

izing entries have been read in. This is the last of the GASP IIA input.
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APPENDIX B

COMPUTER PROGRAM FLOWCHARTS

This Appendix includes the detalled flowcharts of the computer
program used to simulate the pit-mill complex. Only the user written
external subroutines have been included and none of the standard

GASP II-A subroutines.



102

MAIN

Define I/0 unit values

Read in values of
non-GASP variables

Define unique valued
non-GASP variables

Call GASP

Call RESLT

End

Figure B-1. Main Program



EVNTS

1,2,3,4,5,6),12
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[Z=1 1Z=2 I1Z=5 12=6

4
Call Call Call Call Call Call
ARRVL ENDHT ENDCRN OTPUT ENDRA RRESET

Figure B-2,

Subroutine EVNTS



ARRVL

A batch of ingots has just arrived from the steelworks

Generate a uniform random no. ANUM to decide the batch
size of ingots currently arrived

Is it
a 100 ton

furnace? No

Yes

104

Yes No
Batch Batch Batch Batch
size size size size
is 27 is 28 is 41 is 42

Yes

Call
MAINT

1s the

overhaul? No

Gencrate an interarrival time from
one of the available distributions

q
Schedule next arrival from the furnace

Figure B-3.

Subroutine ARRVL



Collect statistics for the
mean no. in the system,

Increase the no. in the system
by the no. arrived.

Collect statistics on the
ingot queueing file (# 2)

\

File away the newly
arrived ingots

\
Return

Figure B-3. Subroutine ARRVL (contd.)

105



MA

INT

Set the heat coun

t KALLEX to zero

Generate a random

no. to decide how

many heats the activated furnace will give

Schedule the arrival time of the first
batch of ingots from the activated furnace

Call F

ILEM

( Return )

Figure B-4. Subroutine MAINT
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ENDHT

mill functioning?

lias mill
finished processing
previous pit?

Is crane
ith higher priority
idle?

Is crane
ith lower priority
idle?

107

Take pit statistics
Take statistics on file # 3

Put pit to idle and
file it in file # 3

‘ Return )

Figure B-5 Subroutine ENDHT
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Put crane
to '"idle!
‘;_Collect pit statistics //
; 5 Take crane
b]
Put pit to idle A
Put crane
y A to 'idle' >

At least
'INDEX' ingots in
queue?

Yes
a

More than
'INGMAX' ingots

in queue?

Charge 'INGMAX'

Charge whatever Charge INGMAX cold
ingots only

is left in queue ingots form ingot bank

| I
v ‘ /

Collect ingot queue statistics Update X1SYS the no. of
ingots in the system

h 4

Remove ingots from queue

0

Figure B-5. Subroutine ENDHT (cont’d)




g

¢

Compute track time and
hence heating time of batch

1G9

Generate the heating
time for the batch
from an available

Y

distribution

Accumulate the total htng.
time of all ingots charged

¥

Generate unloading time of pit
from available distribution

n

Compute fuel costs for pit in
'high fire' and 'low fire' states

N

Collect statistics on the no., of
ingots in the system.

4

Subtract departing no. from X1S5YS. Keep
cumulative total of departing ingots

s

Compute the total lost time of the
blooming mill thus far

Figure B-5, Subroutine ENDHT (cont'd)
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Update the histogram depicting the
frequencies of the no. of ingots per heat

h 4

Collect statistics on the idle time of
pit and then set it busy

\

Schedule an 'end of heating' event for
the freshly charged pit. JTR1IB(1l) = 2

N

Schedule the event of the crane being
freed (ENDCRN) in file # 1, JTRIB(1) = 3

h 4

Schedule the event of the mill being freed
(ENDRA) in file # 1. JTRIB(1) = 5§

( Return )

Figure B-5, Subroutine ENDHT (cont'd)
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ENDCRN

Crane just
freed need any

Yes repairs?

Generate a break-
down period from

one of available
distributions

Is mill
busy processing
ingots?

Yes

File the event of
crane getting
ready in File # 1

N

Collect statistics on Set crane idle
busy time of crane and
set it idle

A
Return

\

Collect statistics on
pit queue (File # 3)

Figure B-6. Subroutine LENDCRN
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Remove pit from queue

I

Collect statistics on
waiting time of pit

N

Compute cost of waiting

h A

Call ENDHT to process
pitload of ingots

( Return )

Figure B-6. Subroutine ENDCRN (cont'd)




ENDRA

Is the
mill to be
idled ?

\

Generate idle time
from an available Yes
distribution

Any
pits ready to be
drawn?

Schedule end of idle period

Set mill status indicator
NNDEX equal to 1

K\\ Collect statistics on pit queue ///

Remove pit from queue

\\\ Collect statistics on waiting time of pit ///

N

Compute waiting time cost

N

Call ENDHT to process the pit

' Return

Figure B-7. Subroutinc [ENDRA
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OTPUT

Schedule the next OTPUT event
XZ time units hence

\

Compute all measures of
performance to be printed when
RESLT is called

Print certain measures of
performance to keep track of
systemic behaviour

‘ Return '

Figure B-8. Subroutine OTPUT
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RESLT

Print out all the measures of performance
computed in OTPUT from time to time

Figure B-9., Subroutine RESLT

RRESET

Empty all statistical arrays

Re-initialize all non-GASP variables used
in computation of performance measures

Figure B-10. Subroutine RRESET
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APPENDIX C

COMPUTER PROGRAM LISTING

This Appendix contains a listing of the ten user written sub-

routines used in simulating the pit-mill complex.
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COMMON IDs IMp INITHJEVNTy JMNITyMFAy MSTOPyMXyMXC4NCLCT,
INHIST4NOQyNORPT gNOT 9 NPRMS y NRUNy NRUNS ¢ NSTAT y OUT 3 TNOW,
ZTBEGy TFINy MXXyNPRNT ¢ NCRDR y NEP o VNQU 14) 5 IMM4 MAXQS,
AMEXNS yATRIBI(1C) yENQ(14) 9 INN(14)4JCELS(20,30),
4KRANK(14),MAXNQ(Ll4) yMFE(L4),MLC(14),NCELS(20),NQ(14),
SPARAM(Z20+4) 2 QTIME(L4),SSUMA{Z5:5) 4 SUMA(Z25,5),NAME(6),
6NPROJ ¢ MON g NDAY ¢y NYR 9y JCLRyJTRIB(12) 5 IX{B),MLELL4)

COMMON IPIT,NPIT,NCRANEZ,ICRANE,BUSP(40),BUSC(2),
IXISYSyNINGOTITYPESNUMBER{10) 3 XARVD4NCOLD,y INDEX,SUMZ
2SUML , SSOMA(254+2) 9 XQ3 4 XQ2 s NHOT 4 NNDEX ITRIGyNZyLZyINDRA,
SKALLEX(4) yMTRTIG(4) y IFURyJFURyXMT 1, XMT2,TSZQyABC,BBC,
4CBC,y TTHEN, TLOST,,PCOST y XHRS ¢ XWT,FCOST,WTCOST,HTCOST,
SOPPCSTIVBKLIEOQO22)4EK(60Y,FK(H60) yGK{H0),HKL60),0K(60),
6PK(60),FUEL(60),CCOST(60), XMCOST(60),DTCOST(60),4XZ,
TTTLCST(60) 4 XRATIO(60) yPRATE(HD) s BLMCSTHATIME(60) 3 XMCST,
BEONMIL+BDONCRNe TTLWT 9 XOTPUT 2 TIEMyPBTWN(60) 3 XINRET(50)

COMMON INTARLyNCRUSTsNMLDST)ARLMIN,ARLMAX,CRMIN,CRMAX,
LXMLMINy XMLMAX ) QLMT y POWER yCOCF yCONSTICONT y INGMAXy INCHG

DIMENSION NSET(2000),QSET12000)

C*%%  FOLLOWING VARTABLES HAVE UNIQUELY ASSIGNED VALUES
C*xx NCRANE = NO. OF CRANES OPERATING ON PITS
C*¥x%x NNDEX = MILL STATUS(BROKEN DOWN OR NOT)INDICATOR

NCRDR=1

NPRNT=3

NCRANE=2

NNDEX=0
C e e 3 el ok e ke dede sie ke e e sl e sk e afe e e e e e e e sesde ofe e sl e afe sieale s ofe o ok sl el ofe e sl sk e sledle e
C * ¥
C % FOLLOWING ARE THE FIXcD POINT NON-GASP VARIABLES A
C % %
C * ¥%% DATA CARD TYPE ONE %% *
C * NCRDR = LOGICAL UNIT NO. OF THE INPUT UNIT 5
C * NPRNT = LOGICAL UNIT NO. OF THE OUTPUT UNIT *
C * NCRANE = NOe« DF CRANES OPERATING ON SOAKING PITS ®
C * NPIT = NJD. OF SOAKING PITS *
C * NHOT = ACCUMULATED NOs OF INGOTS PRODUCED BY THE *
c * STEELWDORKS DURING A RUN #
C * NCOLD = ACCUMULATED NO. OF INGOTS SUPPLIED BY THE *
C * INGOT BANK DURING THE RUN *
C % IV = SUBSCRIPT USED IN ACCUMULATING RUN RESULTS *
c * KALLEX({IFUR) = THE HEAT NO. OF THE FURNACE MNDe IFUR %
c * MTRIG(IFUR) = THE NO. OF HEATS AFTER WHICH FURNACE *
C * IFUR WILL BE OVERHAULED *
c * ITRIG = TIME AFTER WHICH FINAL RESULTS WILL BE *
C * PRINTFD *
C * JFUR = SERIAL NO. OF IDLED FURNACE X
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¥ INDEX = MINIMUM NOs OF INGOTS CHARGED TO A FURNACE i

# *

et o e e ok e ol e kol otk ok ol ke ook sololokolokokaololiol il i R ek
READINCRDRy40INPITyNHOTyNCOLD 11V,
L{KALLEX{ID)I1=1,3),{MTRIG(I),1=1,43),1TRIG,JFUR,yINDEX

40 FORMAT(1315)
e sl e e e o e e ok ke s e ool el el et o e st st e sl kol ot sl s e s ke e steofeok R ok ok

2
FOLLOWING ARE THE FLOATING POINT NON-GASP VARIABLES

%% DATA CARD TYPE TWO **x%

*
* #
* %
¥ %
& *
* X2 = TIME INTFRVAL BETWEEN COLLECTION OF PERFORMANCE *
* MEASURES *
* ABC MILL PRDCESSING TIME PER INGOT &
* BBC MEAM CHRRGING TIME PER INGUT *
* CBC MAXIMUM HEATING TIME FOR AN INGOT ¥
* *
* *
* *
* %
* *
* #*
* *
* %

"

oy

TTHEN = EARLIFST TIME AT WHICH MILL WOULD BE FREE
TSEQ = TIME WHEN PIT CURRENTLY BEING DRAKN WOULD
BECOME EMPTY

TLOST = ACCUMULATED LOST TIMEZ OF MILL DURING RUN
TIEM =SIMULATION CLOCK-UPDATED BY "XZI' WHEN OTPUT
IS CALLEDs INITIAL VALUE= ATRIB(1)-XZ

e 2 e e e e e e e e e ofe e ol e sle s A ofe dle g e e e e e sl e ok ok e e e e sl sfe s e sl e ol deole e ol el ke Ak
READ (NCRDRy45)XZy ABC, BBC,CBC, TTHEN, TSEQ, TLOST, TIEM
45 FORMAT(8F10a4)
St e o s e afe ke e dfeole e de e sle ol ol sl ol o 3R e e sje e e sfe e o sl e seofe ol e e s e sl e ot ol e e ok ofe e e el e el ok
*
*% DATA CARD TYPE THREE #x

ACCUMULATED HEATING TIMES OF INGOTS
ACCUMULATED WAITING TIME OF INGOTS IN PITS
LOWER LIMIT FOR THE NUs OF HEATS A FURNACE
CAN PRODUCE BEFORE BEING RELINED

%
*

* SUML

*

*

*

* KWMT2 UPPER LIMIT FOR THE SAME
%

%

*

*

*

#

Sumz
XMT1L

oo

XISYS = NOs OF INGOTS IN THE SYSTEM

XWT = NET RECOVERY WEIGHT FROM AN INGOT
XHRS = AVAILAPLE WORKING HOURS IN A YEAR
BONMIL = FRACTION OF TIME MILL I5 DOWN

303 6 3 3 9 3 H O9F 3 3

et ofe ok e s e ok el e e ek o s sfeol o e e e e el s ol okl ol ool ok o o ok sl kol ol el e sl sl ke

READ(MCRDR 45 YSUME pSUMZ o XMT Ly XMTZ9 XISYSs XWT 9 XHRSyBONMIL
e e e e e e ol e o s R o s o e ot e ol e o e el o s ol s st ol s o et o o ol e sl s ok s okl ok o ok ksl o ek

%* #
* ¥k DATA CARD TYPE 4 Ak ¥
-3 £
* PCOST = CAPITAL COST OF A PIT PER YEAR *
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*
&
*
=
*
%
se
*
%
%
%

FCOST = FUEL COST IN DOLLARS PER PIT PER HOUR AT *®
HIGH FIRE *

HTCOST = ACCUMULATED HEATING COST OF INGOTS AT HIGH =*
FIRE *

WTCOST = SAME AT LOW FIRE *
BLMCST = BLOOMING MILL DOWNTIME COST PER HOUR ¥
OPPCST = COST OF LOST OPPOTUNITY PER HOUR *
XMCST = MAINTENANCE COST PER PIT PER TON *
BONCRN = FRACTION OF TIME CRANES ARE DOWN *
*

e et sl e e e ol s o s e s ok e e ke ool sl o o ok e e ol o o ol e sl o ke st oo o e o

READ{NCRDR+45)YPCOST,FCOSTyHTCOST yWTCOSTyBLMCST,,OPPLST,

1XMCST,BDNCRN

s e o st ke e sl el o ol e e o e o e ot e e el o e e o ol ok e e o el el o ol o ol e ol o o ok e e e ok e

i
o
*
*
4
&
*
*
*
*
%k
%
k-
*
e
&
%

47

%%x¥% DATA CARD TYPE FIVE *%x¥%

NUMBER(I) = NDs OF IMNGOTS IN THE I-TH BATCH TYPE.
A MONUTONCUSLY INCREASING SERIESes

INTARL = TYPL OF DISTRIBUTION FOR INTERARRIVAL TIMES

NCRDST = TYPE OF DISTRIBUTION FOR CRANE BREAKDOWN
DURATION

NMLDST = TYPL OF DISTRIBUTION FOR MILL BREAKDOWN
DURATION.

I = UNIFORM 2 = ERLANG 3 = NORMAL

ARLMIMy ARLMAX = UNIFORM DISTs LIMITS FOR INTERARRIVAL%*

CRMINSCRMAX = DITTO FOR CRANE BREZAKDOWN DURATIONS %

XKMLMIN, XMLMAX = DITTU FOR MILL BREAKDOWN DURATIONS %
*

e e e e e e Aol deole o e Al o e ot e e e e sl ot e e ok e o e afe e o e e e o ofe e e e sl ol ofe el e ofe e ool ke ok

READINCRDR»&T) (NUMBER(I) yI=144) 9 INTARL NCRDST4NMLDST,

IARLMINyARLMAXCRMINJCRMAX s XMLMI Ny XMLMAX

FORMAT(4T44124211,6F10e4)

e s ke ke e sl e o e e s sl s el ol sl e o i o e ok e R e et ok et e s e e e e el e ke

O H R W B o 3 oa

XOTPUT = OQUTPUT INGOTS DURING RUN
ICONT = ONLY TF £QUAL TO I WILL LIMIT QUEUE LENGTH
INGMAX = MAXs INGODTS THAT CAM BE CHARGED TO A PIT

*

%% DATA CARD TYPE STX =% *

%*

QLMT = QUEUE LENGTH LIMIT *
POWER = POWER TO WHICH THE QUEUE LIMITING FACTOR IS *
RAISED #*

LOEF = COEFFICIENT OF TRACKTIME IN THE HEATING TIME =%
FORMULA ®

CONST = THE CONSTANT IN THE SAME FORMULA *
TTLWT = DUTPUT TONNAGE DURING THE RUN ¥
&

i

e

R EE R EEE R R

119
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INDRA = TYPE CF DISTRIBUTION FOR INGOT ROLLING TIMES *
INCHG = TYPE DF DISTRIBUTION FOR INGOT CHARGING TIMES*

1 = ERLAMG 2 = NORMAL #
*

k% e e o e s sl e e e sl e s ol s oo i e o o e ool e e o e ol e ek sl ol ol e e sl ol sk e el e e ek e kol ok
READ(NCRDR,y48)QLMT 3 POWER, COEF yCONSTyTTLWT 9 XOTPUT,
LICONT, INGMAX, TNDRAy INCHG ’

48 FORMAT(6F10+44415)

[aEeNaNaNel
# 3% ¥ ¥

C
C¥x¥%¥x ECHO CHECK THFE INPUT VALUES
C

WRITE{NPRNT,61)

61 FORMAT('0'," NPIT NHOT NCOLD [V,
it KALLEX(1) KALLEX(2) KALLcX(3) MTRIG(L) MTRIG(2)',
2' MTRIG(3) ITRIG JFUR INDEX')
WRITE(NPRINT5CINPITyNHOT 4 NCOLDsIV,
IT{KALLEX(I)31=243){MTRIG(I)yI=143)4ITRIG,JFUR,INDEX

50 FORMAT('0',13110/)

WRITE(NPRNT,62)

62 FORMAT('0"',"? Xz ABC BBC cBC Yy
it TTHEN TSEQ TLOST TIcMY)

WRITE(NPRNT 55 )X7 yABC+BBC,CBU»TTHENTSEQsTLOST,HTICM
WRITE (NPRNT,62)

53 FORMAT(YD",!? SUML Sumz XMT 1 XM1z2 1,
1' XISYS XWT XHR S BONMIL")

WRITE (NPRNT 955 )SUML s SUM2 o XMT Ly XMT 24 XISYSe XWT» XHRS, BONMIL
WRITE (NPRNT,6%)

64 FORMAT('0%,? PCOST FCOST HTCOST WTCOST ',
i' BLMCST OPPCST XMCST BONCRN?')
WRITE (NPRNT 955)PCOSTyFCOSTHyHTCOST o WTCOSTyBLMCST»UPPLST,
IXMCST,BONCRN

55 FORMAT('0'"y8F1044/)
WRITE (NPRNT,6%)

65 FORMAT('0', "**(NUMBER(I)yI=1,4)%% (ARL CRN MIL) AR?',
L*RIVAL LIMITS CRMIN CRMAX XMLMIN XMLMAX"®)
WRITE (NPRNT2SE) INUMBER(I)yI=144), INTARLyNCROSTyNMLDST,
1ARLMINy ARLMAX,CRMIN,CRMAXy XMLMIN, XMLMAX

56 FORMAT('0',71%5,6F10e4/)

WRITE (NPRNT,66)

66 FORMAT('D',? QLMT POWE COEF CONST ',

1'* TTLWT XOTPUT ICONT NGMAX INDRA INCHG')
WRITE (NPRNT s 57)QLMT 4 POWERyCOLEF o CONSTyTTLWT o XOTPUT,
LICONT s INGMAX, TNDRA, INCHG
57 FORMATI('0'46F1044,415//)
c

C*x*%x SET ALL CRANES AND PITS BUSY
C*xx INITIATE PIT STATISTICS VARIABLES{SSUMA)
L
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82

DO 8L I=1,NPIT
BUSP(I)=1.0
SSOMA(I417=0a.0
SSOMA(I42)=0.0
CONTINUE

DO 82 I=1,NCRANE
BUSCIIN=1.0
CONTINUE

NZ=NPIT

CALL GASPINSET,QSET)
CALL RESLTINSFT,QSET)
STOP

END
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SUBROUTINE EVMTS{IZ,NSET,QSET)

COMMON IDy IM, TNITyJEVNTy JMNIT sMFA,MSTOPy MX g MXC4NCLCT,y
INHIST yNDQ g NORPT ¢ NOT s NPRMS g NRUNy NRUNS ¢ NSTAT OUT » TNOW,
ZTBEGy TFIN g MXX s NPRNT y NCRDR y NEP yYNQ{14 ), I MM, MAXQS,
IMAXNSyATRIBULIO) yENQ(L4Y, INN(L4) 4 JCELS(20,30),
GKRANK(LI4) s MAXMQULIS) yMFE(LG) yMLC(14),NCELS{20),NQ(14),
SPARAM{20+4) s QTIME(L4S) 3 SSUMA(Z2595) 3 SUMA(25,5)yNAMEL &)
GNPROJMONyNDAY 9 NYR» JCLRHJTRIB(I2), IXUIBI,MLELLS)

COMMON IPIT,NPIT,NCRANE,ICRANE,BUSP(40),BUSC(2),
IXISYSyNINGOTy ITYPESNUMBER(LO) 3 XARVDyNCOLDy INDEXSUMZ,
25UML 9 SSOMAL2542) y XQ3 9 XQ2 ¢ NHOT JNNDEX,ITRIG,NZ 4L Z, INDRA,
BKALLEX(4) ¢y MTRTIG{ %)y IFURy JFURy XMT1, XMT2,TSEQ.ABC,8BCy
4CBCo TTHEN S TLOST yPLOST o XHRS 9 XW T FLOSTWTCOST,HTCOST,
SOPPLST,IV,BRKIEO2) ER{E0)FRKIG0),GR(60)HK(60)Y,0K(60),
6PK{60)yFUEL{6D) CCOST(ED) » XMCOSTI60) ,DTCOST(60) 4X7Z
TTTLCSTU6D) 4 XRATIO(60) ,PRATE(GD) yBLMCSTHATIME(60) $XMLST,
BBDNMILBONCRNyTTLWT 9 XOTPUT »TIEMsPBTWN(60)y XINRET(601}

COMMON INTARL4NCRDSTyNMLOST»ARLMIN,ARLMAX, CRMIN,CRMAX,
IXMLMINy XMLMAXQLMT yPOWER,,COEFyCONST ICONT,, INGMAXy INCHG

DIMENSION NSET(1)4,QSET(L)

GD TO(L929394+546),4112

CALL ARRVL(NSFT,QSET)

RETURN

CALL ENDHTINSFT,QSET)

RETURN

CALL ENDCRMNINSETLQSET)

RETURN

CALL OTPUTINSET,QSET)

RETURN
5 CALL ENDRATNSETLQSET)

RETURN

CALL RRESETI(NSET,QS5ET)
RETURN

END
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SURBRDUTINE ARRVL(NSET,QSET)

COMMON ID,IMy INIT,JEVNTyJMNIT yMFA,MSTOP,MXyMXC,NCLCT,
INHIST yNOQ e NORPT yNOT s NPRMS s NRUNy NRUNSyNSTAT , OUT » TNOW
2TBEG TFINyMXX o NPRNTyNCRDRyNEP,VNQ( 14}, IMM, MAXQS,
IMAXNS yATRIB(LO) yENQ(L4) » INN(14),JCELS(20,30),
4KRANKA{14)  MAXMNQ{14) yMFE(L14) MLC(L4) s NCELS(20) 4 NQI14),
SPARAM(20+4) 3 UTIMELL14) 3 SSUMA(25,45) s SUMALZ5,5) NAME(6),
6NPRDJ yMONy NDAY s NYRyJCLRy JTRIB(12), IX(8B),MLE(1i%)

COMMON IPIT,NPIT,NCRANE,ICRANE,BUSP(40),BUSC(27,
LXISYSyNINGOTy ITYPEJNUMBER{L10) ¢ XARVDyNCOLDy INDEX s SUMZ
25UM1, SSOMA(2542)9XQ3 5 XQ2 y NHOT ¢ NNDEX» ITRIGyNZyLZy INDRA,
IKALLEX(4) yMTRIG(4) y IFURyJFURy XMT 1, XMT2,TSEQ.ABC,B8C,
4CBC s TTHEN TLOSTPCOSTyXHRS y XW T FCOST WTCOST,HTCOST,
S5OPPCST»IVBKIEQ22) yEKIE60) s FRKI60) 4GKI60)HK(60),0K(601),
6PK(60),FUEL(60),CLOSTI60)y XMCOSTI60),DTCOST(60)4X2,
TTTLCSTI60) s XRATIO(60) 4 PRATE(S0) 4BLMCSTHATIME(60) 4 XMCST,
SBDNMIL yBDONCRNe TTLWT o XOTPUT» TIEM,PBTWNI60)y XINRET(60)

COMMON INTARLyNCRDSTsNMLDSTARLMINyARLMAXyCRMINyCRMAX,
PXMLMINg XMLMAX s QLMT yPOWER ¢ COEF yCONSTICONT » INGMAX, I NCHG

DIMENSION NSET(1),QSET(1)

CH®xx%xTHIS SUBROUTIME IS CALLED IF MFE(1) OF FILE NOel HAS
CH*=xxxTHE EVENT CODE 1 AT TNOWs

XQ2=NQ(2)

CwkxxkxDESPATCH PROGRAMME CONTROL TO THE RIGHT POINT.
Cx%xx%%xUEPENDING ON THE FURNACE SIZZ GENERATE A RANDOM NOe
C*%%x¥kx%¥FOR DECIDING THE BATCH SIZE.

ANUM=DRAND(5)

IFUR=JTRIB(2)

IF{IFURSGT«2) GO TO 34

CH¥xxxTHE CURRENT ARRIVAL IS A 100 TON HEAT. COMPUTE THe¢
CrexxxINTERARRIVAL TIMEs DECIDE BATCH SIZE ON THE BASIS OF
CH***%ANUM=A UNIFORMLY DISTRIBUTEZD RANDOM NUMBER.

IF(ANUMGESQG-%) GO TO 33

ITYPE=1

GO TO 100

33 ITYPE=2
GO TO 100
Cxex%%kTHE CURRENT ARRIVAL IS A 150 TON HEAT. COMPUTE THE INTER
C*x*%*%ARRIVAL TIME. DECIDE THE BATCH SIZE ON THE BASIS OF
C ek kANUM - A UNIFPRMLY DISTRIBUTED RANDOM NUMBER.
34 IF(ANUML5Z40.%) GO TO 35
ITYPE=3
GO TO 100
35 ITYPE=4
CH*&%x%YPDATE THE HEAT INDEX AND CHECK IF THE FURNACE IS DUE
CH****%FUR A PREVENTIVE MAINTENANCE OVERHAULING.
100 KALLEX(IFURI=KALLEX(IFUR)+1
IF{KALLEX(TFUR) «LT«MTRIG(IFUR)) GO TO 36



CaddrxCALL MAIMTENAMCE TO SERVICE THIS PIT AND ACTIVATE A
CxEex%XxPREVIOUSLY TIDLED PIT.
CALL MAINTINSFT,QS8ED
GO TO 37
C*ek¥k]F THE FURMACF 1S FUNCTIOMING SATISFACTORILY, SCHEDULE
CaxxxkTHE NEXT ARRIVAL TIME OF A HEAT FROM THE SAME FURNACES
CHe®RGENERATE AM INTERARRIVAL TIME FOR THE FURNACE THAT
CHk¥x%kHAS JUST NOW PRODUCED A BATCH OF INGOTS
36 GO TO(14+2+3),TNTARL
1 TIME={(ARLMAX-ARLMIN)*DRAND(4))+ARLMIN
GO 70 4
2 TIME=ERLNG(4,1)
GO TO &
3 TIME=RNDRM(4,1)
Cei&¥k]F FURNACE OUTPUT IS TO BE CONTROLLED BY A FEEDBACK OF
CRexkxxINFORMATIONy THE NEXT STATEMENT 15 VALIDS
4 IF{ICONTSEQei)TIME=TIMEX{(XQ2/QLMTIFXPOWER)
JTRIB(2)=IFUR
ATRIB(I)=TNOW+TIME
CALL FILEM(1,MSET,0QSET)
Coxxx%%QEFINE THE BATCH QUANTITY OF THE CURRENT ARRIVAL
37 AARVD=NUMBER(ITYPE)
NNN=NUMBERI{ITYPE)
CaekkCOLLECT THE TIME INTEGRATED STATISTICS ON THE NOs. UOF
CEeFREINGOTS IN THE SYSTEM AND THEM IMCREASE THE NOWIN THE
CHrikxkSYSTEM BY THE NO. OF ARRIVALS.
CALL TMSTUXISYS,TNOWyLl sNSET,QSET)
XISYS=XISYS+XARVD
CHakrkkKEEP TRALK OF TOTAL NOe OF HUT INGOTS ENTERING SYSTEM
MHOT=NHOT +NN©
CHIxk2TAKE TIME INTEGRATED STATISTICS ON FILE NOs 2
IFIXQ22LT0+0)CALL ERROR(534NSETHQSET)
CALL TMSTIXQZ+TNOWH+44NSET,05ET)
CHeddkFILE THE ARRIVED INGOTS IN THE HOT INGOT FILE (2)e
ATRIB{2)=TNOW
DO 21 I=1,NNN
CALL FILEMIZ,NSETLQS5ET)
21 CONTINUE
RETURN
END
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SUBROUTINEZE MAINTI(NSET,QSET)

COMMON IDyIMe INITHJEVNTy IMNITyMFA, MSTOPyMXyMXC yNCLCT,
INHIST oNDOQ NORPT y NOT y NPRMS y NRUN 3y NRUNS ¢y NSTAT yOUT y TNOW
CTBEGs TFINy MXXy NPRNTyNCRDRyNEPSVNQ(14) 4 IMM, MAXQS,
IMAXNS yATRIB(IC)ENQ(14) s INN(L4)JCELS(20430),

HKRANK (146) 4 MAXNQUI4) yMFE(L14) yMLC{14)yNCELS(20)4NQ{14),
SPARAM(20, %) ,QTIMELLG) 9y SSUMATZ5+5 )y SUMALZSy5) g NAME(SH)
6NPROJ o MONy NDAY g NYRyJCLRy JTRIB(12),IX(8),MLE(14)

LXISYSyNINGOTITYPE,NUMBER(L10O) 4 XARVOD,NCOLDy INDEX,SUMZ,
25UML s SSOMALZ542) s XQA3 3 XQ2 9y NHOT yNNDEX 3 ITRIGyNZyLZ s INDRAY
BKALLEX(4) yMTRYIG(4) 9 IFURyJFUR XMT 1y XMT2,43 TSEQ.ABC BB,
4CBCy TTHENs TLOST 9y PCOUST 9 XHRS o XWTFCOST WTCUST,HTCOST,
S50PPLST,IVaBKIEO2)Y2EKT{60),FK(60) 4GK{60)3HK(60) 30K(60),
SPKI60)yFUELLBD)Y4CCOST(60) s XMCOSTUH60)4DTCOSTIH0) 4XZ,
TTTLCST{6D) s XRATIO(60) ,PRATELHQ) y BLMESTHATIME(BD) s XMCST,
BBDNMIL ¢BONCRMe TTLHT o XOTPUT +TIEMyPRTWN{60) 3 XINRET(60)

COMMON INTARLyNCRDST,NMLDST,ARLMIN,ARLMAXyCRMIM,CRMAX,
IXMLMIN XMLMAX s QLMT gy POWERyCOEF yCONST o ICONTy INGMAXy INCHG

DIMENSIDN NSeT(1),QSET(1)

Cxex¥%THE HEAT COUNT OF THE FURNACE TO B2 ACTIVATED IS SET
Ce&%x*%xAT ZERO. THIS FURNACE WILL RETURN FOR OVERHAUL AFTZER
CHexkMTRIG (JFURY HFATS,
KALLEX(JFUR)Y=C.0
MTRIG(JFURI=XMTLI+(XMT2=-XMT1)*DRANDI(6E)
CHxxkkSCHEDULE THE ARRIVAL OF THE FIRST HEAT FROM THE
C¥xxk¥RE-ACTIVATED FURNACE
36 GO TO(1,243),INTARL
1 TIME=({ARLMAX-ARLMIN)*DRAND{4))+ARLMIN
GO TO 4
2 TIME=ERLNG{4,1)
GO TO 4
3 TIME=RNORM({4,1)
Cxxxkx[F FURNACE OUTPUT IS TO BE CONTROLLED BY A F-EDBACK OF
CaxxkkXINFORMATION, THE NEXT STATEMENT IS VALID.
4 IF{ICONT«EQei)TIME=TIMEX((XQ2/QLMT YA%POWER)

JTIRIB(1L)=1

JTRIB(2)=JFUR

ATRIB(L)=TNOW+TIME
CALL FILEM{1,MSET,QSET)

CoekeXxJFUR IS NDW THt SERIAL NO. OF THE IODLED FURNACES

JFUR=IFUR
RETURN
END
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SUBROUTINE ENDHTINSET,QSET)

COMMON IDsTMaTNITHJEVNT o JMNIT yMFAZMSTOP MX4MXC,NCLCT
INHIST sNOQ o NORPT o NOT o NPRMS s NRUN» NRUNSyNSTAT 2 0UT » TNOW,
ZTBEGs TFINy MXK S NPRNT g NCRDRy NEP yVNQ( 14) 9 IMM, MAXQS,
AMAXNS yATRIBIIO) yENQ(LI4)y INNUL4) 4 JCELS{20430),

GERANK (14) s MAXMQ{L4) yMFE(LS) s MLC(14) 4 NCELS(Z0)4NQI14),
SPARAMI2054)Y,0TIME(LG) ySSUMALZ545) s SUMAIZ25,5)yNAME(SHDY,
ENPROJ yMON S NDAY ¢ NYRGJCLRWJTRIB(12), IX({8B),MLE(L14)

COMMON TIPIT.NPIT,MNCRANE,ICRANE,BUSP{40),BUSC(2),
IXISYSHNINGOTZITYPE,NUMBER{ 10) 4 XARVDJNCOLDy INDEX»SUMZ,
2S5UM1 3 SSOMA(2542) 4 XQ3 4 XQ2 s NHOT ¢NNDEXS ITRIGNZyLZ 3 INDRA,
BKALLEX(4) yMTRIGUG )y IFURy JFURy XMT L XMT 2, TSEQ,ABC,BBC,
GUBL s TTHEN s TLOSTWPLOST o XHRS o XWT o FLOSTHyWTLCOST HTLCOST
S50PPCSToIVyBKIED2)2EKI60)FEL{H60) 3GKIB0IHR(60) 0K{60),
6PKI60) FUELIAENYyLCOSTI6D) o XMUOST(AOY,BTCOST(60) K2,
TTTLCSTUED Yy XRATIOL60) yPRATELGED) yBLMUSTLATIME(H0)Y , XMCST,
BEDNMIL s BDNCRNe TTLWT 3 XOTPUT 4 TIEMPEBTHWN(60) s XINRET{60)

COMMOM INTARLyMNCRDSTsNMLOSTARLMIN,ARLMAX, CRMIN,CRMAX,
IXMLMING XMLMAX s QLMT s POWER y COEF ﬁGNST ICONTy INGMAX, INCHG

DIMENSION NSET{1),QSET(1)

CEedks THIS SUBRDUTINE HAS BEEN CALLED BECAUSE THE FIRST
CHxxkxXENTRY IMN FILE NOa 1 IS AN CNDHT» A PITLOAD OF INGOTS
CHxekk%]S READY FOR DRAWING. CHECK 7O SEE IF EITHER ONE OF
CHxex&xTHE CRANES 15 IO0LE, WITH CRANE 1 HAVING PRIORITY OVER
CH¥®xkPITS 1 THROUGH NZ/2 AND CRANE 2 HAVING PRIORITY OVER
CxESkEPITS NZ/2 THROUGH N7 a

IPIT=JTRIB(2)

L=IPIT

MINGOT=JTRIB(2)

TIFINNDEXYTOT,YT7,,707

17 IF({TNOWSLTTSFQIGD TO 707 . -

NUM=NZ/2

IF{IPIT-LE-NUMY GO TO 40

KK=2

GO TO 39

40 KK=1
39 D0 25 I=1,NCRENE

IF{KK«EQel) GOD TO 41

J=3-1

GO YO 42

41 J=1

42 IF(BUSC(J))25%,30,25

25 CONTINUE

GO TO 707

CEexkx]F A PIT IS RFEADY BUT BOTH CRAMES ARE HNOTy FIND THE
CletekdAMEAN NDs OF INMGOTS HEATED IN THE PIT AS WELL AS ITS
Cxedkx{JTILIZATION BY TAKING TIMt-INTEGRhTED STATISTICS. THEN
Caek®%ESET PIT IDLE.
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707 IRMA=IPIT+5
XGOT=JTRIB(3)
CALL TMSTUXGOT,TNOW, IRMAZNSET,,QS5ET)
AGDT=0.0
TIB=TNOW-SSOMALL,1)
SSOMA{L,11=SS5PMA{Ls12+T18
SSOMAIL,2)=SS0MA(L,2)+BUSP(IPITI*TIB
BUSPLIPITY=0a.0
Cow#ekkkTAKE TIME INTEGRATED STATISTICS ON THE PIT WAITING
ChkkkkFILE.
XD3=N0(3)
CALL TMSTUXQ3,TNOW,5,NSET,QS5ET)
CxekxkFILE THE ATTRIBUTES OF THE PIT. ATRIB(3) IS THE
CreedkARRIVAL TIME TN THE FILEs RETURN TO EVENTS.
ATRIB{3)=TNOW
JTRIB(2)=1IPIT
JTRIBI3)=NINGOT
CALL FILEM(3,MSET,QSET)
RETURN
Ch¥%x¥x%IF A PIT IS RFADY AND A CRANE IS AVAILABLE, COLLECT
Cadek®*STATISTICS ON THE BUSY TIME (OF THE PIT AND THE IDLE
CHx%xxTIME OF THE CRANEONLY IF THE EVENT IS AN TENDHT'.
CawkxkdTHEN SET THE PIT IDLE AND THE CRANE BUSY.
20 IF(JTRIB(1Y.EC.3) GO TO 301
IF(JTRIB(ULY.EDLS) GO TO 717
XGOT=JTRIB(3)
IRMA=IPIT+5
CALL TMSTUXGOT,TNOW, IRMA,NSET,,05ET)
XGDT=0.0
TIB=TNOW=-SS0M2A(Ly1)
SSOMA(L,1)=SS0OMA{L,11+TIB
SSOMA{L,2)=SSDMALL,2)+BUSPLIPITI*TIB
BUSP(IPIT)I=Q.0
717 LM=J+1
BUSC1=BUSCLY)
CALL TMST(BUSCi,TNOW,LM, NSET,0QSET)
301 BUSCH{JY=1.0
CxxxxxARE THERE AT LEAST 'INDEX' INGOTS IN THE QUEUE? IF NOT
ChrrkF=D COLD INGOTS FROM THE INGOT BANK.
IFINQL2))345,%
3 CALL ERRDRI(3L4NSET.QSET)
RETURN
5 IFINQU2)«GELINDEX) GD TO &
CHexk*TAKE TIME WEIGHTED STATISTICS ON THE TOTAL NO. UF
CCEExERERINGOTS IN TH: SYSTEMs. INTRODUCE THE YINGMAX' COLUD
Ce¥kxINGOTS INTO THE SYSTEM. KEEP TRACK OF COLD INGOTS.
CHxexk*GCENERATE HEATING TIME OF CHARGE.
XMNGMAX=TNGMAX
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XISYS=XISYS+XMGMAX
NINGDT=INGMAX
NCOLD=NCOLD+INMNGMAX
HTIME=CRI-0.5+4DRAND(5)
GO TO 5Z
C
CxexdxF THERE ARE SUFFICIENT NO. OF HOT INGOTS, DECIDE
CxxexxHOW MANY ARE TO BE FED TO TH: PITS.
6 IF(NQU2Y«GTLIMGMAXIGD TO 7
NIMGOT=NQ(2)
GO TO 8
T NINGDT=INGMAX
Chx¥x% COLLECT TIMF INTEGRATED STATISTICS ON THE QUEUE
CHexdk ENGTH AND THFN REMDVE THE HOT INGOTS FROM THE
CrReekeWAITING LINE o TAKE THE WAITING TIME STATISTICS (OF THE
CxdekkQUEUES COMPUTFE THE PIT UNLOADING TIME. THE HEATING
CxsxxxTIME IS BASED ON & STe LINE RELATIONSHIP.
B XG2=NQ(2)
CALL TMST(XQZsTNOWy44NSETHQ54T)
NPLI=JTRIB(L1)
NP2=JTRIB(2)
NP3=JTRIB(3)
XPL=ATRIB{1)
AL=NINGOT
S5T=0.0
DO 51 K=1,NINMCOT
MFEZ2=MFE(2)
CALL RMOVE(MFF2424,NSET,QScT)
TWTZ=TNDOW-ATRTIB(2)
ST=S5T+THWT2
CALL COLCTITWTZ2,24NSETHQSET)
51 CONTINUE
JTRIB(1L)=NP1
JTRIB(2)=NP2
JTRIB(3)=NP3
ATRIB(1)=XP1
TRKTIM=5T/X1
HTIMZc=COEFXTRKTIM+CONST
IF{HTIME«GTCPCIHTIME=CRC
Cxex*x%COMPUTE THE TPTAL HEATING TIME 'SUML' OF ALL THE
CH&xxxEHOT INGOTS CHARGED.
SUMI=SUMI+HTMEXNINGOT
C
Cxexxx{OMPUTE THE UNLOADING TIME OF THE PIT CURRENTLY BEING
Cx&x®x%PROCESSED
52 UNLOAD=0.0
IF{INCRACEQ.2VG0 TO 321
DO 311 I=1,NP2
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311 UNLOAD=UNLDAD+ERLNG(644)
GO TO 322
321 DO 312 I=14NP2
312 UNLOAD=UNLOAD+RNORM{6,4)
Cxexx2COMPUTE CUMULATIVE FUEL COST FOR PITLOAD BOTH WHILE
CrekkxHEATING AND WHILE UNLOADING
322 HTCOST={HTIMEXFCOSTI+HTCOST
WTCOST={UNLOAD*FCOST*02)+WTCOST
Lok DECREASE THE NOe IN THE SYSTEM BY THE NOe
C*=%%%DEPARTING AFTFR TAKING TIME INTEGRATED STATISTICS ON
Cxexk%XISYSe FOR THIS PURPOSE THE MIDPOINT OF THE UNLOADING
Cx&Xxk¥PERIOD IS THE INSTANTANEOUS POINT OF EXPULSIONS
TIMEZ=TNIW+(UNLOAD/Z2-0)
CALL TMSTUIXISYS,TIMEZ,1lyNSETHQSED)
XIT=J4TRIB(3)
XISYS=XISYS=~XTT
IFIXISYSeLT«0-0)CALL ERROR(494NSETLQSET)
CrexxxACCUMULATE OUTPUT OF INGOTS FROM SYSTEM
XOTPUT=XOTPUT+XIT
CH k%[ OLLECT TOTAL LOST TIME OF BLOOMING MILL
TBDP=TNOW-TTHEN
TTHEN=TNOW+UNLOAD
TLOST=TLOST+TEDP
CxxxXRUPDATE THE HISTOGRAM DEPICTING FREQUENCIES OF ING3T
CExxx&QUANTITIES CHARGED EACH PIT
X1=NINGODT
SCLLM=INDEX+1
CALL HISTO({X1sSCLLMy14,IPIT)
CHxexx%COLLECT STATISTICS ON THE IDLz TIME OF TH: PIT
CH¥kxAND THEN SET IT BUSY
XLOAD=040
IFCINCHG»EQ«2)60 TO 323
00 313 I=1,NINGOT
313 XLOAD=XLOAD+ERLNG(7,5)
GO TD 324
323 D0 314 I=1,NINGOT
314 XLOAD=XLOAD+RMORMIT,5)
324 TIMEL=TNIW+UNLOAD+XLOAD
IRMA=JTRIB(2)+5
CALL TMST(XGOT,TIMEL, IRMA,NSET,QSET)
TIB=TIMELl-SSOMA(L,1)
SSOMA{L,1)=SSPMA(L,1)+TIB
SSOMA(L,2)=SSOMA(L,2)+BUSP(IPITY*TIB
BUSPLIPIT)I=1.0
C#&%x%x%SCHEDULE AN 'FNDHT'* FOR THE FRESHLY CHARGED PIT
CH%=%%%BY COLLECTING ALL THE ATTRIBUTES IN FILE NO. 1
ATRIB{LI=TNOW+UNLOAD+XLOAD+HTIME
JIRIB(L)=2 '
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JTRIB(2)¥=IPIT

JTRIB(3)=NINGDT

CALL FILEM{1,NSET,QSET)
CxxxxkFILE THE EVENT OF THE CRANE GETTING FREEL IN THE
CHepE£EVENT FILE.

ATRIB{1L)=TNOW+UNLOAD+XLDAD

JTRIB(1)=3

JTRIB(2)=J

CALL FILEM(1,NSET,QSET)
Cx%xxxUPDATE TSEQ TC TNOW+UNLOAD

TSEQ=TNOW+UNLCAD
CH¥xx&SCHEDULE NEXT ENDRA(NSET,QSET)

ATRIB(1)=TSEQ+0.000001

JTRIB(1)=5

CALL FILEMI1,NSET,QSET)

RETURN

END
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SUBROUTINE ENDCRN(NSET,QSET)

COMMON IDyIMyINIToJEVNT 3 JMNIT 4MFA,MSTOP 4 MX 43 MXC 4 NCLCT,
INHIST yNOQ, NORPT 5 NOT y NPRMS  NRUNy NRUNS ¢ NSTAT , OUT , TNOW,
2TBEGy TFINyMXX,NPRNTyNCRDRy NEP y VNQ( 14) o IMM, MAXQS ,
IMAXNS yATRIB(L0) ENQ(L4), INN(14),JCELS{20,30),
4KRANK (14) yMAXNQ(L4) yMFE(L14) 4 MLC{14),NCELS(20) yNQ(14),
S5PARAME20,4) yQTIME{14) 3 SSUMA(2545) 4 SUMA(25,5) s NAME (6)
6NPROJ ¢ MON o NDAY yNYRy JCLRy JTRIB(12), IX(8),MLE(14)

COMMON TPIT,NPIT,NCRANE,ICRANE,BUSP(40),BUSC(2),
IXISYSyNINGOT,TTYPE,NUMBER(10) 4 XARVD yNCOLDy INDEX, SUM2
2SUML 4 SSOMA(25492) ¢ XQ3 9 XQ2 s NHOT ¢ NNDEX ITRIGy NZyLZ, INDRA,
3KALLEX{4) yMTRIG(4) y TFURy JFUR y XMT 1, XMT2,TSEW,ABC,BBC,
4CBCy TTHEN, TLOST yPCOSTy XHRS y XWT 3 FCOST s WTCOSTyHTCOST
SO0PPCSTyIVyBK{EO 2D yEK(60) s FKI60) 3GKI60) yHK(60) 30K 60D,
6PK(60) yFUEL(60),CCOST(60) 4y XMCOST(60) ,DTCOST(60) X2,
TTTLCSTI60) y XRATIO(60) yPRATE(60) 3y BLMCST,ATIME(60) 4XMCST,
BBDNMIL y BDNCRNy TTLWT ¢ XOTPUTy TIEM,PBTWN (60) 3 XINRET(60)
COMMON INTARL,NCRDST s NMLDSTARLMIN g ARLMAX ) CRMIN,CRMAX
LIXMLMINy XMLMAXy QLMT y POWER ¢ COEF yCONST o ICONTy INGMAX y I NCHG

DIMENSION NSET(1),QSET(1)

G sk THIS SUBROUTINE IS CALLED WHEN THE FIRST ENTRY IN
Cxk#x THE 'EVNT' FYLE IS THE FINISH OF LOADING AND
CHx&k*UNLOADING BY 2 CRANE. CHECK IF THE CRANE JUST FREED
CH¥Ex%HAS TO GO IN FOR REPAIRS. IF SO GENERATE THE REPAIR
C¥&¥x%TIME FROM ONE OF THE AVAILABLE DISTRIBUTIONS

JQ=JTRIB(2)

IF(DRAND(JQ)«CTBONCRNIGO TO 7
GO TO(11,12413),NCRDST

11 TIME=((CRMAX=TRMIN)*DRAND(7))+CRMIN

GO TO 14

12 TIME=ERLNG(7,2)
G0 TO 14

13 TIME=RNORMI(7,2)

14 ATRIB(1)=TNOW+TIME
CALL FILEM{L,MNSET,QSET)
RETURN |

7 ICRANE=JTRIB(?)

BUSC1=BUSC (ICPANE)

CHrex%[F MILL IS NOT IN A BREAKDOWN STATE,CHECK IF IT HAS
CHex%xxF[NISHED PROCFSSING THE PREVIOUS PITLOAD OF INGOTS
IF(NNDEX) 449,¢
9 IF(TNOWSLT«TSEQ) GO TO 4
CHx%x%x#WHAT T5 THE STATUS OF THE PIT-WAITING FILE?
IFINQ(3))3,4,5
3 CALL ERROR(32,NSET,QSET)
RETURN
Cx¥%%x%IF THE MILL IS BROKEN DOWN OR BUSY OR IF THERE ARE NO
CHExx%PITS READY FOP UNLOADING,COLLECT STATISTICS ON THE
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CHexkxBUSY TIME OF THE CRANE AND THEN SET IT IODLE
4 LP=TICRANE+1

CALL TMSTI(BUSCL,TNOW,LPyNSET,QSET)

BUSC{ICRANE)=Ca D

RETURN '
CHikkkIF THERE IS AT LEAST ONE PIT WAITING, SET TH CRANE
C#*%%x%]DLE IN ORDER TO FACILITATE THE USE OF 'ENDHT'. TAKE
ChxdkxTIME INTEGRATED STATISTICS ON QUEUE LENGTH AND
Cx&xx%REMOVE THE FIRST PIT FROM THE FILE.

5 BUSC(OICRANE)=0.0

MFE3=MFE(3)

XQ3=NQ{3)

CALL TMSTIXQ3+TNOW,5,NSETHQSET)

CALL RMOVE(MFE3,3,NSET,QSET)
CEEaoknk COLLECT STATISTICS ON THE WAITING TIME OF THE
Cxxxx¥P[T REMOVED. KEEP TRACK OF THE NO. OF INGOTS IN THE
Cxeexk(QUTCOMING PITe CALL 'ENDHTT' TO SERVICE THE PIT.
CHxx¥RETURN TO TEVNTS' AND THENCE TO GASP.

TWT3=TNOW~-ATRTIB({3)

WTCOST=(TWT3*FCOST*0+2)+WTCOST

AKGDT=JTRIB(3)

CALL COLCT{AGDT,1,NSET,QSET)

CALL COLCT{TWT3,3,NSET,QSET)

SUM2=SUM2 +TWT 2*AGOT

JTRIB(1)=3

ATRIB{3)=0.0

CALL ENDHTA{NSET,QSET)

RETURN '

END
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SUBROUTINE ENDRA(NSET,QSET)

COMMON 1D, IM, ITNIT,JEVNT JMNIT sMFA, MSTOP ¢ MXyMXC,NCLCT,
INHIST yNDQ s NORPT ¢ NOT 9 NPRMS s NRUN» NRUNSyNSTAT y0UT 5 THOW,
2TBEGy TFINy MXK g NPRNT yMCRDRy NEP 4 UNQU 14) o IMM, MAXQS,
AMAXNS ATRIBILD) yENQ(14), INN(14),JCELS(20,30),

GKRANK (14) s MAXNQULS) yMFE(LGY sMLCUL4) 4NCELS(20),NQ(14),
SPARAMI2094) s QTIME(14),SS5UMA(25,5),SUMA{Z5,5)4NAME(6),
6NPROJ s MON, NDAY s NYRy JCLRyJTRIBIL2) s IX(8) 4 MLE(14)

COMMON IPIToNPIT,NCRANE,ICRANE,BUSP{40),BUSC(2),
IXISYS,NINGOT, TTYPE,NUMBER(10) ¢ XARVD,NCOLDy INDEX,SUM2,
25UM1 4y SSO0MA(2542) 9 XQ3 4 XQ2 yNHOT yNNDEXy ITRIGyNZyLZ 3 INDRA,
SKALLEX{4) yMTRIGU4) ¢ IFURy JFURs XMT1,XMT24sTSEQyABCBBC,
4GCBCy TTHEN y TLOST 4 PCOST o XHRS ¢ XWT o FCOSTyWTCOSTHHTCOST,
S50PPLST,IV,yBKIE0+2),EK{60),FKI60)4GK(60),HKI60D),0KI60),
GPRKIG60)yFUELIED)Y yCCOSTI60) ¢ XMCOSTUHD) ,DTCOSTIGE0) X2y
TTTLCST(60) o XRATIO(60) ,PRATE(60) yBLMCSTHATIME(60) 3 XMCST,
SBDNMIL,BDNCRNs TTLWT 9 XOTPUT s TIEM,PBTWMI60) s XINRET (60D

COMMON INTARL +NCRDST¢NMLDSTyARLMIN g ARLMAXy CRMINyCRMAX,
AXMLMING XMLMAX s QLMT yPOWERyCOEF sCONSTICONT y INGMAX,, INCHG

DIMENSION NSET(1),QSETI(1)

CxkkdxTHE MILL HAS JUST FINISHED PROCESSING A PITLOAD OF INGOTS
Chkk%k&OR BEEN REPAIRED. IF THE MILL HAS TO BE IDLED(BREAKDOWN
CHk#%%0R SIZE CHANGF), GENERATE THE IDLE TIME FROM AN AVAILABLE
C%%%x%DISTRIBUTION. SCHEDULE NEXT ENDRAS

IF(DRAND(3)«GT«BDNMILIGO TO 2

GO TO (11912,13)4NMLDST

11 TIME={({XMLMAX-XMLMIN)XDRAND(8))I+XMLMIN
60 TD 14 ‘
12 TIME=ERLNG(8,3)
GO0 TO 14
13 TIME=RNDORM(8,2)
14 ATRIBUL)=TNOW+TIME
CALL FILEMI1,MSET4QSET)
Ca%3kxSET MILL STATUS INDEX TO INDICATE 'BREAKDOWN?
NNDEX=1
RETURN
Cx#x%x*SET INDICATOR TO SHOW MILL IS FUNCTIONING
2 NNDEX=0
IFINQI3))3,4,F%
3 CALL ERRIOR(&L+NSET,QSET)Y
RETURN
4 RETURN
Cxxx%2CHECK IF A CRANE IS FREE. IF YFS, CHECK FOR READY
C*x&%x%*PITS. IF NOT, RETURN TO GASP
5 DO 6 I=1,NCRANE
IF{BUSC(I)+EQ-00)60 TO 7
6 CONTINUE
RETURN



CHxexkk]F A PIT IS WAITING REMOVE IT FROM FILE AFTER TAKING
Cxekk2TIME-TNTEGRATFD STATISTICS ON QUEUE LENGTH AND THEN
CHaskkxCALL ENDHT
7 MFE3=MFE(3)

XQ3=NG(3)

CALL TMST(XQ3,TNOW,5,NSET,Q5ET)

CALL RMOVEAIMFE3,3,NSET,Q3ET)
Gt ek COLLECT STATISTICS ON THE WAITING TIME OF THE
Cx¥x#%P]T REMOVEDs KEEP TRACK OF THE NO. OF INGOTS IN THE
CR&xXxXxJUTCOMING PITs CALL '"ENDHT' TO SERVICE THE PIT.
CEkxkXRETURN TI 'YEVMTS' AND THENCE TO GASP.

TWT3=TNOW-ATRIB(3)

WTCOST={TWT3*FCOST*0+2)+WTCOST

AGOT=JTRIB(3)

CALL COLCT(AGDTs1.NSETSQSET)

CALL COLCT{TWT3,3,NSET,Q5ET)

SUMZ2=SUM2+TRT2*AGOT

JTRIB(1)=5

ATRIB(3)=0.0

CALL ENDHT(NSET,QSET)

RETURN

END

134
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SUBROUTINE OTPUT(NMNSET,dSET)

COMMON IDoIMyTNIT»JEVNT 9 JMNITyMFAyMSTOP,MXyMXCyNCLCT
INHIST ¢y NOQ g NORPT g NOT y NPRMS y NRUN s NRUNS g NSTAT , QUT o TN W
2TBEGs TFIN g MXXs NPRNTyNCRDRy NEP,UNQI14) 4 IMM, MAXQS,
SMAXNSATRIB(IC) yENQ(L4) y INN(14),JdCEL5(20,30),

GKRANK (14 s MAXNGQULG) yMFELLA) yMLCUL4) 4 NCELS{Z20) ,NQ{14),
S5PARAM{2054) yQTIME(L4) » SSUMALZ25,5) s SUNA(Z2545) 4y NAME(S)
6NPROJ s MONS NDAY 3 NYR JCLRJTRIB(12), IX(BY,MLE(LS)

COMMON IPIT,NPIT,NCRANE,ICRANE,BUSP{40),BUSC(2),
LXISYSHNINGOT s TTYPE yNUMBER(10) ¢ XARVDyNCOLDy INDEXySUMZy
2SUM1,SSOMA{2552) s XQ3 9y XQ2yNHOT yNNDEXy ITRIGHNZ 4L ZyINDRA,
BKALLEX{4) yMTRIG(4 )9 IFURyJFURyXMT 1y XMT2,TS5EQ,ABC,BBC,
4CBCy TTHENy TLOST yPCOST s XHRS s XWT » FCOST yWTCOST,HTCOST
S5O0PPCSTIV.BRKIGO0s2)ERK{60),FKIB0) ,GRI60),HK{B0) ,0K(60),
O6PK(60)yFUEL (6D ,LCOSTI60) XMCOSTI63),DTCOSTL60) X1,
TTTLCSTUO6D)Y 3 XRATIOLH0) ,PRATE(SC0) 4 BLMCSTyATIME(H0) ¢ XMLST,
SBONMIL y BDNCRNo TTLWT 9 XOTPUT»TICMyPEBTWNI60) o XINRET(60)

COMMON INTARLoNCRODST NMLOST,ARLMIN,ARLMAX,yCRMIN,CRMAX,
IXMLMING XMLMAXy QLMT s POWER,COEF2CONST ICONT y INGMAX s INCHG

DIMENSIDN NSET(L),QSET(L) :

Cikeaek THIS SUBROUTINE IS CALLED EVERY 'X2Z' TIME UNITS
Cx&*x%%TQ PRINT OUT THE REQUIRED STATISTICS. IN ADDITION ,
CH%x%%*GASP CALLS IT ONCE AT THE END OF THE SIMULATION RUN.
C*xxEXPRINT THE HEADING

WRITE(NPRNT,555)TNOW
555 FORMATU'0"' 40X, "INTERMEDIATE RESULTS AT TIME=?',
iFT«34 /) ' '
CHexx2FILE THE TIME OF THE NEXT PRINTOUT IN THE EVENT FILE.
Iv=1V+l

ATIME(LIV)I=TNOW
ATRIB(1)=TNOW+XZ
JTRIB(1)=4
CALL FILEM(1,NSET,QSET)
CH**%x*COMPUTE CRANE UTILIZATION AS A FRACTION.
DO 62 1Q=1,4NCRANE
JO=1Q+1
BRIV, IQ)=SSUMA(JQ,2)/S5UMA(JG,1)
62 CONTINUE
Co*xkx%PRINT THE AVERAGE WAITING TIME OF INGOTS IN FILE NG.Z
CH*x*%%¥BEFORE BEING CHARGED TO THE PITS.
EK{IV)I=SUMA(251)/SUMA(243)
CEEeEXAVG. WAITING TIME OF INGOTS BEFORE BEING DRAWN
CHxkxRFROM PITS.
FKIIVI=SUM2/5UMA(L, 1)
CHEEXEAVG. NO» OF [MGOTS IN WAITING LINE BEFORE THz PITS.
GKIIVI=55UMA(L,2)/S5SUMA(4y1)
WRITE(NPRANT ¢ 4L9)GKITIV) ySSUMA(494) 3 SSUMAL4,5)
449 FORMAT('0',' AVGs NO» OF INGOTS IN FILE NOs 2=2',
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LFBa3, ' MINMe AMD MAXe=',2F6al)
CredkkAVG. NO- OF PITS IN FILE 3 AWAITING SERVICE.
HEK{IV)I=SSUMA(F 421 /5SUMA(S,1)
WRITE(NPRNT 450 )HK(IV),SSUMALS,4),55UMA(5,5)
450 FORMATLY0DY,'AVGs NO« OF PITS IN FILE NO. 3=0,
1F3a31' MINa ﬁND H&X-='.2F5-li
CFeFxuxpAVG. HEATING TIME OF HOT INGOTS ONMLY.
OKTIVI=SUML/NBOT
Caxdk*AVERAGE NQOo OF INGOTS IN THE SYSTEM.
PRIIVI=S5SUMA(1,2)/55UMA(L,1)
CEedkxXACCUMULATED NOW OF HOT AND COLD INGOTS PASSING
LAk THROUGH THE S5YSTEM.
XTTL=NHOT+NCOLD
WRITE{NPRNT 3453 )NHOT+NCOLD L XTTL,, XOTPUT
453 FORMATI'0', ' TOTAL ND. OF HOT TNGODTS=',1544X,
1'COLD INGDT INPUT=',15,% INPUT TOTAL='4F8.1,
2% INGOT OUTPUT FROM SYSTEM=',FB8e1)
CaekdATOTAL INPUT TD THE SYSTEM THUS FAR IH TONS.
TTLWTL=XTTL*XKT
CxexexCALCULATE RATIOS NCOLUD/NHOT AND TONS/HOUR INPUT
XHOT=NHOT
XCOLD=NCOLD
XRATIODUIVI=XCOLD/XHOT
TIEM=TIEM+XZ
XINRET(IVI=TTIWTLI/TIEM
C sexdGET THE ACCUMULATED PRODUCTION RATE
TTLWTZ=TTLUWT :
TTLWT=XOTPUTHEXWT
PRATECIVI=TTLWT/TIEM
CRexx4GET NON-ACCUMULATED PRODUCTION RATE
WTBTWN=TTLWT-TTLWT2
PBTWNLIIV)=WTBTWN/XT
CaekdRkACCUMULATED BLOOMING MILL IDLE TIME
WRITE (NPRNT,455)TLOST
455 FORMAT{'0'," TOTAL BLCOMING MILL IDLE TIME='"4FBa34//7)
Cc
CHek%xxCALCULATIONS LEADING TO TOTAL COST PER FINISHED TON
CxkkiFOR THE CURREMT SETUP
C
CHaxFdFUEL COST PER TON (FUEL)Y 1S5S COMPUTED
FUEL(IVIY=(HTCDST+WTCOSTY/TTLUWT
CHx*%%x%CAPITAL COST PER TON (CCOST) IS COMPUTED
XPIT=NPIT
CCOSTUIVMI=(PCOSTHXPITHTICEMI/ (XHRS*TTLWT)
CHeldxEMAINTENANCE LDST PER TON (XMLCOSTY IS5 COMPUTED
XMCOSTLIVI=(XPIT/1200%{ (1125 TIEMI/TTLWTIRXMCST
Cxxxx%xC0OST DUE TO DDWNTIME OF MILL (DTCOST) PER TON OQOUTPUT
Ckakak]S CALCULATEDS .
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DTCOSTLIVI=(TLOST*{BLMCST+(OPPCST*PRATE(IVI I /TTLWT
CH&x%xTOTAL COST PER FINISHED TON IS THE SuUM OF THe COSTS

TTLCSTUIVI=FUFLAIVI+CCOSTLIVI+XMCOSTIIVI+DTCUSTILIV)

RETURN

END
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SUBROUTINE RESLTINSET,QSET)

COMMDON IDy IMy TNITHyJEVNTyJMNIToMFAyMSTOPyMX,y MACyNCLCT,
INHIST NOQy NORPT ¢y NOT o NPRMS ¢ NRUN s NRUNSyNSTAT ,OUT , TNOW,
2TBEG,y TFINyMXXyNPRNT ¢ NCRDRy NEP yYNQ( 14) o IMM, MAXQS,
BMAXNS JATRIB{LID) yENQ{L4), INNI1I4),JCELS(20,30),
GRRANK(L14) y MAXNQUL14) yMFE(L&) 9 MLCTLS) 4 NCELS(20) 4 NQ(L4)y
SPARAMI20y4) s UTIME(14)4SSUMA(2545),SUMA(25,5)yNAME(S),
ONPROJ » MONy NDAY g NYR 3 JCLRHJTRIB(12), IX(8),MLE(14)

COMMON IPIT.NPIT,NCRANE,ICRANE,BUSP(40),BUSC(2),
IXISYSyNINGOT, ITYPESNUMBERIL10)  XARVDZNCOLD, INDEX,SUMZ
2S5UML,, 5SOMA(2542) s XQ3, XQ2 ) NHOT o NNDEXy ITRIGyNZyLZy INDRA,
IKALLEX(4) yMTRTG{4) s IFURy JFUR$XMT Ly XMT2,TScQUyABC,B8C,
GCBCs TTHEN, TLOST 9 PLOST s XHRS s XWTFCOSTyWTCASTHHTCOST,
SOPPCSTyIVeBKIE0Os2)yEK(60)FKIE6D)4GRI60)4HK(60),0K(60),
6PK{60),FUEL{6D),,LCOST(60)y XMCOST(H0),DTCOST(60)4X2Z,
TTTLCSTL60) o XRATIO(60) ,PRATE(60) 4BLMCSTHATIME(S0) 4 XMCST,
BBDNMILBDNCRNSTTLWT 4 XOTPUT,,TIEM,PBTUNI60) 4 XINRET{60)
COMMON INTARLNCRDSTyNMLOSTARLMIN,ARLMAX, CRMIN,CRMAX,
IAMEMIN XMULMAXy QLMT s POWERyCOEF yCONSTHICONT» INGMAX 4 INCHG

DIMENSION NSETI1),Q5ETH1)

WRITE (NPRNT,L11)

11 FORMAT{'L" 55X, *SIMULATION RESULTS")

WRITE(NPRNT,12)

12 FORMAT(Y " 455X, ¥ ckdesidokoknedifolokidkgikr , /)

WRITE (NPRNTL2INPIT,INDEX

13 FORMAT(" ",34¥,'ND« OF SOAKING PITS=",13,3X,
1'"MINMe CHARGE=Y413,3X,'QUEUE DISCIPLINE=")

WRITE (NPRNT,19)

19 FORMAT('0O '3 130C(1H*))

WRITE (NPRNT414)

14 FORMAT('0',*TIME CRANE AVGsHTHG o AVGeHTNGS ',
L'AVGaNDs AVGsNOe AVGHTNGs AVGNUa COLD FINISH?',
2'ED FUEL CAPITAL MAINT. DOWNTIME TOTAL'Y)

WRITE(NPRNT,15)

15 FORMAT(' ', *LAPSE UTILIZATION TIME OF TIME QF OF Iv,
L'NGOTS OF PITS TIME OF OF INGDTS BY HOT TONS Ty
2'COST CosT COST COST REHEATING')

WRITEINPRNT,16)

i6 FORMAT(Y ', ' IN INGOTS SsPITS IN 1ty
1'QUEUE 1IN QUFUE HOT IN 5YSTEM RATIO PER HOUR v,
Z2'PER TON PER TON PER TON PER TON COSTY)

WRITEZ(NPRNT,17)

17 FORMAT(" ', *HDURS 1 2V 340X, " INGOTS ' 61K, *PER TONT)

WRITE (NPRNT,19)

JA=TV~-1
DO 5 I=14JA
WRITE(NPRNT,18)ATIME(TL D)yBKA(I 21),BKII 42)4,EK(I ),
IFKAT ),GKITI DoHK{T JH0K(I D,PKIT ),,XRATIO(I 3,
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ZPRATE(I )y FUEBL(I ),CCOSTUI D XMCOST(I »,DTCOSTI(I ),
3TTLCST(L )
18 FORMATI(Y ", F5e192F6433FBa3,F934FFe2y2F943,F1042,
1F843,FBe2yFFa2,F8e233FB823)
5 COMTINUE
WRITE(NPRNT,19)
WRITE (NPRNT,92)
92 FORMATI('1')
WRITE(NPRNT,20)
20 FORMATI('0",'TIME NeCOTPUT XINRET(IV) ")
DO & I=1,JA
WRITE(NPRNT21)ATIMECT) oPBTWHILI) ¢ XINRET(I)
21 FORMATI(? ",F6+l33XsF6ely5XsF6al}
6 CONTIMNUE
CH+%%x%COMPUTE THE MFAN NOes OF INGOTS HEATED IN EACH PIT.
CE%%%%ALS0 CALCULATF THE FRACTIOMAL UTILIZATION OF EACH PIT
WRITE (NPRNT ,4%4)
444 FORMAT('1L")
DO 61 1Z=1,4N7
JI=11+5
DK=SSUMA{JZ,2)/SSUMA(JZ,1)
DL=SSOMA(T1Z,2)/SSOMA(IZ,1)
WRITE(NPRNT y45)12,0K,0L,ySSUMALJIZy &), SSUMA(JZ,5)
445 FORMAT(Y *",30X,12," MEAN NDs HTDe=',F6e2," UTILIZATION=',
1F543,"' MINe AND MAXe ARE'2F5.41)
61 CONTINUE
WRITE(NPRNT4145)
145 FORMATL//7)
DO 91 N=L,NPIT
NRY=NCELSI(N)+?
WRITE(NPRNT 2556 )Ny (JCELS{NyJ) 9J=14NRY)
556 FORMAT(Y *,33X, "FREQUENCIES FOR PIT NO#'y12,6Xs1614)
91 CONTINUE
RETURN
END



Cadcdd

10

19

20

30

40

140

SUBRDUTINE RRESETINSET,QR3ET)

COMMDN IDyIMy TNIT3JEVNTyJMNIT yMFAMSTOPyMX ¢ MXC9NCLCT,
INHIST yNOQyNORPT yNOT g NPRMS  NRUN, NRUNS yNSTATyOUT s THNOW,
ZTBEGy TFINyMXX, NPRNT yNCRDRyNEPSVNIL14) 3 IMM, MAXQS
IMAXMNS yATRIBLLO) JENQULEYp INN{L14) 4, JCELS(20,30),
GRRANKLLG) yMAXMNQILIA) yMFE(L4) o MLC(14),NCELS{20)4NQ(14),
SPARBM{20,4),QTIMELLS) ,SSUMALZ5,5),SUMA(25,5),NAME(b6),
ONPROJ s MON, NDAY s NYRy JCLRy JTRIB{121, IX(8),MLE(14)

COMMON IPIT,NPIT,NCRANE, JCRANE,BUSP(40),BUSCL2),
IXISYSNINGOT,ITYPE,NUMBER(10) s XARVD,NCOLD,y INDEX,S5UMZ,
25UML y SSOMA(25+92) 9 XQ3 9 XQ2 4 NHOT HJNNDEXSITRIG,NZyLZINDRA,
BKALLEX(4) yMTRIG(4 )y IFURy JFUR XMT 1, XMT2,TSEQ,ABC,BBC,
4CBCy TTHEN, TLOSTHPLDST 9 XHRS ¢ XWT, FCOST 3 WTCOSTyHTCOST
S50PPCSTIVyBRKIEO2)+EK(BD) 4 FK{H0) 4GKIO0)HKI60) ,0K{160),
6PKI60Y FUEL(60),CCOST(60)y XMLOSTIH0),DTCOST(O60) X2,
TITLCST(AD) y XRATIOL60) yPRATE(GQ) 4 BLMCSTHATIME(HG) s XMLCST,
OBONMIL yBONCRNy TTLWT ¢ XOTPUT»TIEMPBETWNIBD) 4 XINRETI60)

COMMON INTARLNCRDSTyNMLOUSTARLMIM,ARLMAX, CRMIN,CRMAX,
LIXMLMINy XMLMAX s QLMT ¢ POWERyCOEFCONST o ICONT, INGMAX y INCHG

DIMENSION NSET(L1)4QSETI(L) :

RATHIS SUBROUTINE IS CALLED WHEN THE SYSTEM HAS STABILIZED

DO 10 I=1,NCLCT

Do 9 J=153

SUMA(TIJ)=0.0

SUMA(1,4)=1.0F20

SUMA(T+5)=-1.0E20

DO 20 TI=14NSTAT

DO 19 J=1,3

SSUMA ( I,J)=G#P’

SSUMA(I,4)=1.0E20

SSUH&( 115 Yy==10E20

DO 30 I=1,NHIST

DO 30 J=1,MXC

JCELSIT,J)=0

NHOT=0

NCOLD=0

TLOST=0.0

SUM1=0.0

SUMZ2=0.0

TTLWT =040

XOTPUT=0.0

TIEM=0s0

DO 40 I=1,NPIT

SSOMA(I,1)=0.0

SSOMA(I,2)=0.0

RETURN

ZND
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APPENDIX D
HISTOGRAMS OF GENERATED FREQUENCIES

This Appendix contains histograms of the interarrival, crane and
mill breakdown times for the exponential as well as the erlang 4 truncated
distributions. The effect of truncation of these distributions on the

final results 1is briefly explained.
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Note. Figures D-1 through D-6 depict the relative frequencies of the
actual interarrival, crane and mill breakdown times generated by the com-
puter program. Owing to truncation, the actual mean of the exponential
distribution for interarrival times of ingot batches would tend to be
slightly greater than the desired mean. The truncation values have been
set in accordance with the meaningful time limits for the physical processes.

The warping of the Erlang 4 distribution has been more severe. The
accumulation of the probability area to the extent of 90% at the upper
truncation limit for the three processes indicates that the means of the
interarrival, crane and mill breakdown times are well above the desired
values. The observed means would have been even greater had there been
no truncation on the higher side. Hence the shifting of the mean is entirely
due to erroneous generation of random numbers in the case of Erlang 4 dis-
tribution. Truncation has only reduced the severity of the distortion.

This explains the large consumption of cold ingots as well as the almost
doubled mill downtime cost for Sets C and D. As a result of the trunca-
tion, whenever the terms 'exponential' or 'erlang 4' are encountered they
are to be understood as 'truncated exponential' and 'truncated erlang 4'

respectively.
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Figure D-1 Relative Frequencles of Generated Interarrival Times for the
Truncated Exponential Distribution
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Figure D-2 Relative Frequencies of Generated Crane Breakdown Times
for the Truncated Exponential Distribution.
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Figure D-3 Relative Frequencies of Generated Mill Breakdown
Times for the Truncated Exponential Distribution
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Figure D-4 Relative Frequencies of Generated Interarrival Times

for the Truncated Erlang 4 Distribution.
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Figure D-5 Relative Frequencies of Generated Crane Breakdown
Times for the Truncated Erlang 4 Distribution.
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Figure D-6 Relative Frequencies of Generated Mill Breakdown
Times for the Truncated Erlang 4 Distribution.
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ABSTRACT

While attention in the iron and steel industry has been focused on
the study and analysis of the flow of materials through the main productive
units: blast furnaces, steel work, and rolling mill, the analysis of this
flow through the non-productive units: the mixer and soaking pits is over-
locked. These two units could create serious bottlenecks in production
if their capacities were not properly determined before being installed.
This paper considers the soaking pits-rolling mill complex as a queueing
system in which the soaking pits, each is charged by a number of ingots,
are considered as units circulating a cyclic queue, with the rolling mill
as the service station.

An analytical model fitting this system is extracted from a very
general cyclic queueing model. However, when overhead cranes are con-
sidered as part of the system to charge arriving and cold ingots and
draw soaked ingots, the system becomes very difficult to solve analytically,
and thus a simulation model 1s developed to (1) predict the improvement
in the system through determining the optimal capacity of the soaking
pits-rolling mill complex, and (2) predict the effect of breakdowns
and maintenance. The necessary measures of effectiveness including
economic aspects are computed. The optimal capacity of the system is
determined such that an economic balance between the cost of service and
the cost of waiting for that service is achieved. With similar assumptions,
both analytical and simulation models are compared to test the validity

of the solution.



