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ABSTRACT

The CC technique accounts for more than 60% of total liquid steel in the world. Thus, the
applied reliability modeling and analysis of a CC plant is of great importance; and hence, the paper
explores a real, case specific modeling and analysis of a CC plant, where two 200 ton (unit 1) and two
100 ton (unit 1) EQOT cranes are operating in parallel. Both units operate at full installed capacity and
priority for maintenance and operation is given to the unit with higher installed capacity. When a unit
fails, it is inspected to decide the type of maintenance job to be performed. The components are then
repaired, replaced or reconditioned/reinstalled as required. Optimized reliability indices of the plant are
obtained using semi-Markov processes and regenerative point techniques. Profit incurred to the CC
plant is also evaluated and graphs pertaining to these indices are plotted.

Keywords: Continuous Casting plant (CC plant), Reliability, Semi-Markov process, Regenerative

Process, Repair, Failure.

1. Introduction

In the CC route the BF — BOF heats are
transported by ladle cars into the bay of unit I and unit I1.
The ladle handling crane loads these ladles onto the
supports of the LTS. At the end of the treatment the ladle
handling crane puts a cover on the ladle and brings the
heat to the CC machine. Once casting of the strand is over,
it is straightened and then cut into predetermined lengths
by a mechanical shear. These cut billets are cooled
suitably and once it is ready, it is transported by a billet
handling crane with magnetic hoist system to the storage
yard and later onto railroad cars. The tandem
arrangement in which the four EOT cranes operate in
pairs within the CC plant is referred to as unit I and unit 11
and categorized as critical equipment. Snag free
operation of the critical equipment is imperative for the
profitable running of the CC plant.

Reliability models to evaluate system
effectiveness and profit have been studied by a number of
researchers [3]-[11] where in diverse concepts for system
analysis such as, reliability and profit of a PLC hot
standby system on master-slave concept and two types of
repair facilities, optimization of a single unit PLC system,
comparative study of two reliability models with
patience time, repairable system with three units and
repair facilities, two unit deteriorating standby system
with repair and so forth were studied. Later, Taneja et.al
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[2] wrote about a 2-out-of-3 unit system for an ash
handling plant wherein a failure free situation was
considered. Goyal et. al [1] evaluated the reliability and
profit of a 2-unit cold standby system working in a sugar
mill with operating and rest periods. A new concept to the
existing literature can be added in terms of a real case
example, where the units of the system operate in parallel
with different installed capacities and the priority for
operation and maintenance is given to the unit with
higher installed capacity. The system under consideration
is a CC plant with two units operating in parallel and
possessing different installed capacities.

To this effect, the downtime maintenance data
on EOT cranes from a CC plant for a period of four years
have been collected. Three distinct causes of plant
failure are seen in the data viz., repairable, replaceable,
and reconditioning/reinstallation. The repair,
replacement and reconditioning/reinstallation rates along
with the probabilities of various failures of the critical
equipments of the CC plant have been estimated from the
data. The failure situations considered in the model is the
same as depicted in the data and the analysis is carried
out by using the real estimated values of various rates and
probabilities. Thus, this paper offers a new contribution
to the reliability literature in terms of a real case analysis
of two-unit parallel CC plant equipment with different
installed capacities. The various possible transition
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states of the system are as shown in Fig. 1.

The following measures of plant effectiveness in
terms of reliability indices are obtained using the
semi-Markov  processes and regenerative  point
techniques:

1. Mean time to system failure.

2. Plant availability.

3. Expected busy period of the repairman for
inspection.

4. Expected busy period of the repairman for
repair.

5. Expected busy period of the repairman for
replacement.

6. Expected busy period of the repairman for
reconditioning/reinstallation.

7. Expected number of visits by the
repairman.

8. Expected number of repairs.

9. Expected number of replacements.

10. Expected number of
reconditioning/reinstallation.

11. Profit incurred to the system.

These reliability results proved to be
meaningful to the plant engineers in analyzing the system
behavior and thereby improving the performance of the
plant.

The data are summarized as under:

1. Probability that the failed unit 1 needs
repair p, = 0.378.

2. Probability that the failed unit | needs
replacement p, = 0.4.

3. Probability that the failed unit | needs
reconditioning/ reinstallation p; = 0.222.

4. Probability that the failed unit Il needs
repair p, = 0.3009.

5. Probability that the failed unit Il needs
replacement p; = 0.329.

6. Probability that the failed unit Il needs
reconditioning/ reinstallation pg = 0.36.

7. Estimated value of failure rate for unit 1 %,
= 0.0013 per hour.

8. Estimated value of failure rate for unit I
L, =0.0026 per hour.

9. Estimated value of repair rate of unitl o; =
0.298 per hour.

10. Estimated value of replacement rate of unit
I a, =0.043 per hour.
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11. Estimated value of reconditioning /
reinstallation rate of unit 1 a3 = 0.286

per hour.
12. Estimated value of repair rate of unit Il B,

= 0.6 per hour.

13. Estimated value of replacement rate of unit
Il B, =0.086 per hour.

14. Estimated value of
reconditioning/reinstallation rate of unit 11
B =0.564 per hour.

2. Model Description and Assumptions

N

The CC plant has two units: unit | & unit I1.
Unit | and unit 11 constitutes a parallel system.
Repairman is called to carry out the inspection,
repair, replacement and reconditioning /
reinstallation.

As soon as a unit fails, inspection is carried out
to reveal the type of failure and subsequent
maintenance job is to be performed.

Priority for maintenance and operation is given
to unit I, which is the higher capacity unit.

Unit | and Unit 11 always work at full installed
capacity.

During the inspection, the other unit doesn’t
fail.

Failure times are exponentially distributed.
After each repair, the system works as good as
new.

3. Transition Probabilities and Mean
Sojourn Times

\
Fig. 1 Transition States of the System
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A ftransition diagram showing the various
states of the system in the CC plant is shown in Fig. 1.
The epochs of entry into states 0, 1, 2, 3,4, 5,6, 7and 8
are regenerative points and thus these states are classified
as regenerative states. The states 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22 and 23 are failed states. The

transition probabilities are given by:

dQqy = 21,e 22t
dQqy = 2hye 2t gt
dQ;5 = pyh(t)dt

dQ.4 = p,h(t)dt
dQ;5 = psh(t)dt
dQ,¢ = p,h(t)dt
dQ,; = psh(t)dt

dQyg = psh(t)dt
dQq = &gy (t)dlt
o|Q39 = 2hye 22 Gy (t)dt

QYY) =[2n,e P2 O1]g (t)dt
dQ4o = e2'g, (t)dt
dQ,10 = 20,627 G (t)dt
dQLY) = [2h,e ' O1]g, (t)dt
dQs, = &' g5(B)ct
dQs 11 = 20, Ga(t)dt
dQYY =[2h,e 22" O1]g, (t)dt
dQep = €7"'g, (Bt
dQg, = 20,e 24 G (t)dt
dQ = e™'gs (t)dlt
dQ; 15 = 20 Gs (t)dt
dQgo = &*'gs (t)clt
Qg4 = 20,62 Go (t)dt

dQq,15 = p;h(t)dt
dQq16 = PoN(t)dt
dQq17 = psh(t)dt

dQy315 = psh(t)dt
dQy319 = P, h(t)dt
dQy350 = Psh(t)dt
dQu4 21 = psh(t)dt
dQ4 2, = P, h(t)dt
dQ4 23 = psh(t)dt
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dQys56 = gy (t)dt
dQie6 =g (t)dt
dQ;76 = g5 (t)dt

dQug7 =gy (t)dt
dQyq7 =gy (t)dt
dQyg 7 = gs(t)dt

dQyy 5 = gy (Ddt
dQy, s =g, (t)dt

dQy35 = g5 (t)dt 1) - (41)
The non-zero elements pj; are given below:
oy = % pop = —2 Ps=Py » P =P
o1 W 02 min, | PTPL PuTP2
Ps =P3 + P2=Ps + P27 =Ps + Ppg=Ps
p 2 P =P =22 po=— "2
O My ta TR a0 2ty
21 o
10) — 2 - 3
Ps10 = Par —27\2 T , Pso 20, +og
2 B
— 0D — 2 - 1
Ps11 = Ps2 —ZXZ T o ) Peo —27»1 B, )
_ 2 _ B _ 2
Pe12 20y +By ) 20, + B, v Pras 20, +, )
_ Bs _ 2 _
Pgo 20y + By v Pgi1a 20, + By v Puis =P
Pio1s = P2 + P1217 =P3 + P131s =P+ Pizg =P
Pi320 =Pz Prap1 =P P1a22 = P2 ,
P56 = P166 = P176 = P1g7 = Pro,7 = P20,7 = Po1g = Pozg
=Pos =1 (42) - (70)

By these transition probabilities it can be verified that:

Por tPp2 =1

P13t Pt Pis =1

P2s T P27 Py =1

P3o + P39 = p30+p(g) =

Pag +P410 = p4o+p(10) =1

Pso + Ps11 = Pso +Ps;

(11) —

Peo * Pe12 = P7o *P713 = Pgo tPg1s = 1

P1215 + P1216 t P17 =1
P1318 + P131g T P13 20 =1

P1a,21 t P1a22 tP1az =1
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Pise *Pise T Pz =1
Pig7 * Pro7 t P27 =1

Po1g tP2g tPa3s =1 (71) - (83)

The mean sojourn time (; ) in the regenerative

state ‘i’ is defined as the time of stay in that state before
transition to any other state. If ‘T’ denotes the sojourn
time in the regenerative state ‘i’, then:

y; = E(T) = Pr[T > t]dt

1

20t 420t
Ho= [[ePe @ dt = ————;
! 200 +1y)

W = J' H()dt ; pp= J' H(t)dt ;
0 0

(84) - (92)
0

The unconditional mean time taken by the
system to transit to any of the regenerative state ‘j” when
time is counted from the epoch of entry into state ‘i’, is
mathematically stated as:

m; = [ tdQ; () = ~a; * (0)
0

(93)
Thus,
Moy + Mgy = Mo 5 Myg +Myy +Myg =1y
Myg + My +Myg = Uy 5 Mag +Mag =3 ;
My +My19 =Hya s Mgo +Mg5qq =g,
Mgy +Mg1p = Mg My +M7q3 = U7,
Mgy +Mgq4 = Hg 5 Mzp + m$) = ky(say) ;

10) _ ) 11) _
My + mstz) =k, (say); mgy + méz) = kg (say)

4. Maintenance Effectiveness and
Performance Analysis

Considering the failed states as absorbing states
and making use of the arguments for regenerative
processes, the recursive relations for mean time to system

failure, availability, expected busy periods of the
repairman for various maintenance jobs, expected
number of visits by the repairman, expected number of
repairs, replacements, and reconditioning/reinstallation
are obtained. Solving the recursive relations with
Laplace/Laplace Stieltje’s Transforms, the steady-state
solutions for the wvarious measures of system
effectiveness in terms of reliability indices of the CC
plant equipment are estimated.

4.1 Mean time to system failure
Let ¢;(t) be the c.d.f. of the first passage time

from regenerative state ‘i’ to a failed state ‘j’. Using the
simple probabilistic arguments, the following recursive
relations for ¢ (t) are obtained:

®® = Qur® © ¢,(t) + Qe () ¢, (1)

a0 =Qu® © ¢3+Qu®) © 0,(+Qust) ©
¢5(1)

%) =60 © ¢5(1)+Qu (1) © 6(t)+Qu(t) ©
dg(1)

(1) = Qa1 © ¢y (t) + Qso(1)

(0 =Qao® & ¢y (t) +Qu10(t)

a5 () = Qso (1) © ¢ (£) + Qg 13 (1)

9 (1) = Qa0 ® & ¢y (t) + Qg 12 (%)

(0 =Qa0() & ¢y (t) +Q715(t)

%) =Qe® O ¢y (1) + Qaura(®)  (94)- (202)

Taking the Laplace Stieltjes Transforms

(L.S.T.) of the above equations and solving them
for ¢ **(s) ;

wrfey - NE)
$**(s) = m
Where,
N(s) = Qg **(8)Qu3 **(5)Qgg **(S) + Qg1 **(5)Qu4 **(5)
Qu10 **(5) + Qo1 **(8)Qy5 **(5)Qs.11 **(5) + Qo **(5)
Q26 **(8)Qp.12 **(8) + Qo2 **(8)Q27 **(s)Q713**(s) +
Qo2 **(5)Q28 **(5)Qg.14 **(5)
D(s) =1-Qqg **(s)Qu3 **(5)Q30 **(S) - Qo **(5)
Qi **(8) Qa0 **(8) - Qo1 **(8)Qus **(5)Qs0 **(5) -
Qo2 **(8)Q26 **(5)Qs0 **(5) - Quz **(8)Q27 **(5)
Q70 **(8) - Qo2 **(s)Q28 **(5)Qgo **(5)
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Now the mean time to system failure (MTSF)
when the system started at the beginning of state 0 is
given by:
1-¢o**() _N

MTSF =lim

103
s—0 S D ( )

Where N =mg; + Mg, +Pg; +Pgy +Hy
and
D =1-Pg1P13P30 * Po1P14Pao * PorPisPso + PozPisPeo *

Po2P14P70 + Po2P15Pgo

4.2 Plant availability
Using the probabilistic arguments of point wise
availability of the plant and defining A,(t) as the

probability that the plant is in upstate at instant t, given
that it enters in the regenerative state i at t=0, the
following recursive relations can be obtained:

Ag(t) = Mg (1) + o1 (NOA (1) + 0, (NOA, (1)

Ay (1) = 033 (DOA; (1) + Gy (NOA, (1) + 15 (OAS (1)
Az (1) = 025 (NOAG (1) + 057 (NOA; (1) + 025 ()OAg(1)
Aq(t) = 030 (NOAG (1) + & (VOA, (1)

A4(D) = 0i OA () + 05 (NOA, (1)

As () = deo (NOA (1) + 055 OA, (O

Ag (1) = dgo (OAG (1) +Ug 1o (NOAL, (1)

Az (1) = d7o(DOAG (L) + d715(NOA; (1)

Ag(t) = Ggo (NOAG (1) + dg 14 (DOAL, (1)

Ao (1) = 1215 (DOA5 (1) + U116 (YOAG (L) + U107 (NOA, (1)
A3 (t) = 01315 (YOA (L) + Uy319 (OAL (1) + Gy 20 (NOA (1)
A (1) = dyg, 21 (OOA (1) + Ays 20 (VOA (1) + Uy 25 (DOA (1)

Aqs(t) = 0356 (OAG ()
A (t) = 066 (NOAG (1)
A7 (1) = ty7,6(DOAG (1)
Agg(t) = di57 OA; (D)
Agg(t) = dig 7 (NOA (1)
Ay (t) = dg9 7 (NOA; (1)
A (1) = 0,15 (NOA(H)
Ag () = Ug 5 (A ()
Ags(t) = U35 ()OAg(1)
Where M, (t) = e *%2)t
Taking Laplace Transforms (L.T.) of the above equations
and solving them for A, (5) ;

(104) - (124)
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N, (s)
D (s)
Therefore the steady state availability of the plant is
given by:

Ag = limsAg*(s)

Ao* ()=

(125)

Proceeding in similar method as above we get
the following measures of system effectiveness in steady
state:

Expected busy period for inspection (1I;): No/D;
Expected busy period for repairable failure (B ): Na/D;.
Expected busy period for replaceable failure ( BR; ):
N,4/D;.

Expected busy period for reconditioning/reinstallation
failure (BRR): Ns/D;.

Expected number of visits by the repairman (V; ): Ne/D;.
Expected number of repairable failure (R ): N/D;.
Expected number of replaceable failure (RP, ): Ng/D;.

Expected number of reconditioning/reinstallation failure
( RRO ): Ng/Dl.

5. Profit Analysis

Combining the elements discussed above, the
profit is defined as:

P =CyA, - C,ly - C,B, -C3BR, - C,BRR - C,V, - Cg
R, - C,RP, - CsRR, (126)

6. Particular Case

For the particular case, the rate of repairable
failure, replaceable failure and
reconditioning/reinstallation failure and inspection is
assumed to be exponentially distributed i.e.

0 () = ape™"; 9y (t) = ape™; ga(t) = age™";

04 (1) = Bre™" g5 (1) = ™" 9o (D) = Poe™";

h(t) = oe™™;

Using the values of various probabilities and rates as
estimated in section 3, the following measures of the
system effectiveness are estimated:

Mean Time to System Failure: 4767.303 hours.

Plant availability: 0.954125.

Expected busy period for inspection 1,: 0.01873.
Expected busy period for repairable failure By :
0.005835.

Expected busy period for replaceable failure BR:
0.019462.
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Expected busy period for
reconditioning/reinstallation failure BRR,: 0.00527.
Expected number of visits by the repairman V; :
0.007522.

Expected number of repairable failure R : 0.002566.
Expected number of replaceable failure RP, :
0.002696.

Expected number of reconditioning/reinstallation
failure RR : 0.002394.

7. Graphical Interpretations

The particular case discussed above is
considered for the graphical interpretation.

5100 P =038 py =045, =0223, 2 = 00013
= 0295, my =003, 0 =039, =04

Py = 0309, p; =0 729, = 036, 4, = 00035,
Fy =06, By =0 08, 5 =0 %64

5000 A

4800 -

4800 -

MTSF

—4—0=0.2
4700
——c=0.3

4600 n=0.4

4500

4400
0.001260.001270.001280.00129 0.0013 0.001310.001320.001330.001340.00135

FAILURERATE h

Fig. 2 MTSF vs Failure Rate (1) for Different Values
of Inspection Rate ()

=03, py =04 p; = 0222 3 = 00013
g = 0208, 0 = 0043, 05 = 01236, =04

086 b = 0309, =0 329, =036, &, =100,

=06, By = 0086, ;= 0.564

. Fi=0552 =086,

085 B

0.945
—+—0=0.2
0.84
ye ——a=0.3
0.935 " = B

AVAILABILITY Ao

o=04

0.001260.001270.001280.00125 0.0013 0.001310.001320.001330.001340.00135

FAILURERATE A

Fig. 3 Availability (Ao) vs Failure Rate () for
Different Values of Inspection Rate (o)

Fig. 2 shows the behavior of MTSF with respect
to the failure rate (1) for different values of inspection
rate (o). It can be concluded from the graph that MTSF
decreases with the increase in values of inspection rate
(n) and has lower values for higher values of inspection
rate (o).

Fig. 3 shows the behavior of plant availability
(Ao) with respect to the failure rate (A) for different
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values of inspection rate (o). It can be concluded from the
graph that availability (A,) decreases with the increase in
values of inspection rate (o) and has lower values for
higher values of inspection rate (o).

= 0378,y = 0 4 p = 03222, 7 = 00013,
. g = 0298, 0y = 0,043, g = 0 286, 0= 0.4

fiy = 0,309, p, = 0328, gy, =036, hy = 00026,
AT B =08, By = 0026, fy = 0.564
30 1
20

10 - ——n0=0.2

PROFIT

——a=0.3

g Juoss 065 1070 107540 1085 1050 1095 1100 a=0.4
-20 |

-30 |

Co

Fig. 4 Profit (P) vs Revenue Per Unit Uptime (C,) for
Different Values of Inspection Rate (A)

- P =0.378, py = 0.4 p; = 0,222, Ay = 00013,
oy =0.298, oty = 0043, 0 =0 286, =04,
6 - g = 0300, p; = 0,520, = 036,5, = 00025,

Py =016, F5=0.086, s = 0 564

—#— Co=1056

—— Co=1058

PROFIT

400 500 600 700 8 12001300 Co=1060

Ce

Fig. 5 Profit (P) vs Cost Per Visit (Cs) for Different
Values of Revenue Per Unit Uptime (Cy)

Fig. 4 demonstrates the pattern of profit (P) with
respect to revenue per unit up time (C,) for different
values of inspection rate (). The following interpretation
could be achieved from this graph:

(i) The profit increases with increase in the values
of revenue per unit up time and has higher values for
higher values of inspection rate (a).

(if) For a = 0.2, the profit is positive or zero or
negative according as Co > or = or < 1085.00.

(iii) For a = 0.3, the profit is positive or zero or
negative according as Co > or = or < 1067.50.

(iv) For a = 0.4, the profit is positive or zero or
negative according as Co > or = or < 1057.50.

Fig 5 demonstrates the pattern of profit (P) with
respect to cost per visit of repairman (Cs) for different
values of revenue per unit up time (Co). The following
interpretation could be achieved from this graph:

(i) The profit decreases with increase in values of
cost per visit of repairman (Cs).
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(if) For Co = 1056, the profit is positive or zero or
negative according as Cs > or = or < 650.00.

(iii) For Co = 1058, the profit is positive or zero or
negative according as Cs > or = or < 1000.00.

(iv) For Co = 1060, the profit is positive or zero or
negative according as Cs > or = or < 1150.00.

8. Conclusions

Various measures of plant effectiveness in terms
of reliability indices have been estimated numerically,
which facilitates the plant engineers in analyzing the
system behavior and thereby improving the performance
of the plant. Using the estimated values, some useful
graphs are plotted for the particular case.
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Acronym

cC Continuous Casting

EOT Electrically — Operated  Overhead
Travelling Crane

INR Indian National Rupee

MTSF Mean Time to System Failure

BF Blast Furnace

BOF Basic Oxygen Furnace

LTS Ladle Treatment Station

PLC Programmable Logic Controller

Nomenclature

D Operative state of the CC plant

0 Failed state of the CC plant

@] Cranes working under full installed capacity
o Inspection rate

M Failure rate of either crane of unit |

o) Probability of repairable failure of unit |

P, Probability of replaceable failure of unit |

P3 Probability of reconditioning/reinstallation
failure of unit |

Fi; Failed unit I is under inspection

Fin Failed unit I is under repair

Firo Failed unit I is under replacement

Fis Failed unit I is under
reconditioning/reinstallation

Fir1 Failed unit | under repairable failure
continues from previous state

Firo Failed unit | under replaceable failure
continues from previous state

Firs Failed unit I under

reconditioning/reinstallation failure continues
from previous state
Fiwi Failed unit I is waiting for inspection
g, (1), G, (1) p.d.f. (probability density function)
and c.d.f. (cumulative distribution
function) of repair time of unit 1

g, (1), G, (1) p.d.f. and c.d.f. of replacement time of

unit |

g5(t), G (1) p.d.f. and c.d.f. of
reconditioning/reinstallation time of
unit |

Ay Failure rate of either crane of unit Il
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h(t), H(®)

9,(1),G4(1)
9s(1), Gs(t)

(1), Go (V)
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Probability of repairable failure of unit 11
Probability of replaceable failure of unit 11
Probability of reconditioning/reinstallation

failure of unit I
Failed unit 1l is under inspection

Failed unit Il is under repairable failure
Failed unit 11 is under replaceable failure
Failed unit I is under

reconditioning/reinstallation failure
Failed unit 1l under repairable failure

continues from previous state

Failed unit Il under replaceable failure
continues from previous state
Failed unit I under

reconditioning/reinstallation failure continues
from previous state

Failed unit 1l is waiting for inspection
Symbol for Laplace transforms

Symbol for Laplace Stieltje’s transforms
Symbol for Laplace convolution

Symbol for Stieltje’s convolution

p.d.f. and c.d.f. of inspection time
of a failed unit

p.d.f. and c.d.f. of repair time of

unit 11

p.d.f. and c.d.f. of replacement time
of unit I

p.d.f. and c.d.f. of
reconditioning/reinstallation  time
of unit I

204

Steady state availability of the system

Busy period of the repairman for inspection
Busy period of the repairman for repairable
failure

Busy period of the repairman for replaceable
failure

Busy period of the repairman for
reconditioning/reinstallation failure

Expected number of visits by the repairman
Expected number of repairs

Expected number of replacements

Expected number of
reconditioning/reinstallation

Revenue per unit up time

Cost per unit up time for which the repairman

is busy for inspection

Cost per unit up time for which the repairman
is busy for repairable failure

Cost per unit up time for which the repairman

is busy for replaceable failure
Cost per unit up time for which the repairman

is busy for reconditioning/reinstallation
failure

Cost per visit of repairman.

Cost per unit repair

Cost per unit replacement

Cost per unit reconditioning/reinstallation
(All costs are in Indian Rupee)
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