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Abstract

In this paper a reliability model on a water system working in Panipat Thermal Plant, Panipat is considered. It was
observed while visiting the plant that the system is consist of several redundant and non-redundant sub-systems where
redundant sub-systems are of two types i.e. 1-out-of-2 (type-1) and 2-out-of-3 (type-11). On the occurrence of a minor
fault in any subsystem the system goes to partial failure whereas on occurrence of a major fault in the non-redundant
subsystem it completely fails. On partial failure of the system, the repairman available first inspects whether the fault is
in redundant subsystem or in non-redundant subsystem and accordingly carries out the repair of the subsystem involved.
Various measures of system effectiveness are obtained by using Markov processes and regenerative point technique.
Using these measures the system is analysed in terms of its reliability and cost and various conclusions are drawn on the
basis of the graphical studies.
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1 Introduction

In the field of reliability modeling including Garg and Kumar [1], Gupta and Kumar [3], Murari and Goyal [8],
Goel et. al. [2], Kumar et al [4, 5], Kumar and Bhatia [6] have analyzed a large number of systems considering
various concepts such as different failure modes, repairs, replacements, inspections, degraded etc.

A large number of water process systems are being used in modern industry that includes cooling water system,
hot water system, waste water treatment plant, steam generating system and water circulation system etc. The
reliability and cost of the water process systems plays a very important role to the industries involved hence
need to be analysed. Recently, Kumar and Rani [7] discussed the reliability and availability analysis of a model
on water process system having two types of redundant subsystems.

It was observed while visiting the Panipat Thermal Power Plant, Panipat that water process system used there
has a significant role due to the dependency of whole process on circulation of water in different modes through
various subsystems. Some subsystems are redundant like Raw Water Pump, Condensate Exhaust Pump and
Boiler Feed Pump etc. and others are non-redundant like Gland Steam Cooler, Low Pressure Heater,
Economizer and Boiler Drum etc. These subsystems have different type of faults, some of them are minor faults
like Vibration in Motor of Raw Water Pump, Pump Tripping in Service Water Pump etc. and other are major
faults like Casing leakage in main BFP, Cartridge damaged in BFP etc. The real data collected on water process
system working there gives the following estimates:

Total number of faults =199
Probability that a fault occurs in a redundant subsystem of type-I =0.8895
Probability that a fault occurs in a redundant subsystem of type-II =0.1105
Rate of occurrence of major faults =0.0028
Rate of occurrence of minor faults =0.0082
Repair rate of fault occurs in redundant subsystem of type-I =0.0409
Repair rate of fault occurs in redundant subsystem of type-II =0.428

In the present paper, a water process system that consists of several redundant and non-redundant sub-systems
where redundant sub-systems are of two types i.e. 1-out-of-2 (type-1) and 2-out-of-3 (type-II) is considered that
exist in Panipat Thermal Power Plant, Panipat. It is assumed that the system goes to partial failure on the
occurrence of a minor fault in any of the subsystem whereas it completely fails on occurrence of a major fault
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in the non-redundant/redundant subsystem. On partial failure of the system, the repairman available first
inspects whether the fault is in redundant or in non-redundant and if fault is found in redundant system than he
will inspect whether the fault is in type-I or type-11 redundant subsystem and accordingly carries out the repair
of the subsystem involved. Various measures of system effectiveness are obtained by using Markov processes
and regenerative point technique. The conclusions regarding the reliability and cost for the system are drawn on
the basis of graphical studies.

2  Other assumptions

(i) All faults are self- announcing.

(if) ~ There is a single repair facility.

(iii)  The priority for repair is given to the non-redundant subsystem on occurrence of major fault.

(iv)  The times to repair the unit on occurrence of major or minor faults by the repairman in redundant and non-
redundant subsystem are different.

(v)  The system is as good as new after each repair.

(vi)  The switching is perfect and instantaneous.

(vii) The failure time distributions are exponential while other time distributions are general.

3  States of the system

0} . Operative system.

Oi . Operative system under inspection.

Onror . Operative non-redundant subsystem under repair.

Orpi : Operative redundant subsystem under repair.

Orp.1/Orp.ir :  Operative / under repair redundant subsystem of (type-I).
Orp-1/Orp.iir : Operative / under repair redundant subsystem of (type-II).
F :  Failed system under repair.

4  Notations

M/ Ao :  Rate of occurrence of major / minor faults.

xly . Probability that a fault occurs in a non-redundant / a redundant subsystem, y = 1- x.

alb . Probability that a fault occurs in a redundant subsystem of type-1 / type-1l, b =1-a

i1(t)/14(t) : p.d.f./c.d.f. of time to inspect the system.

i2(1)/15(t) : p.d.f./c.d.f. of time to inspect the redundant subsystem.

g(t)/G(1) . p.d.f./c.d.f. of time to repair the system on occurrence of major fault.

g1(t)/G1(t) : p.d.f./c.d.f. of time to repair the unit on occurrence of minor fault in the non-redundant
subsystem.

g2(t)/Go(t)  : p.d.f/c.d.f. of time to repair the unit on occurrence of minor fault in the redundant
subsystem of type-I.

gs(t)/Gs(t) :  p.d.f./c.d.f. of time to repair the unit on occurrence of minor fault in the redundant

subsystem of type-I1.

5 Transition probabilities and mean sojourn times

A transition diagram showing the various states of transition is shown as Fig.1. The epochs of entry in to state 0, 1, 2, 3,
4, 5, 6 are regenerative point, i.e. all the states are regenerative state
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Fig. 1: State Transition Diagram

The transition probabilities are

dQq, (1) = 2,6 " )dt dQq, (t) = 1,e ™= dt dQ (1) = xi, (t)dt
dQu, (1) = ¥, ()t dQ.0 (1) =g (t)et dQx (1) =0, (t)et
dQ,s (t) =ai, (t)dt dQ,, () =bi, (t)dt dQ,, (t) =g, (t)dt

dQy, (t) =0; (t)dt

The non-zero elements p; = limQ, (t)are
—>0

7\’2 7\’l

Por = }”1 N }Mz Poz = 7\’1 N 7\’2 P = Xil* (O) P = yil* (O) Py = g* (0)

Ps = gI (O) P = ai; (0) Py = bi; (O) Pso = g; (0) Peo = g; (0)
By these transition probabilities, it can be verified that

pOl +p02 =1 p13 +pl4 =l p45 +p46 =1 pZO :p30 =p50 =p60 :1

The unconditional mean time taken by the system to transit for any regenerative state j, when it is counted from epoch
of entrance into that state i, is mathematically stated as

m; = Ttinj (t) = _qi*j’ (0) , thus

Mo+ Mg, = Ko s me+my, =, My = Uy, My = Hg,
Mys+Mys = Ly, Mg, = U, Mg, = Ug

The mean sojourn time (1) 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 regenerative state i, then

1 ol ! !
o z}\,l +}M2 , W =—N (0)’ M, =-g (0)’ Ha =—0, (O)’
b, =i (0), by =-g; (0), Ho =05 (0)

6 Mean time to system failure

To determine the MTSF of the system, we regard the failed states of the system as absorbing states. By

probabilistic arguments, we obtain the following recursive relations for ¢;(t), c.d.f of the first passage time from
regenerative state i to failed state:
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¢ () =Qu; (1) ® ¢, () + Qs (t)

01 (t) =Qu3 (1) © 5 (1) +Qu (1) © ¢4 (1)
03 () =Qap (t) ® i, (1)

6. (t)=Qus (1) ® s (1) +Qus (£) © 5 (1)
05 (t)=Qs (1) ® o, (t)

05 (t) = Qg0 (t) © ¢y (1)

Taking L.S.T. of these equations and solving for ¢o**(s), we obtain

0 ()=

- D)
The mean time to system failure (MTSF) when the system starts from the state 0, is
19 **(s) _ N
s—0 S D

where N= Mo+ Por |:U-1+ PusMls Py (H4+ PsMs * PusHs ):|
D=1-p, [p13p3o Py (p45p50 * P4sPgo ):|

7 Expected up-time of the system with full capacity

Using the arguments of the theory of regenerative processes, the availability AF;(t), the probability that the
system is up at instant ‘t’ with full capacity given that it entered regenerative state ‘i’ at t = 0, satisfies the
following recursive relations

AR, (t) =M, (t)+a,, (t)©AF, (t)+0, (1) ©AF, (t)

)
AF, (1) =0, (t)©AF, (t)
AF, (1) =qy (t)©AR, (1)
AF, (1) =0, () OAR (1) +0, (1) ©AR (1)
AF; (t) =0y, (t)©OAF, (t)
AF, (1) = 04, (NOAF, (t)

where M, (t) =g )"
Taking Laplace transform of the above equations and solving for AFy*(s), we have

* N

In steady state the expected up-time of the system with full capacity is given by

i *(s)) = N
AR, = lim(sAF; (s)) = B

where N, =,

D, =Hy +Pokly +Poq [ Hy +Prgkls P14 (Hy +PasHs +Psehl ) |

8 Expected up-time of the system with reduced capacity

In the similar way, the availability AR;(t), the probability that the system is up at instant ‘t” with reduced capacity given
that it entered regenerative state ‘i’ at t = 0, satisfies the following recursive relations

AR, (t) =0y (t)©AR1 (t)+qoz (t)©AR2 (t)
AR, (1) =M, (t)+0q, (1) ©AR, (t)+0y, (1) ©AR, (1)
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AR, (1) =0, (t)©AR,(t)
AR, (t) =M, (t)+0y (1) ©AR, (t)
AR, (1) =M, (t)+0,5 (1) OAR (t)+0, (1) ©AR, (1)
AR () =M, (t)+0s (1) ©AR, (1)
AR, (1) =M, (1) +0q, (1) ©AR, (1)
where M, (t) =T, (1); M, (1) =G, (1); M, () =T, (1);

Taking Laplace transform of the above equations and solving for ARy*(s), we have

. N
-2

In steady state the expected up-time of the system with reduced capacity is given by

AR, = lim(sAR; (s)) = %

where  N,=p, [”1 Py P, (|J4 *P4sMs +P4eHs )]
D, =Ho +Pootly +Poq [ My +P15Hs +Pyq (M, +Pashls +Pushs ) |

9 Busy period of repair man (inspection time only)

Using the probabilistic argument for regenerative process we obtained the following recursive relations for B(t)

B, (1) =0y, (OB, (t) + 04, (OB, (1)

B, (t) = W, (1) +0,5()©B,(t) + 1, (Y)©B, (1)

Bz (t) =0y (t)©Bo (t)

B3 (t) =0y (t)©Bo (t)

B, (t) = W, (t) +0,5 () OB, (1) + 9, (1) OB, ()

Bs (t) =05 (t)©Bo (t)

Bs (t) =g (t)©Bo (t)
where W, (t)=1,(t); W, (t)=1,(t)
Taking Laplace transform of the above equations and solving for B;*(s), we have
51 (5) = ot®)

1 (s)

In steady state busy period of the repairman for inspection of the system is given by

B, = Iim(sBi* (s))zg_:

s—0

where N; =Py (“1 + IO14M4)
D, = already defined

10 Busy period of repair man (repair time only)

Using the probabilistic argument for regenerative process we obtained the following recursive relations for B(t)

By (1) = 0o, (DOB, (1) + o, (OB, (1)
B, (t) =05, (1)©B,(t) +a,, () ©B,(t)
B,(t) =W, (t) +0x (t)©Bo (t)
B, (t) = W, (1) + 0y (OB, (1)
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B, (1) = 0,5 ()©B; (1) +0,6 (1) OB, ()

B, (1) = W, () + 0, (1) OB, (t)

By (1) = W (1) + s (OB, (1)
where W, (t)=G (t); W, (1)=G, (1) W, (1)=G, (1); W, (6)=G;(1)
Taking Laplace transform of the above equations and solving for B,*(s), we have

Ny (s
B/ (s)= —4( )
D, (s)
In steady state busy period of the repairman for repair of the system is given by
e cron . Ny
B, = !m(SBf (s)) =D,
where N, = Pg,H, +Pos |:p13u3 + P14 (Pashis +Paghle )]

D, = already defined

11 Profit analysis

The expected profit incurred of the system is:
P= CoAFO + ClARo - CzBi - C3Br - C4
where  Cq = revenue per unit uptime of the system working with full capacity.
C, = revenue per unit uptime of the system working with reduced capacity.
C, = cost per unit time of inspection of the failed unit
C; = cost per unit time of repair of the failed unit
C, = cost of installation

12 Graphical interpretation

For graphical analysis following particular cases are considered-
ip(t) = ocle—ocl(t) ; iy (t) = aze—az(t) : g(t) = pe PO

91(t) — Blefﬂl(t) : gz(t) — Bze—ﬁz(t) : gz(t) — Bge—ﬁs(t)
Various graphs are plotted for MTSF and profit of the system by taking different values of failure rates (A; and A,),
repair rates (B, 1, B2 and B3) and inspection rates (a; and ay).
Fig. 2 gives the graph between MTSF (T,) and the failure rate (A,) due to minor faults for different values of failure rate
(A1) due to major faults. The graph reveals that the MTSF deceases with increase in the values of the failure rates due to
minor faults.

MTSF V/S RATE OF MINOR FAILURE (A2) FOR DIFFERENT
VALUES OF RATE OF MAJOR FAILURE (A1)

700
a1=0.008, 02=0.02, $=0.005,

600 $1=0.0409, Bp2=0.0428,

500 $3=0.005, a=0.8895, x=0.0023

o 400 ——21=0.001
. 300

—8—).1=0.002
200

A1=0.003
100

9 +—+—+——"b——
0 0.002 0.004 0.006 0.008 0.01

A2

Fig. 2
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Fig. 3 shows the graph between MTSF (T,) and the probability of fault occurrence in redundant subsystem of type-I (a)
for different values of failure rate (A;) due to major faults. The graph reveals that the MTSF deceases with increase in
the values of the probability (a).

MTSF V/S PROBABILITY OF FAULT OCCURRENCE IN
REDUNDANT SUBSYSTEM OF TYPE-I (a) FOR DIFFERENT
VALUES OF RATE OF MAJOR FAILURE (A1)

140 22=0.0082, o1=3, a2=1.5,
B=0.05, $1=0.0400 B2=0.0428,

130
[33=0.05, x=0.0023
120
2 110 =0=).1=0.001
100 : ==).1=0.002
90 21=0.003
8 +——"r—7t—rt———————
0 0.2 0.4 0.6 0.8 1

Fig. 3

Fig. 4 depicts the behaviour of the profit with respect to rate of occurrence of minor faults (A,) of the system for the
different values of rate of occurrence major faults (A;). It is evident from the graph that the profit decreases with the
increase in the rate due to occurrence of minor faults and major faults respectively when other parameters remain fixed.
For A = 0.001, the profit is > or = or < 0 according as A, iS < or = or > 0.00783. Hence the system is profitable to the
company whenever A, < 0.00783. For A; = 0.0012 and for A; = 0.0014 respectively the profit is > or = or < 0 according
as A, is < or = or > 0.00582 and 0.00367 respectively. Thus, in these cases, the system is profitable to the company
whenever A, < 0.00582 and 0.00367 respectively.

PROFIT V/S RATE OF MINOR FAILURE (.2) FOR
DIFFERENT VALUES OF RATE OF MAJOR FAILURE (A1)

1200 a1=0.008,02=0.02, B=0.005, p1=0.0409,
1000 1 B2=0.0428, p3=0.005, a=0.8895.x=0.0023
800 -
600 -
400 -

——.1=0.001
»1=0.0012

PROFIT

0 y ! U —ik— 1=
] -5 »1=00014
200 0 0.002 0004 6 (0008 001

A2
Fig. 4

Fig. 5 depicts the graphs between profit of the system and revenue per unit up-time of the system with full capacity (Co)
for different values of rate of occurrence of major faults (A;). The graph reveals that the profit of the system increases
with increase in the values of revenue per unit up-time of the system with full capacity and rate of occurrence of major
faults. From the Fig.5 it may also be observed that for A; = 0.001, the profit is < or = or > 0 according as Cy is
<or =or > 14368.79. Hence the system is profitable to the plant whenever Cy > Rs.14368.79. Similarly, for A; = 0.0012
and A, = 0.0014 respectively the profit is < or = or > 0 according as Cy is < or = or > 14840.08 and 15348.69
respectively. Thus, in these cases, the system is profitable to the plant whenever C, > Rs. 14840.08 and Rs. 15348.69
respectively.
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PROFIT V/S REVENUE PER UNIT UP-TIME WITH FULL
CAPACITY (C0) FOR DIFFERENT VALUES OF RATE OF
MAJOR FAILURE (&A1)
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p2=0.0428,p3=0.005,2=0.8895,x=0.0023

Cco

Fig.5

Fig. 6 shows the graphs between profit of the system and revenue per unit up-time of the system with full capacity (Co)
for different values of inspection rate (o). The graph reveals that the profit of the system increases with increase in the
values of revenue per unit up-time of the system with full capacity and the inspection rate. From the Fig.6 it may also be
observed that for a;; = 0.015, the profit is < or = or > 0 according as C, is < or = or > 18732.61. Hence the system is
profitable to the plant whenever C, > Rs. 18732.61. Similarly, for o; = 0.030 and o, = 0.045 respectively the profit is
< or =or > 0 according as Cq is < or = or > 18542.95 and 18478.79 respectively. Thus, in these cases, the system is
profitable to the plant whenever C, > Rs. 18542.95 and Rs. 18478.79 respectively.

PROFIT V/S REVENUE PER UNIT UP-TIME WITH FULL
CAPACITY (C0) FOR DIFFERENT VALUES OF RATE OF
INSPECTION (al)

300

200

100 — ——01=0015
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Fig. 6

Fig. 7 shows the graphs between profit of the system and revenue per unit up-time of the system with reduced capacity
(Cy) for different values of rate of occurrence of major faults (A;). The graph reveals that the profit of the system
increases with increase in the values of revenue per unit up-time of the system with reduced capacity and rate of
occurrence of major faults. From the Fig.7 it may also be observed that for A; = 0.001, the profit is < or = or > 0
according as C; is < or = or > 9326.943. Hence the system is profitable to the plant whenever C; > Rs. 9326.943.
Similarly, for A; = 0.0012 and A; = 0.0014 respectively the profit is < or = or > 0 according as C; is < or = or > 9840.082
and 10324.27 respectively. Thus, in these cases, the system is profitable to the plant whenever C; > Rs. 9840.082 and
Rs. 10324.27 respectively.
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PROFIT V/S REVENUE PER UNIT UP-TIME WITH
REDUCED CAPACITY (C1) FOR DIFFERENT VALUES OF
RATE OF MAJOR FAILURE (A1)
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& 20000 10500 11000  —4—71=0.0014
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800 -
c1
Fig. 7

Fig. 8 gives the graphs of profit of the system and revenue per unit up-time of the system with reduced capacity (C,) for
different values of repair rate (B). The graph reveals that the profit of the system increases with increase in the values of
revenue per unit up-time of the system with reduced capacity and repair rate. From the Fig.8 it may also be observed
that for § = 0.018, the profit is < or = or > 0 according as C; is < or = or > 10301. Hence the system is profitable to the
plant whenever C; > Rs. 10301.00. Similarly, for B = 0.020 and B = 0.022 respectively the profit is < or = or > 0
according as C, is < or = or > 9946.523 and 9675.189 respectively. Thus, in these cases, the system is profitable to the
plant whenever C; > Rs. 9946.523and Rs. 9675.189 respectively.

PROFIT V/S REVENUE PER UNIT UP-TIME WITH
REDUCED CAPACITY (C1) FOR DIFFERENT VALUES OF
RATE OF REPAIR (B)

800 -
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400 +
= 200 ——B=0.018
:E 0 A . B=0.020
T 9000 10500 11000 —s— p=0.022

01=0.008,02=002, #1=0.005.
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Fig. 8

13 Conclusion

From the graphical analysis it is concluded that the reliability and profit of the water process system decreases with the
increase in the values of the rate of occurrence of the minor faults as well as major faults in the system. Also these
decreases with increase in the values of the probability of a fault occurrence in a redundant subsystem of type-1. Also,
the reliability and profit of the system increases with the increase in the values of the repair and inspection rates.
Various cut-off points for the profit of the system are obtained w.r.t. rates of occurrence of minor and major faults and
revenue per unit up time of the system working with full capacity and reduced capacity.



302 International Journal of Applied Mathematical Research

References

[1] Garg, R.C. and Kumar, A., “A complex system with two types of failure and repair”, IEEE Trans. Reliability, 26, 299-300 (1977).

[2] Goel, L.R., Sharma, G. and Gupta, R., “Reliability analysis of a system with prevention maintenance and two types of repairing”, Micro-
electron Reliability, 26, 429-433 (1986).

[3] Gupta, M.L. and Kumar, A., “On profit consideration of a maintenance system with minor repair”, Micro-electron Reliability 23, 437-439
(1983).

[4] Kumar, R., Vashistha, U. and Tuteja, R.K., “A two-unit redundant system with degradation and replacement”, Pure and Applied Mathematika
Science, LIV, No. 1-2, 27-38 (2001).

[5] Kumar, R., Sharma, M.K. and Mor, S.S., “Profit evaluation of a warranted sophisticated system with three operational stages”, J. Indian Soc.
Stat. Opers. Res., XXX, 53-61(2009).

[6] Kumar, R. and Bhatia, P., “Reliability and cost analysis of one unit centrifuge system with single repairman and inspection”, Pure and Applied
Mathematika Science, LXXIV, No. 1-2, 113-121(2011).

[7 Kumar, R. and Rani, S., “Reliability and availability analysis of a model on water process system having two types of redundant subsystems,”
Proceeding of National Seminar on Mathematical Modeling in Science & Technology (NSMMST-2012), 20-23 (2012).

[8] Murari, K. and Goyal, V., “Reliability system with two types of repair facilities”, Micro-electron Reliability, 23(6), 1015-1025 (1983).



