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Abstract: The present paper deals with a two identical unit cold standby centrifuge system
considering major/minor fault. It is assumed that system leads to partial failed state on
occurrence of a minor fault whereas on occurrence of a major fault it leads to complete
failure. Some time the system is need to be brought at halt state for repair/ replacement
(off-line) and repairs/ replacements of the system/ components is done. In general on
complete failure of the system, the repairman first inspect whether the fault is repairable or
non repairable and accordingly carry out the repair or replacement of the components
involved. Various measures of system effectiveness are obtained by using Markov processes
and regenerative point technique. The analysis of the system is carried out on the basis of
the graphical studies and conclusions are drawn regarding the reliability of the system.
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INTRODUCTION

In the present scenario filtration and purification plays a very important role in the modern
society pertaining to the health of the human being and the qualities of the products used
by them. A large number of equipments or systems of equipments are involved in the
industries to meet out the requirements of such products. One such system is a centrifuge
system used for separation of two objects having different type of density. Centrifuge
system is being used in Refineries for oil purification, in milk plants to extract the fats, in
laboratories for blood fractionation and wine clarification etc. Thus the reliability and cost of
the centrifuge system plays a very significant role in such type of industries and hence need
to be analyzed.

In fact a large number of researchers in the field of reliability modeling including Gupta and
Kumar (1983), Gopalan and Murlidhar (1991), Tuteja et al. (2001), Taneja et al. (2004),
Taneja and Parashar (2007), Gupta et al. (2008), Kumar et al. (2010), etc. analyzed various
one-unit/ two-unit systems. Kumar et al. (2001) investigated a two-unit redundant system
with the degradation after first failure and replacement after second failure. Tuteja et al.
(2001) studied reliability and profit analysis of two-unit cold standby system with partial
failure and two types of repairman. Taneja and Nanda (2003) studied probabilistic analysis
of a two-unit cold standby system with resume and repeat repair policies. Singh and
Chander (2005) analyzed reliability of two systems each of which contains non-identical
units-an electric transformer and a generator. Kumar and Bhatia (2011, 2012, 2013)
discussed the behaviour of the single unit centrifuge system considering the concepts of
inspections, halt of system, degradation, minor/major faults, neglected faults, online/offline
maintenances, repairs of the faults etc.

Recently, Kumar V. et al. (2014) discussed the reliability and profit analysis of a two-unit cold
standby centrifuge system considering repair and replacement with inspection.

As far as we concern with the research work on reliability modeling, none of the researchers
have analyzed such a two-unit cold standby centrifuge system considering such a situation
with occurrence of various faults. To fill up this gap, the present paper discussed an analysis
of a stochastic model for two-unit centrifuge system considering halt of the system on
occurrence of minor/major fault. On complete failure of the system, the repairman first

inspect whether the fault is repairable or non repairable and accordingly carry out the repair
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or replacement of the components involved. In general all the inspections, repairs and
replacements have done on-line as well as off-line during the unit operative/ inoperative,
but sometimes in emergency the operative unit of the system may be brought to halt for
the repair or replacement. Various measures of system effectiveness such as mean sojourn
time, MTSF, expected up time, expected down time of the system and busy period of the
repairman are obtained using Markov processes and regenerative point technique. The
conclusions regarding reliability and profit of the system are given on the basis of graphical
studies.

SYSTEM DESCRIPTION AND OTHER ASSUMPTIONS

a. Faults are self- announcing on occurring in the system.

b. There is a single repairman facility with the system to repair the fault.

c. After each repair the system is as good as new.

d. Inspection is carried out only on the occurrence of major faults.

e. During online repair/waiting for repair there may be occurrence of major fault.

f.  On occurrence of minor/major fault whether it is repairable or irreparable on-line,
the system is need to be brought at halt state for repair/ replacement (off-line).

g. The failure time distributions are exponential while other time distributions are
general.

h. Switching is perfectly done on occurrence of major fault.

i. All the random variables are mutually independent.

NOTATIONS

A/ A Rate of occurrence of major/ minor failure

A3 Rate of occurrence of failure due to delay in repair

a/b Probability that a fault is repairable/ non-repairable

N1/ N2 Rate at which the system brought to be at halt state

i1(t)/ 14(t) p.d.f./ c.d.f. of time to inspection of the unit at failed state
i2(t)/ 15(t) p.d.f./ c.d.f. of time to inspection of the unit at halted state
g1(t)/ Gq(t) p.d.f./ c.d.f. of times to repair of minor fault at down state
g,(t)/ Gy(t) p.d.f./ c.d.f. of times to repair the unit at failed state
h1(t)/ Hq(t) p.d.f./ c.d.f. of times to replacement of the unit at failed state
0O,/ Oy / O Operative unit under repair/ waiting/ cold standby
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Fi/F/Fp/Fu Failed unit under inspection/ repair/ replacement/ waiting
Fr/ Frp Failed unit under repair/ replacement continue from the previous state

TRANSITION PROBABILITIES AND MEAN SOJOURN TIMES

A state-transition diagram in fig.1 shows various states of transition of the system. The
epochs of entry into states 0, 1, 2, 3, 4, 5 and 7 are regeneration points and thus these are

regenerative states. The state’s 6 and 8 are failed state and 9 and 10 are halt state.
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Fig.1 State Transition Diagram

The transition probabilities are given by

dQy, (1) =2, et dQy, (1) =h,e *7'dt

Vol. 4 | No. 4 | April 2015 www.garph.co.uk IJAREAS| 97



P1o =9I(0)
Py = bi: (0)

o do [1-05 (M + 1) |
* A+ A,

=Pss

Pa = hI (7“1 +7‘2)

A |1-h] 7» A,
p42 [ 7»+k+ ):|=p48

Vol. 4 | No. 4 | April 2015

International Journal of Advanced Research in
Engineering and Applied Sciences

ISSN: 2278-6252
Impact Factor: 5.795

dQ,, (t)=ai, (t)dt

dQy, (t) =& =g, (t)dt

dQ3, (1) = (e ™7 "e1)g, (t)d
dQy (1) =2e 7' G, ()t
dQj, (t) = (2, et )h, (t)dt
dQ,, (t)=2,e "™ H, (t)dt
dQ,, (t)=e ™™g, (t)dt

dQs, (t) = (ree et g, (t)dt
dQy, (1) =me ™G, () dt
dQ,, (t)=e ™™ h, (t)dt

dQ,5 (1) = e ™™ H, (t)dt

Py = ai: (0)

Pso

p32

P =

Ps1

www.garph.co.uk

Zg;(kle}‘z)

2 [1-05 (A +2,) ]
A+ A,

=Pss

Ao [1=h] (A +1,) ]
A+ A,

=Py

:g; (Tll"'?\'s)

IJAREAS| 98



International Journal of Advanced Research in ISSN: 2278-6252
Engineering and Applied Sciences Impact Factor: 5.795

oo 1-0 (n,+25) ] " R [1-0; (n,+25) ] .

A, M, + A,
. o Mo|1-hi(m,+2,)

Py =hy (M, +25) 7 = [ —y |

o s [1-hi(n,+2s) | ) I [1-h; (n,+25) ]
Ny + Ay ’ N, + X,

ps, =h; (0) Per =9, (0)

Pios =y (0)

By these transition probabilities, it can be verified that

Pos + P = 1 Dy + P, =1

Psot Psst Pys= 1 Py +Pot Pas =1

P+ Pt Pgg =1 Dy + P+ P, =1

Psi + Pss +Psg=1 g, +Poy +Pg, =1

P71+ Pzt Prp=1 Py +Po +P3,=1

P10 = Psr= Pgr = Poy = Py =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-

*!
my = Itinj(t) =—0; (0),
0

Thus we have-
Moy + My, =My My, =1y
My +My, =H, Mgy + Mg +Myg =Ly
My +My; +Myg =y Mgy + Mg + Mgy = g
Mg, = Mg Moy +Myg +Mg 0 = Hy
Mg, = Hg My; = Mg
My, = My, + M3, +m,, =k

101 = Mo 30 32 35— R
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8 9 6
My + My, +My; = kz Mg, + Mgy + Mg, = k3
10 8
My, +My +My, = k4
where
k,=-0, (0):k3 k, =—h, (0):k4
The mean sojourn time in the regenerative state i (u;) is defined as the time of stay in that

state before transition to any other state then we have

1 ”
= =—g, (O
Mo A, W gl( )
- 1-g, (A +2,)
—_i"(0 _ 170 (M tA,)
MZ I1 ( ) MS (7\“1+}\'2)
L Aohi( ) 1 (1)
() ° g
.t 1-h; (x
e =—0, (0) W, = 71( 3)
3
Mg =—hf(0) Mg Z—QZ, (O)
Mo :—hI,(O)

MEASURES OF THE SYSTEM EFFECTIVENESS

Various measures of the system effectiveness obtained in steady state using the arguments

of the theory of regenerative process are as under:

The Mean Time to System Failure (MTSF) =N/D
Expected Up-Time of the System with Full Capacity (AFo) = N;/D;
Expected Up-Time of the System with Reduced Capacity (ARp) = N,/D1
Busy Period of Repair Man (Inspection Time Only) = N3/D;
Busy Period of Repair Man (Repair Time Only) = N4/D1
Busy Period of Repair Man (Replacement Time Only) = Ns/D;
where

N =, + Posbly +Po, [Hz + Py {Ms +Pss (H5 + p51u1)} + Py {U4 +P4 (H? + p71“1)}:|
D =1- Po1r —Poz [pzs (pso + p35p51) + Py (p40 + P47 P71 )]
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PROFIT ANALYSIS

The expected profit incurred of the system is-
P = CoAFg + C;ARp— C,;Bi— C3B, — C4Brp —Cs

where

Co = Revenue per unit uptime of the system with full capacity.

C; = Revenue per unit uptime of the system with reduced capacity.

C, = Cost per unit inspection of the failed unit

Cs = Cost per unit repair of the failed unit

C4 = Cost per unit replacement of the failed unit

Cs = Cost of installation
GRAPHICAL INTERPRETATION AND CONCLUSION

For graphical analysis following particular cases are considered-

0, (t) = Ble_ﬁlt 9, (t) = Bze_BZt
i, ()= e h, (1) =y,
Therefore, we have
_ M _ M
Por = A+, Poz = A+,
Py =1 Py =2
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Various graphs are plotted for MTSF, Expected up time and Expected down time and Profit

of the system by taking different values of failure rates (Ay, A, & A3), inspection rate (o),

repair rates (B1 & B2), replacement rate (y;), halt rate (n1 & n;) and probabilities of repairable

& non-repairable (a & b).
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MTSF V/S RATE OF MINOR FAILURE(A,) FOR DIFFERENT VALUES
OF RATE OF MAJOR FAILURE(A,)
_ A3 =0.0024, B, = 0.190, B, = 0.328, 1, = 0.0015,
60000 7 1, = 0.0013, o, = 2, 7, = 0.045,a = 0.6
50000 -+
40000 +
= 30000 + ——21=0.001
20000 —8—1.1=0.002
] A1=0.003
10000 +
o +—r—r>—-——"tF———F————F—+———+————
0 0.002 0.004 0.006 0.008 0.01
A,
Fig. 2

Fig. 2 gives the graph between MTSF (To) and the rate of failure (A;) due to minor faults for
different values of the rate of failure (A1) due to major faults. The graph reveals that the
MTSF decreases with increase in the values of the failure rates.

The curves in Fig. 3 give the graph between MTSF (Ty) and rate of failure due to delay in
repair (A3) for different values of rate of major failure (A;) of the system. The graph reveals

that the MITSF decreases with increase in the values of the failure rates.

MTSF V/S RATE OF FAILURE DUE TO DELAY IN REPAIR (&;)
FOR DIFFERENT VALUES OF RATE OF MAJOR FAILURE (&)
A, = 0.0056, B, = 0.190, B, = 0.328, n, = 0.0015,
19000 1, =0.0013, 0, = 2,y;,=0.045,a=0.6
18000
17000
16000
— 15000 =&o—21=0.0023
13000 A1 =0.0025
12000
11000 +——7—"—"t+——"—" "+t
0 0.005 0.01 0.015 0.02
Ag
Fig. 3
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MTSF V/S RATE AT WHICH SYSTEM HALTED (n,) FOR

DIFFERENT
VALUES OF RATE OF MAJOR FAPEU%@SE}\%‘)z 0.0024, B, = 019%\%;
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0.02 0.04 0.06 0.08 0.1
N
Fig. 4

The curves in Fig. 4 give the graph between MTSF (Ty) and rate at which system halted (n,)
for different values of rate of major failure (A;) of the system. The graph reveals that the
MTSF decreases with increase in the values of the rate at which system halted as well as the
failure rate.

Fig. 5 gives the graph between Expected uptime with full capacity (AFo) and the rate of
occurrence of minor faults (A;) for different values of rate of occurrence of major faults (A;).
The graph reveals that the Expected uptime with full capacity decreases with increase in the

values of the failure rates.

EXPECTED UPTIME WITH FULL CAPACITY (AF,) VIS RATE
OF OCCURRENCE OF MINOR FAILURE (A,) FOR DIFFERENT
VALUES OF RATE OF MAJOR FAILURE (A,)

A= 0.0024, B, = 0.190, B, = 0.328, 1, =
0.0015,
1, = 0.0013, 0, = 2, 7, = 0.045,a = 0.6

0.45
0.4
< 0.35 =—1=0.002
0.3 =l—)1=0.022
0.25 A1=0.032
0.2 + : — : :
0.4 0.5 0.6 0.7 0.8
A,
Fig. 5
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Fig. 5 gives the graph between Expected uptime with full capacity (AFo) and the rate of
occurrence of minor faults (A,) for different values of rate of occurrence of major faults (A;).
The graph reveals that the Expected uptime with full capacity decreases with increase in the

values of the failure rates.

PROFIT V/S RATE OF MINOR FAILURE(),) FOR DIFFERENT
VALUES OF RATE OF MAJOR FAILURE(),)
100 ~ Ay = 0.0024, B, = 0.190, B, = 0.328, 1, = 0.0015,
] n,=0.0013, o, = 2, v, = 0.045,a = 0.6, C, = 10000,
1 C, = 6000, C, = 1000, C, = 1500, C, = 2500, C; = 5000
50 +
0 :
= ] —o—11=0.005
S 0175 0.325
iz ] ~8—11=0.007
o 50 |
] A1 =0.009
-100 +
150 -
A,
Fig. 6

The curves in the Fig. 6 show the behavior of the profit with respect to the rate of
occurrence of minor faults (A;) for the different values of rate of occurrence of major faults
(A1). Itis evident from the graph that profit decreases with the increase in the values of the
rate of occurrence of minor faults and has lower values for higher values of the rate of
occurrence of major faults when other parameters remain fixed. From the fig. 6 it may also
be observed that for A; = 0.005, the profit is positive or zero or negative according as A; is <
or = or > 0.2555. Hence the system is profitable to the industry whenever A, < 0.2555.
Similarly, for A; = 0.007 and A1 = 0.009 respectively the profit is negative or zero or
positive according as Ay is<or=or>0.2332 and 0.2117 respectively. Thus,
in these cases, the system is profitable to the industry whenever A, < 0.2332 and 0.2117

respectively.
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PROFIT V/S REVENUE PER UNIT UP-TIME WITH FULL CAPACITY
(Cy) FOR DIFFERENT VALUES OF RATE OF MAJOR FAILURE (),)

2000
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= 500 ——2.1=0.005
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o 1 T —
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-1000 2, =0.0056, A; = 0.0024, B, = 0.190, B, = 0.328,
n, = 0.0015,n, = 0.0013, o, = 2, v, = 0.045,a = 0.6,
-1500 C,=6000, C,= 1000, C, = 1500, C, = 2500, C5= 5000
C0
Fig. 7

The curves in the Fig. 7 show the behavior of the profit with respect to the revenue per unit
up time with full capacity (Co) of the system for the different values of rate of occurrence of
major faults (A;). It is evident from the graph that profit increases with the increase in
revenue per unit up time of the system with full capacity for fixed value of the rate of
occurrence of major faults. From the fig. 7 it may also be observed that for A; = 0.005, the
profit is negative or zero or positive according as Cp is < or = or > Rs. 5342.45. Hence the
system is profitable to the industry whenever Cy > Rs. 5342.45. Similarly, for A; = 0.025 and
A1 = 0.045 respectively the profit is negative or zero or positive according as Cy is < or = or >
Rs. 5927.86 and Rs. 6721.22 respectively. Thus, in these cases, the system is profitable to
the industry whenever Co = Rs. 5927.86 and Rs. 6721.22 respectively.

The curves in the Fig. 8 show the behavior of the profit with respect to the revenue per unit
up time with reduced capacity (C;) of the system for the different values of rate of
occurrence of major faults (A1). It is evident from the graph that the profit increases with the
increase in revenue per unit up time of the system with reduced capacity for fixed value of
the rate of occurrence of major faults. From the fig. 8 it may also be observed that for A; =
0.005, the profit is negative or zero or positive according as C; is < or = or > Rs. 22500. Hence
the system is profitable to the industry whenever C; = Rs. 22500. Similarly, for A; = 0.01 and

A1 = 0.015 respectively the profit is negative or zero or positive according as C; is < or = or >
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Rs. 27000 and Rs. 32500 respectively. Thus, in these cases, the system is profitable to the

industry whenever C; 2 Rs. 27000 and Rs. 32500 respectively.

PROFIT V/S REVENUE PER UNIT UP-TIME WITH REDUCED
CAPACITY (C,) FOR DIFFERENT VALUES OF RATE OF MAJOR
FAILURE ()

400
300
200
100
l—
= bt —4—L1=0.005
S od 2700047732000 37000 42000 —m—%1-0.01
o
-200 A1=0.015
-300
A,= 0.0056, %, = 0.0024, B, = 0.190, B, = 0.328,
-400 1, = 0.0015, m, = 0.0013, a, = 2, v, = 0.045,a= 0.6,
500 C,= 10000, C, = 1000, C, = 1500, C, = 2500, C; = 5000
Cl
Fig. 8
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