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Abstract: The paper presents profit analysis of three units compressor standby system working in Refrigeration system of a
milk plant. Initially the system consist of two operating and one standby compressor unit. For the functioning of the system
at least two compressor units should be in working state .There can be three types of failure i.e serviceable repairable and
replaceable type in any unit. The priority of service or repair or replacement has been given to failed unit on FCFS basis.
Various measures of reliability such as MTSF, Availability and Profit Analysis has been calculated by using Semi Markov
process and regenerative point techniques. For practical utility of our proposed model previous data of different years from
Verka milk plant has been gathered and is used for graphical analysis.
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I. INTRODUCTION

Standby systems are commonly used in many
industries and therefore, researchers [1 -3] have spent a great
deal of efforts in analyzing such systems to get the optimized
reliability results which are useful for effective
equipment/plant maintenance. For graphical study, they have
taken assumed values for failure and repair rates, and not
used the observed values. However, some researchers
including [4-7] studied some reliability models collecting
real data on failure and repair rates of the units used in such
systems. A potential application of the reliability concepts
has been recently explored in terms of developing a specific
probabilistic model for three units compressor standby
system where recently failed unit has been be given priority
of service ,repair and replacement by Sharma U. and

Kaur J. [8].in the present paper same three units
compressor standby system has been studied wherein the
priority of service, repair or replacement is given to failed
unit on FCFS basis. Initially the system consist of two
operating and one standby compressor unit. For the
functioning of the system at least two compressor units
should be in working state various measures  of
system effectiveness has been calculated by using semi-
Markov process and regenerative point techniques. For
practical utility of our proposed model previous data of
different years from Verka milk plant has been gathered and
is used for graphical analysis.
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Notations
Ol,0ll First, Second Compressor are in Operative
SII Third Compressor is in Stand by State

State

(s) Stieltjes Convolution
© Laplace Convolution
Ai1, Mz, his  Failure rates when failure is of serviceable,

repairable and replaceable for first, second &third
compressor. respectively (i= 1,2,3and i symbol used for
compressor unit )
o1, Oi2, 043 Repair rates when failure is of serviceable,
repairable and replaceable for first, second &third
compressor respectively (i= 1,2,3and i symbol used for
compressor unit )

Fsl, Fsll, Fslll  Failure category of serviceable type for
first, Second and third compressor
Frl, Frll, Frlll  Failure category of repairable type for first
second and third compressor
Frepl , Frepll , Freplll Failure category of replaceable type
for First ,Second and third compressor
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Fwrl, Fwsl, Fwrepl First compressor is waiting for Repair,
Service, Replacement respectively

Fwrll, Fwsll , Fwrepll Second compressor is waiting for
Repair, Service, Replacement respectively

Fwrlll, Fwslll , Fwreplll Third compressor is waiting for
Repair,Service,Replacement respectively

Gii, gia(t) c.d.fand p. d.f of time for service when failure is
of serviceable type for first, second and third compressor
respectively

Gizty, Oi2(t) c.d.fand p.d.f of time for repair when failure is
of repairable type for first, second and third compressor
respectively

Gisw , Gis(t) c.d.f and p.d.f of time for replacement when
failure is of replaceable type for first , second and third
compressor respectively.

Qii , Cij c.d.f and p.d.f of first passage time from a
regenerative state i to j or to a failed state j in (0, t].
gi(t)  c.d.f of the first passage time from regenerative state i
to a failed state

pij, pi*  probability of transition from regenerative state i to
regenerative state j without visiting any other state in
(0,t],visiting state k once in(0,t]

gi p.d.f of first passage from regenerative state i to
regenerative state j or to failed state j visting k once in (0,t]
Model Description and Assumptions

1) The unit is initially operative at state 0 and its transition
depends upon the type of failure category to any of the three
states1to3 with different failure rates.

2) All failure times are assumed to have exponential
distribution.

3) After each servicing/ repair/replacement at states the unit
works as good as new.

4) Priority given to failed unit for service, repair and
replacement.

Transition Probabilities and Mean Sojourn Times
A state transition diagram showing the various states of
transition of the system is shown in Table 1. The epochs of
entry into states 0, 1, 2, 3, 22, 23, 24, 25, 26 and 27 are
regenerative states.

States 4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20 and 21 are
down states. The non zero elements pj; are given below

2 P = 22y = SR where” = A+ A+

P = gn(l)f P2 = g12(ﬂv)v P3 = g;(ﬂ-)
whered = A, + Ay + Apg + gy + Agp + Ay

A N N
Pigs p14,22 = %(1_ 91,(4)); Pys» p15,23 = %(1_ 91,(1))

Poy =

Puo Pl = 22 (1 G5 (A0 By s = 222 (1= 61 (1)
Pra Plas = 2 (1= G 2)): P Plar = (1= G 2)
pz,m,p;?fﬂﬂ(l 01 (A0 Pass Pl = 2 (1= 912 2))
Pias i = 2 (1= 61, (2); Page, P = 2 (1= 912( 2))
Pases Pt = 22 (1= G (2)) P Py = 22 (1- 61, (2)

P36 p;.zz = 121 2 (1-95(4)); P37 ps 23 = . (1_ 915(4))

p3181p;?24= 21(1 913(1)) psigxp325=ﬁ(1_gz3(i))

ps,zo.p;zs—ﬂ“(l 01 (200 Pazr, Py = 2 (1= g1 ()

Por + Poz + Pz =1

Py + Pus+ Pis + Pyg + Py + P + P =1,

Pio+ Pl + P, + P, + P, +P., +p, =1

Pao + Paso + Poss + Poso + Posg + Posa + Pogs =1

P2 + p;(,)zz + p;‘lzs + p;zzzt + p?zs + p;lze + pfﬂ =1

Pao + Pass + Pasz + Page + Paso + Paso + Papy =1

Pao + P32z + Pals + Pas + Pags + Pigg + Pozy =1

The mean sojourn time (i) in the regenerative state ‘i’ is
defined as time of stay in that state before transition to any
other state:

Y

Ao 1 A4 /,L-/Lz /,Lv/ua 2

Y75 =J-621(t)dt =K, 1, = J-(_Bzz(t)dt =K,
0 0

N — _[623(t)dt = K, , Lt = _[521(t)dt =K
0 0

. =J'622(t)dt = K, 14y, =J.623(t)dt =

[o] [o]
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State Status State Status

No. No.

0 O1,0u,Su 14 Furt, On, Fwrin

1 Fsi ,Ou,Oni 15 Furi, O, Fwrepini

2 Fri, On,Om 16 Furept , Fwsii O

3 Frept ,On Oni 17 Furept , Fwrii, O

4 Fusl y Fwsll ,OIII 18 Furepl ,erepll ,OIII

5 Fust, Fwrit O 19 Furepi ,Ou, Fusin

6 Fusl, erepll ,OIII 20 Furepl ,OII y erIII

7 Fusl, OII. FWS||| 21 Furepl,oll, ereplll

8 Fust, Ou, Furm 22 O, Fusit, O

9 Fust, O, Fwrepii 23 O1, Furi, O

10 Furl, Fwsll ’ OIII 24 OI ) Furepll ,OIII

11 Furt, Fwrii, O 25 O1 , Ou, Fusin

12 FurI,erepII ’ OIII 26 OI ,OII, Furlll

13 Furl, OII, Fwslll 27 ol ,OII, Fureplll
TABLE1 POSSIBLE STATES WITH STATUS

The unconditional mean time taken by the system to transit for
any regenerative state ‘j° when it (time) is counted from the
epoch of entrance into state ‘i’ is mathematically state as:

mij = tdQ,(t)= -, (0)

Moy + Mp, + Mg, =m=ﬂ0

Myg + My, + Mg + My + My, + My + My = 24 (1- g:l(ﬂ')

mlO + m14,22 + rnls,23 + mf24 + rnl7,25 + m18,26 + m]?27 = /’11(1_ g;l(/l)
mZO + m2,10 + m2‘11 + m2,12 + m2,l3 + m2,14 + m2,15 = /'12(1_ gIZ(ﬂ’)
My + m;?zz + m?za + mfm + m?zs + m;‘ze + m?ﬂ = 1,(1= gIz( A)
Mg + My + My g7+ My g+ My g+ My o+ My 5 = 44, (1- g5 (1)

16 17 18 19 20 21 .
m30 + m3,22 + m3,23 + m3,24 + m3‘25 + m3.26 + m3,27 = [13(1— gl3(ﬂ’)

Mean Time to System Failure: To determine the mean time
to system failure (MTSF) of the system, we regard the failed
states of the system as absorbing states and the mean time to
system failure (MTSF) when the system starts from state Sg is

_ e
MTSF =T, = lim 1-G,**(s)

sS—>O S
using L’ Hospital’s Rule and putting the value of
20™"(s) , we have
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T,=N/D
where

N = Mgy Py + Myg Poy + Mo Pog + Mag Py + Mo Py + Myg Pog
+Myy + Mgy + Moz — My; Pyg = Moz Pop — Moz Pag — Mg Pos

—=Myg Py = Mg Poy + Py pt(1— g;(ﬂ N+ Pootp(1— gi*z(ﬂ))
+ Pouta(1- 921(/1 )
D =1— Py, Piy = Poz P2o — Poz Pao

Availability Analysis

Using the arguments of the theory of regenerative
processes, In steady state availability of the
system is

A= Isi_r>r(1)(sA,*(s))=N1/ D,

where

N, = 12, + M, Po, + M, Pg, + M Doy + Mo, 1y P + Mg Doy Prag
+ M, Py Pl + Mg P 55 Py + Mg Poy Prg + My, Poy P

+M,, p;?zz Poz + M3 P, p;?zs +M,, Po; p?m +My p;gza Poz

+M 5 iy P26 + Moy Pop Py + Mz Pz Pos + Mg Pos P

+M 5, Pog P54 + Mg Pis Pog + Mg Pos P33 + Moy Pog Pi

D, =~ + Por (1= Gy (A))+ Pp(4,(1- 9y, (4))

+( Postts(1= Gy (A))+ Pos( pﬁzz My + pf,zsmzs,o + pfza My 0

+ p17,25m25,0 + pf,zsmze,o o pf,n My, 6 )+ P, ( Pfgz My + p;,lzsmzs,o
+ D52 Moi0 + P 2sMas0 + P2sMoso+ PozrMaro )+ Pos( Pz My
+P35sMys 0+ PaoaMas o+ PiosMys o + PagsMag o+ Po3 My g )
Proceeding in the similar fashion as above

following measures in steady state have also been
obtained

Busy Period Analysis for Service Time Only
B, =N, /D

where

N, = Pt + Poy Py 2o Ky + Po, P Ky + Pog P35, Ky

+ Poy p17,25K4 + Poz p;,gzs Ky + Pos pé.gzs K,

Busy Period Analysis for Repair Time Only
B,=N,/D,
where
N3 = Pooty + Poy Pros Ky + Pop P22 K, + Pos P32 K,
+ Por Py2s Ks + Poz P2 126K + Pos P32 Ko
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Busy Period Analysis for Replacement Time Only

B,=N,/D
where

N, = Posttz + Poy p16,24 K; + P, pfzzt K3 + Pos p§§24 K,

+ pOl p19,27 KG + p02 p;?27 KG + p03 p:f,]é7 KG
Expected Number of Service
S.=N./D,
where

4 5 6 7 8
N5 = pOl + pOl( pl,O + p1,22 + p1,23 + p1,24 + p1,25 + p1,26
+ P27 )+ Por Piss Pazo + Pos P Paz o + Poy Py s Pso
+ Poz P25 Paso + Pos Pozo Paze + Pos Pas o Pazs
Expected Number of Repairs
R. =N, /D,
where
Ng = Pos + Poa( Pao + Pas + Pz + Paas + Poss + Pros
+ p?z? )+ Poy p;zs Pazo + Poy p18.26 P20 + Poz p;‘,lzts Pz 0

+Poa P32 P2so + Poa Pas.o Pazs + Poa Paso Pass
Expected Number of Replacements

R=N, /D

where

N7 =Pt po3( Pso + szz 5F pgza + p;?za + p;gzs + pe?,oze
+ p32,127 )+ Py p16,24 P20+ Poz pfm Paso + Pu pfﬂ P20

15 18 21
+ p02 p2 27 p27 0 + p03 p24,0 p3,24 + p03 p27 0 p3,27

Expected Number of Visits by Repairman
V, =Ny / D,
where
Ns(s) = Po1 + Poz + Pos

Particular Cases

For graphical representation, let us suppose that
gu(t)= ane_%t 0 (t) = alze_m12t 10is(t) = 0‘139_&13t
gx(t)= 0‘219_(121t 195 (t)= Olzze_u22t 1955(t) = a23e_°’23‘

g,(t)= a31e_amt O (1) = O"aze_%zt Os(t) = asse_aaat
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using the above particular case, the following values are
estimated as

a,, = 0.006896,a,, = 0.000586,a,, = 0.04166,

a,, = 0.0000983,a,, = 0.0001347,a,, = 0.00015873

a,, = 0.000345209,a,, = 0.0010162602,a,, = 0.0006648936
J,, = 0.00003868, 1, = 0.00003879, 4, = 0.00003865

2,y = 0.0007359, 4,, = 0.0007367, 4,, = 0.0007352

A, =0.0000456079, 4,, = 0.0000456089, 1,, = 0.0000456071
C, =3000,C, =500,C, = 550,C, =800,C, = 27700,

C, =7600,C, = 7975,N = 8887.14331,N, = 2637.208740

N, = 2234.277588,N, = 1553.829590, N, =1.062829

N, =1.062856,N, = 1.062870,N, =1.0000000

Conclusion
The measures of system effectiveness are obtained as:

Mean time to unit/compressor MTSF =14081.8271 hrs.
Availability =.9999999

Busy period for service=.179557

Busy period for repair=0.152123

Busy period for replacement=.105794

Expected number of visits=0.000068

Expected number of services=0.000074

Expected number of repairs=0.000075

Expected number of replacements=0.000072

Profit Analysis

The expected total profit incurred to the system in steady state
is given by

P =CpAp-C1Bo-C2B1-C3B2-CsVo-CsSe-CeRe-C/R

Where

Co= Revenue per unit up time

C1=Cost per unit time for which repairman is busy for service
C,= Cost per unit time for which repairman is busy for repair
Cs= Cost per unit time for which repairman is busy for
replacement

C4=Cost per visit of Repairman

Cs=Cost per visit of Service

Ce=Cost per visit of Repair

C7= Cost per visit of Replacement
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Graph between Profit vs Revenue per unit time (Co) for
different values of cost per unit for which repairman is
busy for service (Cu1)(fig 2)
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can be interpreted from graph that profit increases with
increase in values of revenue per unit up time (Co).It can also
be noticed that if C;=3000 , then P>or=0r<0 according as Cg
>0r =0r<676.2. So for C;=3000, revenue per unit up time
should be fixed greater than 676.2.Similarly for C;=3300 and
3500, the revenue per unit up time should be greater than 730
and 765.9 respectively.

Graph between Profit vs Revenue per unit time (Co) for
different values of cost per unit for which repairman is
busy for repair (C2) (fig3)
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It can be interpreted from graph that profit increases with
increase in values of revenue per unit up time (Co).It can also
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be noticed that if C,=500, then P>or=or<0 according as or
=0r<676.2. So for C,=500, revenue per unit up time should be
fixed greater than 676.2.Similarly for C,=800 and 1100, the
revenue per unit up time should be greater than 721.8 and
767.4 respectively.
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