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Abstract: The present paper is an attempt to analyze the availability of an operating compressor unit working in
a milk plant. In a milk plant’s refrigeration system compressor plays an important role. Any major failure or
annual maintenance brings the operating unit to a complete halt. It has been observed that the unit can fail due
to various types of failures which can be categorized as- serviceable type, repairable type and replaceable type.
For availability analysis of the unit real failure as well as repair time data from a milk plant have been collected
and measures of unit effectiveness i.e. availability and mean time to unit failure has been computed graphically
as well as numerically by using semi-Markov process and regenerative point technique.
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. 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 desalination unit considering Nine Failure Categories and thereby achieving
some reliability measures of the unit effectiveness which in turn are meaningful in understanding the plant/unit
performance by S M Rizwan ,N Padmavathi, G Taneja, AG Mathew and Ali Mohammed Al-Balushi [8].

Getting inspiration from the above concept the present paper is thus, an attempt to analyze a
compressor unit probabilistically and availability of the unit is obtained. In present paper a three unit standby
model is developed Initially there are two operating and one standby compressor unit and atleast two compressor
units are needed to keep the system functioning state . In the present model real failure situations are used as
depicted in the data for analysis.For this purpose, a refrigeration system used in milk plant is identified. In a milk
plant’s refrigeration system compressor plays an important role. Any major failure or annual maintenance brings
the operating unit to a complete halt. It has been observed that the unit can fail due to various types of failures
which can be categorized as- serviceable type, repairable type and replaceable type .

For availability analysis of the unit real failure as well as repair time data from a milk plant have been
collected and measures of unit effectiveness i.e. mean time to unit failure has been computed graphically as
well as numerically while availability has been computed numerically only by using semi-Markov process and
regenerative point technique .

Notations

Ol1,011 ,0lll  First, Second and Third Compressor are in Operative State
SII, SHII - Second and Third Compressors are in Standby state
Aoy Ay, Failure rate when failure is of serviceable type for first ,second and third compressor respectively.

Ay Ay, Failure rate when failure is of repairable type for first,second and third compressor respectively.
A, 45,45 Failure rate when failure is of replaceable type for first, second and third compressor respectively.
a,, o, o, Repair rates when failure is of serviceable , repairable and replaceable type for first compressor.
a,,a,, ,, Repair rates when failure is of serviceable, repairable and replaceable type for second compressor.
a, a0, Repair rates when failure is of serviceable , repairable and replaceable type for third compressor.

Fsl,Fsll Fslil Failure category of serviceable type for first, Second and third Compressor.
Fri,FriLFrill 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.
Fwrl,Fwsl,Fwrepl  First compressor is waiting for Repair, Service, Replacement respectively.
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G, (1),0,,(1),G,,(1),9,4(1),G;,(1),95,(t) c.d.fand p.d.f of time for service when failure is of serviceable
type for first ,second and third compressor respectively.

G, (1),9,(1)G,,(1),0,,(t),G,,(1),9,,(t) c.d.fand p.d.f. of time for repair when failure is of repairable
type for first , second and third compressor respectively.

G3(1),0,5(1),Go(t),0,5(t),Gy(t),925(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.

Qjj(t) cumulative distribution function (c.d.f) of first passage time from a regenerative state i to j or to a failed
state j 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 states 1 to 3 with different failure rates.
2) Priority of repair is given to recently failed unit.
3) When two units are failed then the third unit automatically go to the standby state.
4)  All failure times are assumed to have exponential distribution .
5) After each servicing/ repair/replacement at states the unit works as good as new.
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Transition Probabilities and Mean Sojourn Times

A state transition diagram showing the various states of transition of the system is shown in fig.1.The
epochs of entry into states0,1,2,3,4,5,6,7,8,9,10,11,1213,14,15,16,17,18,19,20and21 are regenerative states.
States 4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21 are down states and 0,1,2,3 are upstates. The non zero
elements p;; are given below:
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Pos =%rpoz =ii,p03 =iivp1o = 91*1(/1)vp20 = 9;(1),% = 91*3(/1)
A A A

Where

x =y + Ay + A

A=A+ Ay + Ay + Ay + Ay + Ay

Prsn 5 = 2 (1 G (40, Pey B = 2 (1= G 4D, Pas B = 2 (1= G APy P = 2 (1 (1))

A N . . 4 N .
pz,zo7 pzzg = %(l_ glz(/i))v pz,zlr p222 = %(l_ glz(ﬂ)) p14v p11 = %(l_ gn(ﬂ))v p151 p151 = %(1_ gn(/l))
Pis. Py =%(1— 9:2(4)). Py Py = %(1— 912(A)) Py PL, = %(1—911(4)), Pigs PL = %(1— 9.(4))

« A - .
P30 pég = %(1_ 913( A)), P3a1» p;; = %(1_ 913( 1)) P31z, psl,g = %(1_ gls( 1))

Pass P = (1= g1, (1)). Posg s PES = S (1= (200, Pass P = "2 (1= g1y (1)

Poir + Poz + Pos = 1

Pio + Py + Prs + Pyg + Py + Pig+ Pro =L, Py + Py + Po + P+ PO+ P+ P =1

Pao + Pass + Paiz + Pass + Paso + Pozo + Pooy =1, Pyo + Pag + Pay + Pos + Py + Pip + P2 =1
Pso + Paio + P11+ Poro + Psss + Pass + Pass =1, Pao + Pag + Pa; + Pas + Pa; + Pas + Pa; =

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

1
"=
_1
Hat s 1

Hy o e =I621(t)dt,ﬂ5,/tu,/.tl7 =I622(t)dt,y6,,ulz,yig =J.623(t)dt
0 0 0

b g = [ Gor() g g oy = [ G )ty s bty = [ Ga( )l
0 0 0

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 = [dQ, (t)=-q ,*(0)

My, + My, + My, =F=/‘0
my +m’ +m/ +md +m’ = (1-9;,(A))
My + My +My +My +my + My = 4y Ou
16 17 18 19 20 21 *
My + My, + My, + My, + My, + My, + Moy = 11,(1-9,,(1))
My + My + My 7 + My + My g + My o0 +My 5 = 1 (1=9,,(1))
My +Myyg + Mgy + Mgy + My + My + My = 145(1-g,5(4))

10 11 12 13 14 15 *
m30 + m33 + m33 + m33 + m33 + m33 + m33 = /13(1_ 913(1))

Il.  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 absorbing. By probabilistic arguments ,we obtain the following recursive relation for g;(t) :

By (t) = Qqu(t)(8),(1)+Qu (1)(5)B, (1) + Qus(t)(8)D4(1)

B, () = Qua(t)+ Qus (1) + Qs (1) + Qur (1) + Qg (1) + Qe (1) + Qo (5) B (1)
By(t)=Qu6(t)+Qyr (1) + Qg () + Qg (1) + Q0 (1) + Qp 0 (1) +Qy (5) Dy (1)
@, (t) = Qau(t)+ Qg1 (1) +Qq 15 (1) + Qg (1) +Qq 1, (1) +Q55(1) + Q5 (5) By (1)
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Taking Laplace —Stieltjes Transforms(L.S.T) of above relations and solving for @; (s) .Now the
mean time to system failure( MTSF) when system starts from the state 0.
1-8,**(s)

S

N= Moy Pro + Myg Poy + Moy Pyg + Mg Py + Moz Pgg + My Pog + Moy + Mo, + My — My Py — Myg Pag — Myg Pag — Mg Py
=My, Py = My Py + Pg s (1- 913(/1))+ Poattr(1- gzz(/1 )+ Pouta(1- g;( A)),D =1= Py Py = Pz Pao = Pog P
Where
N =8887.14323,D = .631107281
MTSF =14081.82649hrs

MTSF=T, = lim =N/D
-

1. Availability Analysis
Let Ai(t) be the probability that the system is in up state at instant t given that the system entered
regenerative state i at t=0. The availability A;(t) is to satisfy the following recursive relations:

A(t) =My (t)+ 05, OA (1) +0;,OA (1) + 05 ©A(t)

A(t)=M,(1)+aOA (1) +0,VOA (1) + 0, VOA(t)+0, “OA(t) +0, VOA () +0, VOA(L) +, P OA(t)

A (1) = M,(1)+ 0, ©A (1) + 05, "V OA (1) + 0, OA 1)+, OA (1) +0,, " OA (1) + 0, OA(t) + 0, OA(L)
A1) = My (1) + Gy @A (1) + 0™ OA (1) + G VOA (1) + sy ™ OA (1) + Uy ™ OA (1) + 03" OA (1) + 05, OA (1)
A= 0, OA (L), A = 05 OA (1), A, = 0, ©A(1)

A =0, OA (1), A = 4y OA (L), A = 4, OA(L)

Ao =0y OA(1). Ay = q11,3©A3(t ) A, =0, OA(1)

As = 03, 0A (1), Ay = 01 sOA (1), A = 15, OA(1)

As = s, OA, (1), Ay = 07 ,OA, (1), Ag = U5 ,OA(1)

Ay = q19,2©Az(t)-Azo = q20,2©A2(t),A21 = q21,2©Az(t)

where

M 0(t ) — e_(;"l1+2'12+;"13 i ,Ml(t) — e—(121+;02+323+;@1+)@2+)@3 ) G11(t)

M,(t)= @ (ot Ao+ 2ggt Zoy + Jap Ay )t (_31z(t 1M, (1) = @ (ot oot gt Ty + dag g )t (_313('[ )

Insteady state availability of the system is given as

A, = lim(sA’(s))=N, / D,

where

Ny = 2o Pio Poo Pag + Pos (1= Gy )Pao Pao + Popto(1= Gz )PigPao + Posls(1=Gss ) Pio Pg

D, = (44(1= 9y )= My )PaoPag + (445 (1=Giy )= Myg ) Pig o +( 41~ Gy ) =My ) Pig P ++My Py P Pag + ProMos P P
~(#,(1= 935 ) =My ) Pro Pao Poy = (£5(1= G5 ) = Mag ) Prg Pag Poy + PuoMe Poo Pao + PeaMio o Pao = (44(1= Gy ) =Myg ) P Pag Pz
~(#5(1= Y15’ )= My ) Pro Poo Pz + PoMz Pao Pao + PoaMa ProPa = (£4(1= Gy ) =My ) Pig Pao P = (42(1= G ) =My ) Pro Py Prg
A=.999999999

Particular Cases

For graphical representation ,let us suppose that

gll(t )= alle_aut 1ng(t )= alze_alzt 1913(t )= 0‘136_&13t
using the above particular case, the following values are estimated as
a,; =0.006896,¢,, = 0.000586

a,, = 0.04166,,, = 0.0000983
a,, = 0.0001347,a,, = 0.00015873
Ay rAgp Aoy = 0.00003868, 4,,,4,,, A, = 0.0007352, A, Ay, , Ay, = 0.0000456071
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IV.  Conclusion
The measures of system effectiveness are obtained as:

Mean time to unit/compressor MTSF =14081.82649 hrs.
Availability of the unit/compressor (Ag) =0.999999999

It has been achieved that the expected time for which the unit/compressor is in operation before it
completely fails is about 14081.82649 hours. Also, the probability that the unit/compressor will be able to
operate within the tolerances for a specified period of time is 0.99999999 which certainly would meet the annual
maintenance norms fixed for the plant.

V. Graphical Interpretation
Graph in fig 2 represents the behaviour of MTSF and failure rate A;, with variation in A, and Agy.It is

clear that as failure rate A, increases MTSF decreases. As the variation is taken in failure rate Ay and Az, for
MTSF , it can be concluded that as the failure rate A, A3, increases MTSF decreases.

Graph between MTSF and A1p( variation in Jy; ,A3)
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Graph in fig 3 represents the behaviour of MTSF and failure rate A,; with variation in Ay; and Azt is
clear that as failure rate A,; increases MTSF decreases. As the variation is taken in failure rate Ay; and Az for
MTSF , it can be concluded that as the failure rate A;; As; increases MTSF decreases.

Graph between MTSF and 1y1( variation in 211 ,431)
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