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Introduction analysis of reliability models for systems with two
similar units include (Tutejat al., 1991; Rizwaret al.,
Today we are surrounded by more powerful systems2010) and Sharmat al. (2011). Systems with two
than ever and they are being constantly and coutisiy dissimilar units have also been analyzed by nungerou
designed and developed. The process and technaogy researchers including Baohe (1997; Gostadl., 2011).
aimed at making our lives smooth though also ems u In most of the studies on two dissimilar units, oné was
contributing to making it more complex. The impaft taken as operative and other as standby. Both the
the failure or mismanagement of a power generatimy  dissimilar units have also been taken as operative
power distribution system in a major city, the simultaneously in some of the studies. Tutefaal.
malfunction of an air traffic control system at an (2001)discussed a two-unit system where it has been
international airport, miscommunication in today’s considered that both the units may be operativa at
internet systems or the breakdown of a nuclear powetime and the operation of main unit depends orstle
plant is simply frightening. There is too much ke in unit, e.g., computer system as main unit and ebgtytr
terms of cost, human life and national securitytake as sub-unit. Two units for the systems discussethém
any risks with devices and we cannot afford any were totally dissimilar i.e., their nature was diént.
malfunctioning, even an accidental one. As a Here, failure in one unit affects the other but\ense
consequence, the importance of reliability at @fes of  does not hold. However, there may be practical
modern engineering processes, including design,situations where the two units are dissimilar b t
manufacturing, distribution and operation is a must nature of the work done by them is same; and also
Reliability models for mechanical and electronisteyns  failure in either of the units affects the workingthe
have been widely studied in the field of relialyilivy other. Such a situation was observed by the authors
various researchers including Parashar and TaBef¥(  when they visited some gas turbine plants. For any
Taneja and Malhotra, 2013). Contributors for the country, power generation is not only the back bohe
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economic growth but fulfils the needs of industry, been made for a particular case by making use of
agriculture and house hold systems. But, the gffect programming in C and MS Excel.
running of such plants is a big concern to the ez,
managerial and administrative set up. Smooth runnin
of a plant depends on the reliability of the sysgem Oy
working therein and their components too. Religpili O
and economic analysis for such systems consideringJ,y:
variation in demand and power production capacity h U,
not been done so far in the field of reliabilitydaaur dgt:
aim is to bridge in such a gap. dst

The present study is an attempt to investigate thew,y:
reliability and economic analysis of a gas turbptent Ugrst
comprising one gas and one steam turbine wherein
inspection is carried out at random points of time  j:
detect which one of the three types of maintenancey:
(Minor, Path or Major) needs to be done. Initialbgth P:
the units i.e., the gas turbine as well as thensteabine
are operating. On failure of the gas turbine, sysg@es
to down state, whereas on failure of the steamirtarb Q:
the system may be kept in the up state with only ga ~
turbine working if the buyer of the power so getedas

. . normal rates

ready to pay higher amount or otherwise put to down

state. When only the gas turbine is operable amd th 9x(t), Gy(t): Pdf and cdf of repair time of gas turbine
steam turbine is failed and the system is put &rajmon, G:(1), G(t): Pdf and cdf of repair time of steam turbine

Notations

Gas turbine operative

Steam turbine operative

Gas turbine under repair

Steam turbine under repair

Gas turbine put to down mode

Steam turbine put to down mode

Gas turbine waiting for repair

Repair of steam turbine continuing from

previous state

Failure rate of gas turbine

Failure rate of steam turbine

Probability that there is dire demand of
electricity and the customer is ready to pay
higher amounts

1-p i. e the probability that the customer is no
ready to pay the amount higher than the

this type of working of the system is called woikiim
the Single Cycle; whereas when both the units are
operative then it is called the Combined Cycle. 1

Other Assumptions for the Model: Py:

* Failure times and time to carry random inspectien a
assumed to follow exponential distribution whereas Py
the repair times, time of doing inspection and . .
maintenance have arbitrary distributions i(v):

» After every repair, unit becomes as good as new

e All the random variables are independent

» System fails completely on the failure of both timés P

» System works at reduced capacity when only the gas, (Jt“i.:
turbine is operative and such type of working is h;(t):

called single cycle ha(t):
. . . . 3B\
» System is put to downstate during any inspection u:
and also when steam turbine is failed with no buyer
of power generated in single cycle

Materialsand Methods

The reliability modeling and economic analysis have
been done by making use of semi-Markov processgés an
regenerative point technique. Various measures oft

Mnm:

h(t), H(t): Pdf and cdf of time for undertaking the

system for inspection

Probability that inspection reveals the need
of minor maintenance

Probability that inspection reveals the need
of path maintenance

Probability that inspection reveals the need
of major maintenance

Pdf of inspection time to see which type of
maintenance is required

Minor maintenance going on

Path maintenance going on

Major maintenance going on

Pdf of the time for doing minor maintenance
Pdf of the time for doing path maintenance
Pdf of the time for doing major maintenance
Failed unit under inspection to reveals the
type of failure

Transition Probabilities and Mean Sojourn
Times

The transition diagram showing the various stafes o
he system is shown in Fig. 1. The epochs of eintiy

system effectiveness such as mean time to systerﬁtates 0,1,23,5,6,7and 8 are regeneratorispand

failure, availability at full capacity, availabitin single

thus 0, 1, 2, 3, 5, 6, 7 and 8 are generativesst&tate 4

cycle, expected down time, expected times for minor is failed state. States 5, 6, 7 and 8 are dowestite to
path and major inspection, busy period for repaid a inspection. States 1 and 3 are also down statesalue
expected number of visits have been obtained. Costputting the operable unit to down mode and state 2
benefit analysis has been carried out. Graphicdlyshas  single cycle upstate.
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Fig. 1. State transition diagram

The transition probabilities are:

Tos(t) = A€ H (D),
Goat) = € H(), 0y =€ ()

G =0y(1),  Ux) =g, 1),  Gut)=Ae"Ga(t)
0y (t) = (1-€e7)g,(t)
o) = G,(1),  dselt) = PI(D),
Ga(t) = PA(1),  Goolt) = hy(1)
Gho(t) =hy(t),  dgoft) = hoft)

oo (t) = pae @' H (1)

qsAt) = pift)

The non-zero elemengpg are given asp; = lim () -

The mean sojourn timey) in the regenerative
statei is defined as the time to stay in that state befor
transition to any other state. Tf denotes the sojourn
time in the regenerative statethen:

#=E@® =~ p,t>tdt
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Thus:

_1-h(d+a)

0 A+a

4= [ta,0t 1
= [ Ba(dt, 4 = [tg,00t 1
= j ti(t)dt, 4 = Tthl(t)dt

4 = [thy(t)clt, 1, = [thy(t)et
0 0

Mean Timeto System Failure

To determine the Mean Time to System Failure
(MTSF) of the system, we regard the failed states a
absorbing states. Defining(t) as the cdf of first passage
time from regenerative state i to failed state araking
the probabilistic arguments, we obtain the recarsiv
relation for @(t). Then, the reliability of the system at
time tis given as.

R(t) = the inverse Laplace transform @f-¢ (s)/s)

and the Mean Time To System Failure (MTSF) when the
system starts from the state O is given by:

where, g (9) is the Laplace-Stieltjes Transformaft):

N = £y + Posly t Posd o+ Podd 7 P ol «
+Pos(Pssds + Pstd 7+ Psgd s

And:
D = py, Pz

Availability at Full Capacity

Let us defineA(t) as the probability that system is up
and working in full capacity at the instangiven that
system entered regenerative statett = 0. Using the
arguments of the theory of regenerative process, th
Laplace transform of the availabilifyy (t) is given by:

N,(s)

A= 9

Where:

Ny(S) = L-h(A+a+9)]
(A+a+s)

And:
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Dy(8) = (1~ Gyili10~ Yo 2~ G ofl
_qas(q*seq*eo + qu 7ot q 5@ 8)
In steady state, the availability of the systeigiven by:

N

iy

A, = lim(sA(9) =

O|

=

Where:
N, = 4,
And:

D, = 4o+ th(Port PolP 2d + (P ot P M 5
Posts + Pos(Pstd 6+ P st 7+ P sl }

Similarly, we the following measures of system
ffectiveness, have been obtained as:

Availability in sing|ecyc|e(AgS>)=%

1

Expected down time excluding failed stadj =%"

1

Expected time for minor inspectioM(, =

e

Expected time for path inspectid?l§ = )%

-

Expected time for major inspectidvi{, =)%
1

Busy period analysis for repa{ :)%
1

Expected number of visits of the repaami/, )= % ,

1

Where:

N, = Pootd,
N, = Poatla + (Por* pozp(gi)/u ™+
Pos (s + Psglds™ Pl 1+ P sdl

N, = PosPsetls

N5 = PosPst

Ns = PosPsats
N, = (Poy + Poot PEDH+ (P ot P oM <
Ng =1

And D, is already specified.
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Cost-Benefit Analysis
Expected profit incurred to the system is the exces
of revenue over cost and in steady state, is diyen

PROFIT =C,A,+C,A;-CDT,~CMI,
-C,Pl,-CMJ,-C8,-CV,

Co = Revenue per unit uptime while working in full
capacity

C; = Revenue per unit uptime during working in
single cycle

C, = Loss per unit time for which the system is in
down state (excluding failed state)

C; = Cost per unit time for which the system is under
gone for minor inspection

C; = Cost per unit time for which the system is
undergone for path inspection

Cs = Cost per unit time for which the major inspection
goes on

Ce = Cost per unit time for engaging the repairman for
doing repair

C; = Cost per visit of the repairman

Results

The following particular case is considered for
numerical calculations:

h() 57,9, ()=0,e%",9,(t) =0,
i()=ye” h )=y,

_ -yt
h, )=y, h (t)=ye *

Various estimated values on the basis of gathered
information visiting some gas turbine plants are:

1=0.00002343 = 0.0008,= 0.044, =
=0.5,, = 0.004y, = 0.04%,= 0.001

0.04%

The assumed values, wherever used, are displayed on
figures for graphs. The values of various measwofes
system effectiveness obtained for this particuéeecare:

* Mean time to system failure = 919004400 hrs

» Availability at full capacity (&) = 0.94674780

e Availability in single cycle(A®) =0.00004731

e Expected down time excluding failed state ¢(DF
0.05320499

« Expected time for minor inspection (MI =
0.00946748

» Expectedtime for path inspection ¢PI =
0.01420122
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Expected time for maj or inspection (WMJ= Figure 2 depicts the behaviour of profit w.r.t. eaue
0.02840243 per unit uptime during working in full Capacity JjCor
Busy period analysis for repair (BO) = 0. different values of loss during down time,JC
00103877 Figure 3 depicts the behaviour of profit w.r.t. @aue
Expected number of visits of the repairman)(¥ per unit uptime in single cycle (g for different values of
0.00013538 loss during down time (&

Profit versus revenue in combined cycle (C,) for different values of cost(C,)

70000 4

50000{ P=05.p=04p,=03,p;=03,
Cy5 = 1250000, C; = 500. C, = 1000,
Cs=1500, Cs = 1250, C; = 10000

30000 -

Profit

—4-C2 = 300000

—-C2 = 500000

10000 -
&~ C2 =700000

T T T T

T

40000 50000 60000 70000 20000 90000 100000

Fig. 2. Profit versus revenue per unit up time in combiogtie

Profit versus revenue in single cycle (C,;) for different values of cost (C,)

pP= .5= 120.4= p2:0.3= p3:0.3,

P il

00 2000 3000 4000 000 7000 8000 9000 10000.120001200013000 1400015000
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Fig. 3. Profit versus revenue per unit up timeingke cycle
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The results obtained in the paper are new as nbne o
the previous study discussed the reliability ansheenic
analysis of two-unit Gas Turbine Power generating e
system with random inspection. The discussion and

0, = 0.042,5,= 0.04,y= 0.5,y,= 0.004,ys = 0.002,
Vs=0.001, p=0.4,p=0.3,p=0.3,p=05
The profit decreases as failure rate (Of steam

conclusion given in the subsequent sections retreal
results are very interesting and useful for the manies
producing power through gas turbines.

Discussion

On the basis of the above results, we can have the

following discussion:

e It can be interpreted that the profit increaseshwit
increase in the values of, @nd also with G

e For G = 500000, profit is positive or zero or
negative according asgtbr = or<27754.60 i.e., the
price per unit of the electricity should be fixedsuch
a way so as to giveyQiot less than 27754.60 to get
positive profit

e For G = 700000, profit is positive or zero or
negative according asg&br = 0r<38954.15 i.e., the
price per unit of the electricity should be fixedsuch
a way so as to giveyQGiot less than 38954.15 to get
positive profit

e For G = 558100, profit is positive or zero or
negative according as;&or = 0r<1282.28 i.e., the
price per unit of the electricity should be fixed i
such a way so as to give 3ot less than 1282.28 to
get positive profit

e For G = 588125, profit is positive or zero or
negative according as;&or = or<6877.32 i.e., the
price per unit of the electricity should be fixed i
such a way so as to give 3ot less than 6877.32 to
get positive profit

e For G = 588150, profit is positive or zero or
negative according as;&or = 0r<12488.90 i.e., the
price per unit of the electricity should be fixea i
such a way so as to giveddot less than 12488.90
to get positive profit

Conclusion

From the analysis done for the model developed in

this study, it is concluded that:

» The MTSF and A get decreased whereas y\gets

turbine increases for small values of probabilfiy. (

It has higher values for higher values of p. Buewh

the probability (p) is increased up to certain leve

the profit increases as failure rata) (of steam
turbine increases. This is because there is greater
increase in receiving the number of higher payments

for greater values of probability (p)

e The profit increases with increase in the values of
revenue per unit up time. Cut-off points with
respect to the revenue per unit up time have also
been obtained which reveal that the revenue per
unit up time should not be less than its value at
cut-off point. This cut-off point helps the
producer to fix the price of the electricity in $uc
a way so as to get the positive profit

The above remarks are based on what computational
work has been done in this study. However, if sameeo
is interested in finding some other cut-off poirgtated
to the desired rates, costs and probabilities iaa|
he/she can use the equations obtained for MTSF,
measures of system effectiveness and the profénTh
the expressions particularly for the system under
consideration can be obtained putting the numerical
values of various rates/costs experienced therein.
Graphs can be plotted to find the cut-off points ttee
concerned rates/costs/revenue which will be helpful
taking important decisions so far as the reliapiind
the profitability of the system is concerned.
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