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Abstract

Aim. The purpose of this paper is to find the reliability measures and profit of a two-unit gas turbine
power generating system incorporated with one gas turbine and one steam turbine. Effects of different
humidity condition (humidity </> 50%) are taken into consideration by fixing the range of
temperature (5°C-25°C) for developing the model. At initial stage, both units (gas turbine and steam
turbine) are in operative mode. If steam turbine fails, gas turbine remains in operative mode but if
guas turbine fails, system goes to down state and when both unit fails, system fails. In this system we
assume that failure time distribution is exponentially distributed while repair time distribution is
arbitrary. Methods. In this paper we use the Laplace transform for mathematical analysis, and semi-
markov process and regenerative point technique to investigate reliability measures and profit of the
system. Findings. The system is analysed in steady state and different reliability measures such as
mean time to system failure, availability for different cycles and for different humidity conditions,
busy period, down time of the system etc. are calculated and the graphs have been drawn to see the
effect of different transition rates such as failure rate and repair rate of the units for different humidity
conditions on reliability measures and the profit for particular case is evaluated using the
information/data collected from gas turbine power generating system located at Bawana, Delhi, India.
Conclusion. Our finding shows that mean time to system failure and availability when both turbines
are working decreases with increase in any one of failure rate while availability when only gas turbine
is working increases with increase in steam turbine failure rate and profit for plant decreases with
increase in failure rates. From this we concluded that availability for the fixed range of temperature
(6°C-25°C) is higher when humidity is >50% as compared to when humidity is <50%. Thus, a
comprehensive study of gas turbine system may be helpful to those who are involved in power
generating industry.

Keywords: Gas Turbine, Steam Turbine, Failure Rate, Reliability Measures

1. Introduction

In this era of high competition, reliability has been widely progressed over the years to attain the
needs and requirements of global competition. Reliability analysis of system plays pivotal role in
deciding the productivity and profitability of the system. Gas turbine power systems are regarded
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as key element in industrial production and any deficiency in power supplying may lead to
significant financial detriment as large capital investments are required for industrial production.
Several studies have been conducted so far for gas turbine power system by assuming different
failure and repair polices. A number of researcher have studied the system of two or more
dissimilar/similar units including [1-3] in which one unit is operation mode and another one is
standby state by using different repairs. El-Berry [4] discussed reliability based on failure of data of
a gas turbine power plant. Singh and Taneja [5-6] introduced a situation of gas turbine power plant
where units are dissimilar but nature of output is same by considering effect of random/scheduled
inspection. Farouk and Sheng [7] proposed a situation for power plant to study effect of ambient
temperature on gas turbine. Abigail et al. [8] studied the combined cycle power plant considering
effect of ambient temperature with post-combustion CO2 capture. Saleh et al. [9] discussed the
performance of gas turbine in Saudi weather condition. Rajesh et al. [10-11] focused on reliability
analysis of gas turbine power plant with effect of ambient temperature with different repair polices.
Fernandez et al. [12] studied the effect of temperature in tropical climate on performability of gas
turbine. Bird and Grabe [13] discussed humidity effects on gas turbine performance. Hanachi et al.
[14] focused on the effects of intake air humidity on monitoring of gas turbine system but they did
not find reliability measures like Mean time to system failure, Availability, Down time, etc.

Taking all above into consideration, in present paper we discuss stochastic modeling of gas
turbine system (One Gas Turbine and One Steam Turbine). Here we fix the range of temperature
(5°C-25°C) and develop model for two different humidity conditions (i.e. humidity less than or equal
to 50% and humidity greater than 50%) are taken into consideration while developing model.
Initially, system works with full capacity that is both the gas and the steam turbine are in operative
state. If steam turbine fails, gas turbine continues to work then system is said to be working in single
cycle but if gas turbine fails then steam turbine is put to down mode and system is said to be in down
state. When both the gas and the steam turbine fails, the system is claimed to be in failed state.
Different system effectiveness measures have been obtained by using semi-markov process and
regenerative point technique. We obtained system effectiveness measures like mean time to system
failure, availability analysis for full capacity as well as for single cycle for different humidity
conditions. Interesting conclusions have been drawn by using assessed values on the basis of
information/data gathered from a gas turbine power plant situated at Bawana, Delhi, India.

2. System Description and Assumptions

2.1. Assumptions

A two-unit gas turbine system is developed under some reasonable assumptions which are as
follows:
e  The failure time distribution is taken exponentially while repair time distribution is
arbitrary.
e  After each repair unit is claimed to be good as new unit.
e Repair pattern of the system rely on first come first serve.
e Complete failure of system is claimed on failure of both the units.

2.2. System Description of the Model

State transition diagram for gas turbine system consisting of a gas and a steam turbine is shown in
Figure 1. States 0,1,2,3,5, and 6 are the regenerative points and hence 0,1,2,3,5 and 6 are regenerative
states. States 4 and 7 corresponds to complete failure of the system. States 0 and 1 are the states
representing production in combined cycle when humidity is less than equal to 50% and greater
than 50% respectively. States 2 and 5 are the states at which point only gas turbine is working,
representing production in single cycle when humidity is less than equal to 50% and greater than
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50% respectively. At state 3 and 6, it is required to put steam turbine in down mode as on failure of
gas turbine it can’t work and hence we say state 3 and 6 are down state.
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Figure 1: State Transition Diagram of the System

2.3. Notations

O /0%
Oz /0%
Un/U
UR/UR
URb /U
dht/dbe
Wik /W,
AJAg
ag/ag

g, (t)/g,(t)
G1(H/Ga(t)
hy (t)/hy(t)

q,(5,2,(t)

P /Qf

: Gas Turbine/Steam Turbine is operative when humidity < 50%

: Gas Turbine/Steam Turbine is operative when humidity > 50%

: Gas Turbine/Steam Turbine is under repair when humidity < 50%

: Gas Turbine/Steam Turbine is under repair when humidity > 50%

: Continuing repair from previous state of Steam Turbine when humidity is </> 50%
: Steam Turbine is put to down mode when humidity is </> 50%

: Gas Turbine waiting for repair when humidity is </> 50%

: Failure rate of Gas Turbine when humidity is </>50%

: Failure rate of Steam Turbine when humidity is </> 50%

: Probability density function of repair time of Gas Turbine/Steam Turbine

: Cumulative distribution function of repair time of Gas Turbine/Steam Turbine

: Probability density function for changing the humidity from < 50% to > 50% / from
>50% to <50%

: Probability density function/Cumulative distribution function of first passage time

from regenerative state I to a regenerative state j or to a failed state j without visiting
any other regenerative state in (0, t]

: Probability density function/Cumulative distribution function of first passage time

from regenerative state i to a regenerative state j or visiting state k one time in (0, t]
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o/® : Laplace convolution/ Laplace Stieltjes convolution
3. State Transition Probabilities and Mean Sojourn Time

Based on state transition diagram, expression dQj = qi(t)dt for all essential combinations of i and j
are derived and the transition probabilities p; are obtained by using Laplace transform and using

p;= Iin(} q;. (s) . Table 1 represents the state transition probabilities of the system.
S—>

Table 1: State Transition Probabilities

dQui = e @ Mth, (t)dt dQuz= oy e AT, () dt dQus= A e WHH, (H)dt

dQio= @ th,(t)dt dQis=a,e @2 DtH, (t)dt dQie= Aye 2 DtH, (t)dt

dQu=e"tg (t)dt dQu= A, e™MGy(t)dt QYY) = (1-eMYg (tydt

dQa =g, (t)dt dQs = etg (t)dt dQs7 = A2t G,(t)dt
QY) = (1-eMYg (tydt dQs1= g, (t)dt Py, = hi(ag+Ay)

Pop= o [1- T (ar+Ay)] Po= o [1- hi(ea+Ay)] P,o= ha(c+Ay)

P +A [1- hy(ap+A,)] p,= a2A+2/\2 [1- hy (0, +A,)] Py~ 8,(M)

p,,=1-g,(A1) P(4)‘ 1-g (A1) P3=1= Py,

Ps,=8,(A2) ps,= 1-8,(A2) p=1-g,(A2)

Mean Sojourn Time (L) is the amount of time expected to spend in state i by the system. The
expressions for . are obtained by using p.= fo [T;>t]dt where T; represents stay time of the
system in state i. Table 2 represents means sojourn time of the system.

Table 2: Mean Sojourn Time
1 x
Mo~ a1+A [1- hy (o +A,)] W= a2+A ——[1- hy(ay+A,)] K= Z[l_ 8,(A1)]

Hy=Jy Gi (Dt M= 1 [1- 5,(A)] He= o G (Odt
u, = Jy G (Hdt

4. Mean Time to System Failure

$,(t) denotes the cumulative distribution function of first passage time to a failed state from
regenerative state i. Recursive relations to obtain mean time to system failure of the system are:

By (D=Qp; () B ¢, (H+Q, () B b, ()+Qy(H) S (1) 1)
b, (D= Q,,() B §,(H)+Q5 () D b ()+Q,,(H) S (1) ()
b, (D= Q0 (1) S §, ()+Q,, (1) €)
b, (D= Qz(H) B¢, (1) 4)
(D= Qs () B¢, (H+Q,, (D) (5)
b (D= Qq () B¢, (1) (6)
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Applying Laplace Stieltjes Transform on both sides of above relations and solve them using
Cramer’s Rule, we get

MTSE = 1111(}M =N

S— S D

Where, N = [, P, +H3Py; P *H5Pot P15 tHoP1sPsy tHaPoaP1sPs; tHsPosP1sPs;  HoP ot HaPoaP1o*HPosPio
D = P1aP24P15Ps; PoaP1oP2s Por P1sPs

@)

5. Availability in System when Humidity is < 50%

AH; (t)/ AH/*(t) denotes the probability that system available in full capacity/single cycle when
humidity is < 50% at any instant of time t provided it has entered regenerative state i at time t=0. By
analyzing probabilistic arguments, we derive the expressions for availability in combined cycle as
well as for single. The expression for combined cycle are:

AH;(t) = MH(D+Qy; (NOAH] (1) + Qu, (NOAH; () +Qy (©AH; (1) ®)
AH] (t) = Q;(HOAH(t) + Q,5(OAH] (H)+Q, (1 OAH(t) ©)
AH;(t) = Qy(HOAH;(t) + Q% (OAHS(t) (10)
AH;(t) = Q) (H©AH,(b) 11)
AH(t) = Qy, (HOAH] (1) + QP (NOAHL(H) (12)
AH(t) = Qg (H©AH; (b) (13)
Solving them we get,

AHy(t) =lim sAHy ()= 7 (14)

Where, MHy (1)=& 1" *0'H; () and U;=pp,,

_ : @
V= poploﬂllpm+pz(p02p10+p01p15)+p3(p03p10+p02p10p%)+p01p16+p01p15p56))
Similarly, we derive expressions for single cycle availability as:

AHP(1) = Qy, (HOAH (1) + Qy, (NOAHS® (1) +Q, (NOAHE (1) (15)
AH (1) = Qo (HOAH (1) + Q,5(HOAHS ()+Q,  (HOAHL(t) (16)
AH,™(t) = MH, ()+Q,, (NOAH (1) + Q) (NOAH;’ (1) 17)
AHZ(t) = Qy(HOAH (1) (18)
AHE(t) = Q,, (NOAH () + QP (HOAHE (1) (19)
AHZ (1) = Qg (NOAH (1) (20)
Solving them we get,

AHg(t) = lim sAHg" ()= 32 (21)

Where, MH, ()= e™MG,(t), U,= H,P,,Ppand V= as defined above

6. Availability of the System when Humidity is > 50%

AH?(t)/ AH(t) denotes the probability that is available in full capacity/single cycle when humidity
is > 50% at any instant of time t provided it has entered regenerative state i at time t=0. By analyzing
probabilistic arguments, we subsequently derive the expression for availability in combined as well
as for single cycle. The following are expression for combined cycle:

AH(t) = Q) (NOAH (1) + Q, (NOAHS ()+Q, (HOAHS(t) (22)
AH(t) = MH; (D+Q,,(H©AHG(t) + Q,5(H©AHZ ()+Q, () ©AHE (1) (23)
AH(t) = Qy(HOAHS(t) + QS (NOAHS() (24)
AH3(t) = Q) (HOAH;(b) (25)
AH3(t) = Qs (WOAH; (1) + Q7 (NOAHS(t) (26)
AHE(t) = Q,, (NOAH] (1) 27)

Solving them we get,
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AHj() = lim sAH; ()= = (28)
S—

Where, MH; ()= ¢ ©2"2*H,(t), Us=p,p,, and V =already defined

Similarly, we derive the recursive relations for availability in single cycle as:

AHP(t) = Qy (NOAHT () + Qup (NOAHS () +Q; (HOAHS (1) (29)
AHP(t) = Qo (HOAHG (1) + Q5 (HOAHE (H)+Q,((HOAHZ (t) (30)
AHZ(t) = Q,y(HOAHG (1) + Q) (HOAHS (1) (31)
AHZ(t) = Q) (HOAHG (1) (32)
AHZ(t) = MH5(6)+Q,, (NOAHT () + Q7 (HOAHE (1) (33)
AHZ(t) = Qg (NOAHT (t) (34)
Solving them we get,

AHE(t) = lim sAH" ()= = (35)

Where, MH5(t)= ™G, (t), U= M. P,sP,, and V =already defined

7. System’s Expected Down Time

DH] (t)/DHZ(t) denotes that the system is in down state at specific instant of time t when humidity is
< /> 50%. The recursive expressions for DH] (t)/DH%(t) are given below:

DH;(t) = Qy, (/©DHj (t) + Qy, (t/ODH; ()+Q,(t/ODHj(t) (36)
DHj(t) = Q,(t/©DHy(t) + Q,5(ODH; () +Q, , (t/ ©DHj(t) (37)
DH(t) = Q,(HODH;(t) + Q3 (HODH;(t) (38)
DHJ(t) = NH;(D)+ Q,,(©DH(t) (39)
DHA(t) = Qs (©DH] (t) + QX (ODHg(t) (40)
DHg(t) = Qg (/©DHj (1) (41)
DHy(t) = lim sDH; ()= = (42)
Where, NHz()=G(t), Us=p,p,,(PsP,P%) and V =already defined

DHj(t) = Qg (NODHI(t) + Qu(NODH; (D+Qq(t\ODH3(t) (43)
DH(t) = Q,(ODH;(t) + Q,5()ODH3 (1)+Q,,(HODHg(t) (44)
DH3(t) = Q,(t/©DHj(t) + QJ (HODH3(t) (45)
DH3(t) = Q;(t/©DH;(t) (46)
DHE(t) = Qs (ODH; (t) + QY ()ODHE(t) 47)
DHg(t) = NHq (D+ Q, (WODH5(t) (48)
DHj(t) = lim sDH; (s)= =

Where, NHg()=G;(t), Us=p,p,,(p,,tP,;p%) and V =already defined

8. Time Period for which Repairman is Busy

BH{ (t)/BH;(t) denotes the probability that repairman is busy at an instant t when humidity is </>
50%. By analyzing probabilistic arguments, the recursive expressions for BH} (t)/BH(t) are given

below:

BH{(t) = Qy, (OBH; (t) + Q,, () OBH} (H)+Q,,(t ©BHi(t) (49)
BH] (t) = Q,(ty©BH(t) + Q,5(t©BHS (1)+Q, , (tyOBH(t) (50)
BH3(t) = RH, ()+ Q,(HOBHy(t) + QY () ©BH;(t) (51)
BH;(t) = RH; (£)+ Q,,(HOBH(t) (52)
BHA(t) = Qs (VOBH (t) + QY7 (HOBH(t) (53)
BH4(t) = Q,; (H©OBH () (54)
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BH(t) =lim sBH; ()= =
Where, RH, (t)=e‘A1t(_32(t), RH;(t)= Cl(t),
Ug=p, [Pl Py PPy, and V =already defined
BH;(t) = Q, (NOBH7 () + Qy, (tOBH3 (H)+Q,,(t OBH3(t)
BH(t) = Q,,(OBHG(t) + Q,5(tyOBH3 (H)+Q, (1 OBHZ (1)
BH3(t) = Q,(HOBHG(t) + Q) (©OBH;(t)
BH3(t) = Q,,(©BHy(t)
BH2(t) = RH5(1)+Q;, (HOBH3 (1) + Q7 () OBHZ(t)
BHZ(t) = RH, ()+ Q,, (HOBH7 (1)
BH(t) = lim sBH; ()= =
Where, RHs(H)=e™2'G,(t), RH4(t)=G; (1)

U= Py PysHs Py Mo (Py+PysPY) and V= already defined

(55)

(56)
(57)
(58)
(59)
(60)
(61)
(62)

9. Number of Visits to be Expected by Repairman

VH (t)/VH; (t) denotes the expected number of visits by the repairman when humidity is </> 50%.
By analyzing probabilistic arguments, the recursive expressions for VH; (t)/VHI(t) are given below:

VH{(t) = Qpy () S VHI(t) + Qpy (1) S [1+VH, (D1+Qqs () S [1+VH;(1)]
VH; (1) = Q;(t) S VHy(t) + Q;5(t) S VHE()+Q(t) S VH(t)

VH; (1) = Qu(t) S VH(t) + Q33 (t) S VH;(t)

VH; (1) = Qy(t) S VHy ()

VHi(t) = Q;, () © VHI (1) + Q{7 (t) S VH{(t)

VH(H) = Qg (t) S VHi (1)

VH{(t) = lim sVH (s)= =

Where, Ug=p,,(py,*Py;) and V = already defined

VH (1) = Qyy () S VHI(t) + Quy(t) S VH (1)+Qq () S VH3 (1)

VHI(t) = Q;p(t) S VH{(t) + Q;5(t) S [I+VH ()]+Q; () S [1+VHE(1)]
VH(t) = Qy(t) S VHj(t) + QR (t) S VH; (1)

VH3(t) = Q;(t)  VHi(b)

VH3(H) = Qs (t) S VHI(t) + QX () S VHE(t)

VHZ(t) = Qg (H) S VH%<3

VH3(t) = lim sVH; (s)= <7

Where, Ug=p,(p,stP,,) and V =already defined

10. Profit Analysis of the System

(63)
(64)
(65)
(66)
(67)
(68)
(69)

(70)
1)
(72)
(73)
(74)
(73)
(76)

Expected profit expressions induced per unit time in steady state for the system are:
P = CA*AH; + CA2*AH} + CA1*AHY® + CA2* AHZ- CBi*BH) — CB2* BH3 — CV1i*VH} — CV2*VH3 — Co
CA1/CA2 :Revenue generated per unit uptime when humidity is < 50%, system works in Combined

Cycle/Single Cycle

CA1s/CAas : Revenue generated per unit uptime when humidity is > 50%, system works in Combined

Cycle/Single Cycle

CB1/CB:2 : Cost per unit time when humidity is </> 50% while repairman is busy in doing repair

CVi1/CV2 : Cost per visit by repairman when humidity is </> 50%
Co : Other expenses in plant operation
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11. Results and Graphical Representation of Reliability Measures

Now, by considering the particular cases g, (t)=p 1e'ﬁlt, g, (t)=ﬁze'ﬁ2t, hy (D=y,e™", hz(t)=\(ze"’2t and
using information collected from gas turbine power plant we get a;=A,=0.001, ay=A,=0.0014, B =
B,=0.028, v,=0.333, v,=0.317, CA1= 1372000, CA2 = 1250000, CA1s = 882000, CAz2s =800000,CB1 = 12000,

CB:z = 20500, CV1 = 8000, CV2 = 12500, Co = 650000 and plotted different graphs according to these
esteemed values and studied various measures of reliability through graphs as explained below:

11.1. Mean Time to System Failure Vs Different Failure Rates

Figure 2 illustrates the behavior of MTSF with different failure rates a;, &y, Aq,A;.
e  MTSF decreases with increase in any one of the failure rates.
e MTSF increases with increase in repair rates and when both repair rates (f;, ,) are increased
by same amount MTSF is higher in case of 8, as compared to f3;.

30000 35000

. e 2=00014 2000 —e—a_1=0001
500 10038 120038
20000 —~—5_2=0.038 25000 —— 20038
1 ——A_1=0002 B 20000 —-—ﬁ:g%;
£ 15000 ——1_2=00024 g —=A 2=
5 2 15000
10000 -
5000 \\\\ — 5000
0 0
0001 0003 0066 0007 0009 00014 00024 00034 0004 00064 0.0064
ol a2
} { o 2=00014 30000 .
25000 ——o_1=0.002 25000 ——a_c=U
——f_1=0038 0120002
20000 52=0.038 20000 --3_3.832
G —~—A_2=0.0024 B €'1=0'0(°J7
£ 15000 g 15000 —~—A_ =00
P =
10000 10000
5000 —— 1 5000
0 0
0000 0003 005 0007 000 00014 00024 0034 0004 00054  0.0064
Al A2

Figure 2: MTSF Vs Failure rates aq, ay,Aq, A5

11.2. Availability in Combined Cycle Vs Failure Rate of Steam Turbine when
Humidity is < 50%

Figure 3 demonstrates the availability in combined cycle when humidity is < 50% and when
humidity is > 50%
e Both availabilities (when humidity is </> 50%) of combined cycle decreases as we increase
in any one of failure rate.
e Both availabilities (when humidity is </>50%) in combined cycle increases with increase in
repair rates.
e Availability in Combined Cycle when humidity is > 50% is higher than Availability in
Combined Cycle when Humidity is < 50%.
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Figure 3: Availability in combined cycle Vs Failure rate o¢

11.3. Availability in Single Cycle Vs Failure Rate of Steam Turbine when
Humidity is < 50%

Figure 4 demonstrates the availability in single cycle when humidity is < 50% and when humidity is
>50%

e Availability in single cycle when humidity is < 50% increases with increase in a; but
decreases with increase in any other failure rate while availability in single cycle when
humidity is > 50% decreases with increase in a4, 4, 1, but increases with increase in a,.

e Availability in single cycle when humidity is < 50% decrease with increase in f; while
availability in single cycle when humidity is > 50% increases with increase in £;.

0.16 0.024
- ——0_2=0.0014
% ~—B_1=0048 Y 0 002
6‘ é 0.12 ——=P 2=0.048 6 8
L P20 ¥ 002
% 01 A1=0.003 B2
z 1E’o.os A 200034 z fé‘ o8 | 8400
P £ B 2=0048
'-.‘3 50'06 '-.‘3 :g 0016 §_1=0_0Q3
F 500 T4 —~1.2=00034
2w Z 7004
0 0012 ‘
0.001 0.003 0.0 0.007 0.009 0.001 0.003 0.005 0.007 0.009
a_l ol

Figure 4: Availability in single cycle Vs Failure rate o<

11.4. Profit Vs Failure Rate of Steam Turbine when Humidity is < 50%

Figure.5 illustrates the behavior of Profit of plant with respect to failure rate ;.
e Profit decreases with increase in any one failure rates a,, a,, 14, 4,.
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e Profit increases as we increase in repair rates and when both repair rates (f;,f,) are
increased by same amount, Profit in case of f, is higher than Profit in case of §; (when a;
=0.001 to 0.006) and Profit in case of B, is higher than Profit in case of 8, (when a; = 0.006
to 0.01).

630000

600000 |

570000

540000

510000

PROFIT

480000

450000
0001 0002 0003 0004 0005 0006 0007 0008 0002 001
ol

——a_2=00014 ——p_1=0048 B_2=0.048 A_1=0003 ——A_2=0.0034

Figure 5: Profit Vs Failure rate <,

12. Conclusion

A stochastic model for a two-unit gas turbine system has been developed by fixing the range of
temperature and using the idea of different humidity conditions. Various reliability measures like
mean time to system failure, availability for combined as well as for single cycle when humidity is
</>50% have been obtained for particular cases using information gathered from gas turbine power
plant. Simultaneous effects of failure rates of gas and steam turbines when humidity is </> 50% on
mean time to system failure have been graphically analyzed and from them we concluded that mean
time to system failure decreases as any failure rate increases. Trends in the availability for both cycles
and different humidity conditions i.e. when humidity is </> 50% has been illustrated with respect to
failure rate of steam turbine and various interesting results have been obtained regarding
availability. At last, profit for plant is also depicted which decreases with increase in failure rates.
Here we see that for this fixed range of temperature availability is higher when humidity is >50% as
compared to when humidity is <50% which further impacts on profit of the plant. Furthermore, a
comprehensive examination of gas turbine system may be helpful to those who are involved in
power generating industry.
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