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ABSTRACT

In this work, the total exergy destruction in a component of a system is split into
endogenous and exogenous parts to assess the thermodynamic performance of a gas
turbine unit, which is located in the SARIR power station, in Libya. The power station
consists of three units, Siemens gas turbines, type SGT5-PAC 4000F, each unit with 285
MW rated capacity with the three ordinary components (air compressor, combustion
chamber and turbine) is considered.

The total exergy destruction is not only due the deficiency of that component, but
also occurs by the deficiencies of the remaining components. The endogenous exergy
destruction takes place when the other components of the system work perfectly without
any exergy destruction, and the considered component works with its normal condition.
Splitting the total exergy destruction into endogenous and exogenous parts must be
considered when decision is made to enhance the thermodynamic performance of a
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system. The exergy destruction can be split into an avoidable and unavoidable exergy
destruction, each of them can be split into an endogenous and exogenous exergy
destruction. Only part of the exergy destruction can be avoided, the remaining cannot be
avoided due to economic issues and technological limit.

The results show that for the compressor, 82% of the exergy destruction is
endogenous and 18% is exogenous exergy destruction, for the gas turbine, 96.6% of the
exergy destruction is endogenous and 3.4% is exogenous exergy destruction and for the
combustion chamber, 69.60% of the exergy destruction is endogenous and 30.40% is
exogenous exergy destruction. That is, 75.82 MW of the exergy destruction in the
combustion chamber is exogenous, hence the performance of the other two components
(compressor and turbine) must be improved or replaced to elevate the thermodynamic
performance of the combustion chamber. The later finding cannot be recognized without
splitting the total exergy destruction into endogenous and exogenous exergy destruction.

KEYWORDS: Exergy; Exergy Destruction; Endogenous Exergy Destruction;
Exogenous.

INTRODUCTION
The classical exergy analysis detects the amount and the site of the exergy

destruction, however, it fails to indicate the contribution of the inefficiencies of the other
elements of the system on the exergy destruction within the element being considered [1].
The destruction of exergy presents the true inefficiencies of an element, hence, an exergy
analysis can indicate the extents of enhancing the thermodynamic performance of a
system [2]. Exergy analysis pinpoints the causes of deficiencies by determining the
irreversibility within each system element, however, care must be taken when evaluating
the thermodynamic performance of an element, since part of the element’s exergy
destruction (irreversibility) occurs due to the inefficiencies of the other elements of the
system. A rational approach is considered by splitting the exergy destruction into an
endogenous and exogenous exergy destruction.

The general concept of endogenous and exogenous exergy destruction was
presented by Tsatsaronis, et al.[3]. A graphical approach was introduced to investigate
the performance of a simple gas turbine cycle and a simple refrigeration cycle by splitting
the total exergy destruction into endogenous and exogenous parts. The endogenous
exergy destruction in an element is independent of the variation of the exergy destruction
in the remaining elements. The exogenous exergy destruction in an element depends on
the variation of the exergy destruction in the remaining elements. The total exergy
destruction in an element is the summation of the endogenous and exogenous exergy
destruction.

The concept of endogenous/ exogenous exergy destruction is applied for different
applications of thermodynamic systems, for instance, for an air preheater system [4],
within a building [5], for regasification of the liquefied natural gas [6], for a ground-
source heat pump dryer used in food drying [7], for a simple gas turbine system and co-
generation power plant [8] and for milk processing factory [9].

A discussion of four different methods established by the authors for estimating the
endogenous part of exergy destruction and a method established on the structural theory
was presented [10]. The performance and cost estimation of Kalina cycle combined with
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Parabolic-Trough Solar Collectors applying advanced exergy and exergoeconomic based
approaches to detect the enhancement potential and the interface between system
elements, was introduced by splitting the exergy destruction into endogenous and
exogenous and into avoidable and unavoidable parts [11]. The exergy destruction rate and
the total operating cost within the components were divided into endogenous/exogenous
and unavoidable/avoidable parts.

An analysis based on conventional and advanced exergy analysis was presented for
organic Rankine cycle connected to internal combustion engine [12]. The exergy
destruction was divided into avoidable/ unavoidable and endogenous and exogenous
parts. The result of this analysis indicated that there was a high potential of performance
improvement for the cycle being analyzed. An advanced thermodynamic analysis based
on avoidable/unavoidable and endogenous/exogenous exergy destruction was illustrated
for a heat pump utilized a low grade energy [13]. The results showed that 50% of the total
exergy destruction in the elements of the heat pump could be avoided, and about 30 to
40% of this avoidable exergy destruction was an exogenous exergy destruction.

A conventional and advanced thermodynamic analysis was implemented for a
combined cycle power plant [14]. The analysis revealed that with the exception of the gas
turbine and the high pressure turbine, most of the exergy destruction was unavoidable and
constrained by the internal technological limitation which was endogenous. It was
concluded that with the innovative analysis, the new advance strategies were exposed that
could not otherwise be established. Aiming to identify the causes of the internal
deficiencies and the potential of improvement of a power generation system utilizing the
cold energy of LNG, the exergy destruction was split into its endogenous and exogenous
parts [15]. The results of the advanced thermodynamic analysis, indicated that the main
cause of the component exergy destruction was endogenous.

Gas turbine power plants are the dominate technology in generating electricity in
many countries, hence a rational approach is needed to estimate their thermodynamic
performance. Total exergy destruction in a component in a thermodynamic system does
not give the real knowledge of the deficiency of this component, as only part of this
destruction could be avoided during the operation, the other part is unavoidable due to
the design and economic issues. Furthermore, part of the avoided exergy destruction
could be exogenous due to the inefficiency of the other components which is linked to
the component being analyzed. The power sector in Libya depends largely on the gas
turbine power plants for generating electricity for the public, so it is very important to
reassess their performance based on a rational approach. In this work, the concept of the
endogenous and exogenous exergy destruction is applied to a gas turbine power plant,
which is located in the SARIR power station, in Libya. The power station consists of three
units, Siemens gas turbines, type SGT5-PAC 4000F, each unit with 285 MW rated
capacity [16]. The analysis is extended to obtain the avoidable-endogenous, avoidable-
exogenous, unavoidable-endogenous and unavoidable-exogenous exergy destruction.

THE CONVENTIONAL THERMODYNAMIC MODEL
For the analysis, it is assumed steady-state, steady flow processes, with negligible

changes in kinetic and potential energies. The specific heat for air, fuel and gases are
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assumed to be temperature independent, also the pressure drop in the combustion
chamber is neglected. Referring to Figure (1), the net output work and the air mass flow
rate can be calculated as follow:

(3) \Fuel
@ I
o VY
1 \C.C/ (4)
! The net work ouput
AC
(n _
Alr Exhaust
Figure 1: The simple gas turbine cycle
Whee = Wer — Wac (1-a)
Wnet = mgWGT — MgWye (1-b)
Wnet = (ma + mf)WGT — MgWyc (1-c)
Wher = Mg (Wer — wae) + MeWer (1-d)

And hence the air mass flow rate is given by:

. Wnet_meGT
m, = —— 2
a (wWgr-wac) (2)

The compressor model
The compressor outlet temperature is given by:

Y-1
T2=T1(1+’” ‘1> 3)

nac

And hence, the specific work of the compressor is calculated by:
Y=t
Wye = cpa(T, —Ty) = ey (” vo= 1) 4)
NAc

The concept of fuel and product is applied, where the fuel represents the input power
(input exergy) to operate the compressor, which is:

Wrac = MaWac ®)
And the product is the exergy gained by the air stream, which is:

Wp ac = (lpz - lP1) =mga (Y, — Y1) (6-a)
LpP,Ac = mg[(hy — hy) — To(sz — s1)] (6-b)
LpP,AC = Mg [wac — To(s2 — 51)] (6-c)
The exergy destruction is given as:

Wp,ac = Yrac — ¥Yrac (7-a)
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qJD,AC = liJF,Ac(l — &ac) (7-b)
Or:

qJD,AC = MaWac (1 — &4¢) (7-c)

&4¢ 1S the exergatic efficiency. And hence, the exergy destruction in the air compressor
IS given by:
Wnet_meGT

wer—wac)

Wpac = wuc (1 — gqc) (7-d)

Equation (7-d) shows the effect of the specific work output of the gas turbine and
the fuel mass flow rate on the exergy destruction in the compressor. That means, part of
the exergy destruction in the compressor is exogenous. Improving the performance of the
gas turbine and the combustion chamber would reduce the exergy destruction in the
compressor. When the combustion chamber and the gas turbine operate perfectly without
exergy destruction, then the exergy destruction in the compressor is due to the deficiency
of the compressor itself and called the endogenous exergy destruction. The difference
between the total exergy destruction and endogenous exergy destruction in a component
is the exogenous exergy destruction. The exergatic efficiency (effectiveness), eac is
defined as:

gy
A4C = Ty (8-2)
_ mglwac—To(s2—s1)] _ [wac—To(s2—51)] )
ac = Wac = Wac (8-b)

For an isentropic compression, ;=S and hence g4 = 100%

The combustion chamber model:
The energy balance on the combustion chamber is given by:

e [LHV + cpp(Ty — Ty)] = (g + g )epg (Ty = Ty) — 1iqcpa (T, — Ty) 9
Then:
T, = mfnCC[LHV+C(pﬁfl('I;fﬁ—lT;)]+rhacpa(T2—T1) +T, (10-a)
a f)CPg
Or:
_ nec[LHV+ep (T p—T1)]+Acpa (T, —T1) )
T, = RIS +T; (10-b)

The air/ fuel ratio is given by:

g

iy (11)
The fuel mass flow rate is given by:

. mg[epg(Ty=T1)=cpa(T,~T1)]

My = NeclLHV+cp (T s =T1)|—cpg (T4—T1) (12)
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The energy efficiency is expressed as:

e = St e
The exergy destruction is given by:

Wpcc = Wr — ¥p (14-a)
Which is expressed by:

liJD,cc = My — [(mf + ma)l/h; - mall)z] (14-b)
liJD,CC = mf{lpf — [+ Dy, — /sz]} (14-c)
Wy e = 22 by — [(1+ Ay — A1) (14-d)

The substitution with the air mass flow rate (as given by Equation (2)) results in:

W, o = e (14 Ay — A ]) (14-¢)

Awgr-wac)

T Wne =
Yoo = wd’f(l — &cc) (14-f)

Awer-wac)

Equation (14-f) shows the effect of the turbine and compressor specific works on
the exergy destruction in the combustion chamber. Increasing the turbine specific work
and reducing the compressor specific work will cause a drop in the exergy destruction in
the combustion chamber. The exergy destruction in the combustion chamber could be
reduced by increasing its exergatic efficiency. When the isentropic works for the turbine
and the compressor are applied, and by fixing the exergatic efficiency of the combustion
chamber at its normal value, then the exergy destruction in the combustion chamber
presents the endogenous exergy destruction.

The exergatic efficiency is given by:

cc = (1‘*’1)112’—4_)“1’2 (15)
f

The gas turbine model
The temperature of the exhaust gases at the turbine outlet is given by:

1-=n6r (1 - ﬁ)] (16)

And hence, the specific work is calculated by:

Ts =T,

wer = pg(Ty — Ts) = 1rcpgTy (1 - ﬁ) 17)
T Yg

The exergy destruction is obtained by:

Wper = (Lp4 - Lps) — Wer (18-a)

Wpor = (ma + mf)[(¢4 —Ps) — werl (18-b)

LpD,GT = (ma + mf)WGT [é - 1] (18'C)

Journal of Engineering Research  (University of Tripoli) Issue (37) March 2024 50



By substituting with the air mass flow rate (Equation (2)), the exergy destruction
becomes:
: _ Wnet_meAC 1 _
Wper = T Wer—wac Wer ( 1) (18-d)

Equation (18-d) shows the effect of the specific work of the compressor and the
fuel mass flow rate on the exergy destruction in the turbine. The endogenous exergy
destruction in the gas turbine is obtained if the exergy destruction in the compressor and
combustion chamber are set to zero.

The exergatic efficiency is given by:

wer weT (19)

Erm = =
6T ™ y—tps ~ wer—To(ss—ss)

For the isentropic expansion, ss = s, and hence e;r = 100%

A heat exchanger model
If a system contains a heat exchanger, see Figure (2), then the exergatic efficiency
could be expressed as:

Hot fluid

A
A

Cold flud

Figure 2: Heat exchanger

e _ (AW)¢o1g _ (AH-TpAS)co1d
HIX = (aW)hor ~ (AH-ToAS)por

(20)

Theoretically, the exergatic efficiency is 100% for an adiabatic and reversible heat
transfer process (isentropic), that requires an infinitesimal temperature difference
between the two streams. Practically the heat transfer is not isentropic and the exergatic
efficiency cannot be 100% as a finite temperature difference must be kept between the
two streams.

THE GENERAL APPROACH OF THE ENDOGENOUS/EXOGENOUS EXERGY
DESTRUCTION [3]

The advanced thermodynamic model is based on the endogenous/ exogenous
exergy destruction, such that for a component “k”:

Wy = WEN + WEX (21)
In general, the exergy destruction in the k'™ component is expressed as:

LpD,k = LpF,k - LpP,k (22)
And for the whole system:

LpD,tot =X LpD,k = liJF,tot - lpP,tot - LpL,tot (23)
The effectiveness (exergatic efficiency) for the component “k” is given by:

_ “pP,k _ LpF,k_lpD,k _ l'.pD,k (24)
Yk Yk Yk

€k

The concept of the endogenous/exogenous is initially illustrated by using Figure
(3), which is composed of three components A, B and C. The three components are linked

together SUCh that l'pF’A = fPF,tot: liJP’A = l‘iJF’B, l'iJP‘B = l'iJI:"C and l‘ijp'c = LiJP,tOt'
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\I"F_A = "I"F,lot q’p‘c= q”Fﬂtot

Figure 3: Illustration case for endogenous/exogenous exergy destruction

The exergy destruction in component “C” is determined by:

lpD,c = lpF,c - lpP,c = LPF,C - liJP,tot (25-a)
. . Wy . 1
Wy = Upror (S22 = 1) = W o (2 - 1) (25-b)

&c 1s the exergatic efficiency of the component “C”. As can be seen, by fixing the
total exergy of the product of the whole system (¥ ,,), the exergy destruction in this
particular component (C) is a function only on its exergatic efficiency (e;) and has
nothing to do with inefficiencies of the other components, that means, ‘ngé = 0.0, and
hence ¥, . = WEY.

The exergy destruction in component “B” is given by:

Wpp =Wrp—Wpp (26-a)
. . W . 1 . 1

Wpp =Wpp (ﬁ - 1) =W (g - 1) = Wrc (g - 1) (26-b)
; _Wpc(1 _ Wpitor (1 -
lpD'B - &c (SB 1) &c (83 1) (26 C)

Equation (26-c) indicates, by fixing the total exergy of the product of the whole
system, the exergy destruction of this component (B) is:

Wpp = f(ep, &c) (26-€)

That means, the component “C” contributes to exergy destruction in the component
“B”, and the exergy destruction in the component “B” varies with the change in .. In
other words, part of the exergy destruction in the component “B” is endogenous due to
its internal deficiency and the other part is exogenous due to the deficiency in the
component “C”. The values of €5 and &, determine the endogenous and exogenous exergy
destruction in the component “B”, respectively.
By setting £-=1, the endogenous exergy destruction in the component “B” is given by:

PEN — 1_

WEE = Voo (2 - 1) (27)
Since:

l'pg’)é = l'iJD‘B - l'pg’lg (28-6.)
Then, the exogenous exergy destruction in the component “B” is given by:

JEX _ \ 1 _ 1_ -
WES = Wroe (2 1) (1) (28-)
For the component “A”, the exergy destruction is determined by:

qJD,A =W, — qJP,A (29-a)
pooo— ¥ra _ 1) =y 2 _ 1)Y=y 1_ -
Wpa=Wpa (G2 = 1) = W (2 1) = ¥rp (2 -1) (29-b)
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Wy =228 (Lo 1) =Fre(l_q) - Toeer(1_y) (29-C)

€B €A €B €A EBEC \&4

Equation (29-c) indicates, by fixing the total exergy of the product of the whole
system, the exergy destruction in the component (A) is:

Wpa = f(en €5, 6c) (29-d)

The foregoing equations reveals that, the components “C” and “B” contribute to the
exergy destruction in the component “A”, and the exergy destruction in the component
“A” varies with the change in &, and &5. In other words, part of the exergy destruction in
the component “A” is endogenous due to its internal deficiency and the rest is exogenous
due to the deficiencies in the components “B” and “C”. The value of &,, determines the
endogenous part of the exergy destruction in the component “A”, and e and &, determine
the exogenous exergy destruction in the component “A”.

By setting €5 =1 and e, =1, the endogenous exergy destruction in the component “A” is
given by:

q;g,lyq = liJP,tot (i - 1) (30
Since:

WEX =, , — WEN (31-a)
Then the exogenous exergy destruction in the component “A” is given by:

lpg,),(cl = LpP,tot (ﬁ - 1) (é - 1) (31-b)

The foregoing analysis indicates that, care must be considered when evaluating the
thermodynamic performance of a component in a thermodynamic system since part of its
exergy destruction could be due to the deficiencies of the other components of the system
being analyzed.

THE BASIS OF THE GRAPHICAL APPROACH FOR THE
ENDOGENOUS/EXOGENOUS EXERGY DESTRUCTION [3]

As discussed before, the endogenous exergy destruction of a component “k” is
obtained by keeping its real exergatic efficiency “g,,” , and setting the thermal efficiencies
of the other components to 100% (isentropic processes). Furthermore, it was shown that,
the exergatic efficiency cannot attain a value of 100% for the combustion and heat transfer
processes for instance, such processes are existing in the gas turbine power stations. A
graphical approach is developed to overcome this limitation.

For ideal system without exergy destruction and with a fixed supply of product
“LPP,tot” the exergy balance is given as:

liJI{"?:ot - l'.pi,lzot - liJP,tot =0 (32)

If there is only one component “k” characterized by some kind of irreversibility
(exergy destruction) then, additional exergy must be supplied (AfP}"wt) and the exergy
losses increases by A‘iJ["tot . The last equation is then modified as follow:

(‘Pﬁﬁot + Alpllfc,tot) - (‘Pi?ot + ALka,tot) - LpP,tot = LpD,k (33)
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Since the other components work without exergy destruction, then the exergy
destruction in the component “k” is the endogenous exergy destruction, hence the last
equation could be written as:

(lpI{",Dtot + ALPII?C,tot) - (qjlf,Dtot + Al.pl’,(,tot) - LpP,tot = lpg% (34)
When there are irreversibilities in the all components, then the exergy balance

equation is given by:

(Lp}ll"f)tot + qul{"efgot) - (Lpll,,Dtot + quﬁfot) - LiJP,tot = liJD,others + l’iJD,k (35)

As W), ,pers tends to zero in equation (35), the left hand side of the same equation
approaches the left hand side of equation (33), and hence the right hand side of both
equation approaches each other, i. e. Wp, approaches WE}. Then by plotting the
expression (WH,; + AWE,) — (W1Byr + APRE) — Woror against Wp oeners, the
intercept will be the endogenous exergy destruction (ng%) of the component “k”.
EXERGY BALANCE APPROACH [10]

For ideal process, that is process without exergy destruction, we may write:
l'pF = l'pp (36)

Equation (36) is valid for isentropic processes, such as in an a gas turbine where

ger = 1.0 and in a compressor, where g4, = 1.0. Back to Figure (1). For ideal processes,
Equation (36) may be applied to the combustion chamber as follow:

Which can be written as:

liJf =My, — li"2 (38)
Then:

. Yoty

fy = L2 (39)

All parameters in the right hand side of Equation (39) are fixed as in the real
processes, and hence a fictitious mass flow rate of gasses (rhg)is calculated to satisfy
Equation (37).

AVOIDABLE AND UNAVOIDABLE EXERGY DESTRUCTION
The exergy destruction can be split into avoidable and unavoidable destructions
[17] as follow:

Yo = Whk + W5 (40)

pUN I ¥p N

Wpra = Yrra (‘p—) (41)
Pk

The subscript “A” denotes the operating point of the equipment [17].

MODELING THE GAS TURBINE POWER PLANT

For the analysis, the gas turbine power unit which is located in Sarir power station,
in Libya. Sarir power station is selected. It comprises of three units Siemens gas turbines,
type SGT5-PAC 4000F and each unit with 285 MW rated capacity Generally the GT
power units consist of three major components namely the air compressor (AC),
combustion chamber (CC) and turbine as shown in Figure (1), the design data is given in
Table (1) [16].
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Table 1: Design parameters

Item Parameter Value Unit
Inlet temperature 288.15 [K]
Inlet pressure 1.01325 [bar]
Pressure ratio 17.43 [-]
Compressor Air-mass flow rate 672 [ka/s]
Air-Cpa 1.00351 [k/kg.K]
Air-specific heat ratio 1.40 [-]
Thermal efficiency 87.468 % [-]
Fuel inlet temperature 288.15 [K]
Fuel inlet pressure 12 [bar]
Fuel mass flow rate 14.994 [ka/s]
Combustion chamber Efficiency 95 % [-]
Lower heating value 52000 [k/kg]
Fuel chemical exergy 52025 [kd/kg]
Fuel-Cps 2.25 [kd/kg.K]
Inlet temperature 1584 [K]
Pressure ratio 17.43 [-]
Gas turbine Thermal efficiency 88.8 % [-]
Gas-specific heat ratio 1.33 [-]
Gas Cyg 1.148 [kJ/kg.K]
Temperature (To) 288.15 [K]
Reference state Pressure (Po) 1.01325 [bar]

RESULTS AND DESCUSSION
Thermodynamic parameters, operating powers, and exergy destruction are
calculated and tabulated in Tables (2-4).

Table 2: Thermodynamic parameters at each state

. kg k]
m (=) Y (— ;

STATE T(K) P(kPa) S kg ¥ (MW)
1 288.15 101.3 672 0 0

2 705.6952 1765.659 672 396.1434 266.2083

3 (Fuel) 288.15 1200 14.99405 52025 780.0653
4 1583.83 1765.659 686.994 1159.916 796.8556

5 866.0886 101.3 686.994 299.4303 205.7068

Table 3: Compressor, Turbine and Net power

W, 281.1567 (MW)
Wy 566.0602 (MW)
Wyt 284.9036 (MW)

As can be seen, the exergy destruction in the combustion chamber contributes to
about 86 % of the total exergy destruction.

Table 4: Exergy destruction and the effectiveness of each component

Component g, Y, v, ¥, % €
AC 281.1567 266.2083 14.94832 5.164299 0.946833
cc 780.0653 530.6473 249.418 86.16817 0.68026
GT 501.1488 566.0602 25.08859 8.667528 0.95756
Total exergy destruction 289.46
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The graphical approach is applied to calculate the endogenous exergy destruction
in the compressor. Here, the exergatic efficiency of the compressor is kept at its nominal
value of 94.6833 % (Table 4). The thermal efficiency of the gas turbine is set to 100 %,
hence the exergy destruction in the turbine is eliminated. Equation (16) is used to
calculate Tss and the gas turbine isentropic work is calculated by Equation (17). Since, T»
and T4 are both fixed to their design value (Table 2), the exergy destruction in the
combustion chamber cannot be reduced directly. One way to reduce the exergy
destruction in the combustion chamber is by heating the air before entering the
combustion chamber adiabatically and reversibly to a new elevated inlet temperature T2"
by using adiabatic-reversible heater, as shown in Figure (4).

Fuel
(3)
) (2%)
ARH

—
=
2

AC

(1) 5
Alr Exhaust ®)

Figure 4: The modified gas turbine cycle

The input temperature is increased gradually to 668, 683 and 698 K, as shown in
Figure (5). Then, less fuel is needed to heat the working stream from state 2* to state 4,
hence the exergatic efficiency of the combustion chamber is increased and its exergy
destruction is reduced.

T

A

P s
Figure 5: Variation of the combustion chamber inlet temperature and the specific work of
the gas turbine

Equation (12) is used to calculate the new mass flow rate of the fuel, Equation (15)
is used to calculate the new exergatic efficiency of the combustion chamber and Equation
(14—f) is used to calculate the reduced exergy destruction of the combustion chamber.
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Equation (7-d) is used to calculate the exergy destruction in the compressor. Here, the net
power output is set equal to the design value of 285 MW, and the specific work of the
turbine is replaced by the isentropic specific work. The expression Wg ;or — W tor —
Wy .o¢ is plotted against Wy ,.hers, the intercept is the endogenous exergy destruction
(WER) in the compressor as shown in Figure (6).
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Figure 6: Endogenous exergy destruction in the compressor

To obtain the endogenous exergy destruction in the gas turbine, the exergatic
efficiency of the gas turbine is fixed at its original value of 95.756%, see Table (4) while
the thermal efficiency of the compressor is elevated to 100%, then the exergy destruction
in the compressor is eliminated as shown in Figure (7). Equation (3) is used to calculate
T2s and equation (4) to calculate the isentropic work. To reduce the exergy destruction in
the combustion chamber and hence elevate its exergatic efficiency, the adiabatic
reversible heater is used, and the inlet temperature of the air entering the combustion
chamber is gradually increased to 668, 683 and 698 K, as shown in Figure (7). Then, less
fuel is needed to heat the working stream from state 2* to state 4, hence the exergatic
efficiency of the combustion chamber is raised and its exergy destruction is reduced. The
new fuel mass flow rate, the combustion chamber exergatic efficiency and the exergy
destruction are calculated as previously discussed.
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Figure 7: Variation of the combustion chamber inlet temperature and the specific work of
the compressor
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The expression g .o — W1 ror — Wp cor i plotted against W o¢ners, the intercept is
the endogenous exergy destruction (‘PSQ’;T) in the gas turbine, as shown in Figure (8).
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Figure 8: Endogenous exergy destruction in the gas turbine

For the combustion chamber, there is no need to use the adiabatic-reversible heater
to obtain the endogenous exergy destruction since the exergatic efficiency should be fixed
to its original value of 68.026% as given in Table (4). The thermal efficiency of the
compressor is set to 100%, the isentropic work of the compressor and its new outlet
temperature is calculated as previously discussed. Tos is calculated as 653.3684 K., where
T, =705.6952 K as given in Table (2). By keeping the same amount of the fuel flow rate,
the exergatic efficiency of the combustion chamber is reduced to 66.9433% (the original
value is 68.026). To retain the original value of the exergatic efficiency of the combustion
chamber, Equations (12 and 15) are used to calculate the new mass flow rate of the fuel
and the combustion chamber outlet temperature, it is found T4 = 1669.412 K and m, =
17.14258 kg/s. The exergy destruction in the gas turbine is calculated by varying its
thermal efficiency between 90% and 94%.

TA

» s
Figure 9: Direction of variations in the compressor and gas turbine efficiencies

The expression g .or — W1 ror — Wp cor i plotted against W o¢ners, the intercept is
the endogenous exergy destruction (W5¥..) in the combustion chamber as shown in
Figure (10).
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Figure 10: Endogenous exergy destruction in the combustion chamber
Figure (11) summarizes the results of the exergy destruction in MW Figure (12)

summarizes the results in percentage. The largest exergy destruction occurs in the
combustion chamber, which is 249.42 MW, its exogenous part is 75.82 MW.
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Figure 11: Endogenous, exogenous and total exergy destruction in MW

The exogenous exergy destruction in the combustion chamber contributes to 30.4%
of its total exergy destruction, hence, decisions for adjustments should be to raise the
performance of the other two components. This finding cannot be obtained without
splitting the total exergy destruction into endogenous and exogenous exergy destruction.

For the same gas turbine unit the avoidable and unavoidable exergy destruction as

UN
D

given [17], shows that, (i—) is 0.05, 0.43 and 0.03 for the compressor, combustion
k

P

chamber and gas turbine, respectively. The percentage of the endogenous and exogenous
exergy destruction is shown in Figure (12). The total exergy destruction is 289.46 MW
and the product exergy for each component is given in Table (4). Applying equations (36,
37), the voidable and unavoidable exergy destruction are calculated. Table (5), tabulates
the avoidable-endogenous, avoidable-exogenous, unavoidable—endo and unavoidable-
exogenous exergy destruction. The same parameters are given in Figure (13) as
percentage.
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Figure 12: Endogenous/ exogenous exergy destruction in percentage

Table 5: Avoidable-Unavoidable, Endogenous-Exogenous exergy destruction

A (MW [ WY (Mw) AV EN YAV EXO YUNEN YUNEXO
[17] [17] (MW) (MW) (MW) (MW)
AC 2.23 12.72 1.83 0.40 10.45 2.27
C.C 18.96 230.46 13.20 5.76 160.40 70.06
GT 6.81 18.28 6.58 0.23 17.66 0.62
Subtotal 28 261.46 21.61 6.39 188.51 72.95
Total 289.46 289.46

Table (5) shows the avoidable exergy destruction in the whole system is 28 MW
which presents 9.7% of the total exergy destruction (of 289.46 MW), and 22.83% of this
destruction is exogenous (6.39 MW of 28 MW).
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UN% AV% AV-EN% AV_EXO%
mAC 85.09 14,91 82.14 17.86
mcc 92.40 7.60 69.60 30.40
mGT 72.85 27.15 96.61 3.39

Figure 13: Avoidable-unavoidable, endogenous-exogenous exergy destruction in
percentage

The largest exergy destruction occurs in the combustion chamber, which is 249.42
MW, only 18.96 MW is avoidable and 230.46 MW is unavoidable. The avoidable-
exogenous exergy destruction in the combustion chamber is 5.76 MW which represents
30.4% of the avoidable exergy destruction in the combustion chamber, this result shows
the need to improve the performance of the other two components.

The results of the graphical approach are compared with the results obtained from
the exergy balance approach, the results of comparison are shown in Table (6). Almost
both approaches give the same results.
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Table 6: The comparison between graphical and exergy balance approaches

Component Graphical approach Exergy balance approach
5" (MW) Y5+ (MW) ¥ (MW) W50 (MW)

AC 12.28 2.67 12.42 2.53

CC 173.60 75.82 173.60 75.82

GT 24.24 0.85 23.94 1.15

CONCLUSIONS

The exergy destruction in a component of a system is split into endogenous and
exogenous exergy destruction. The former occurs internally due to the imperfection in
the structure and the operation of the component itself, while the later occurs due to the
interaction with the remaining components. The general concept of endogenous and
exogenous exergy destruction is applied to 285 MW gas turbine power unit. The graphical
approach is applied for the analysis. The concept of the endogenous/ exogenous exergy
destruction increases our understanding of the interaction between system components,
and makes the optimization of the overall system more convenient. It can help engineers
to decide whether an alteration should be made to a particular component or to the other
components of the system. Important knowledge for improving the potential of every
system component is recognized and the need for components’ adjustment, are ordered.
This knowledge cannot be recognized by the conventional thermodynamic analyses to
obtain the endogenous exergy destruction in a component, the exergatic efficiency of this
particular component is held constant at its nominal value, while the thermal efficiency
of the other components are increased to reduce their exergy destruction. However, a
reduction in the exergy destruction in one component might increase the exergy
destruction in another component. For instance, by eliminating the exergy destruction in
the compressor (isentropic process), an increase in the exergy destruction in the
combustion chamber is noticed. To overcome this limitation, an adiabatic-reversible heat
exchanger is inserted such that part of the heat transfer takes place adiabatically and
reversibly.

NOMENCLATURE
Subscripts
ce (kilkg.K) constant pressure specific heat a air
LHV (kJ/kg) lower heating value AC air-compressor
m (kg/s) mass flow rate D destruction
s (kJ/kg.K) specific entropy f F fuel
T (K) temperature g gas
W (MW) power GT gas turbine
w (kJ/kg) Specific work k component
Greek symbol P product
v (kJ/kg) specific exergy Superscript
n thermal efficiency EN endogenous
€ exergatic efficiency EX exogenous
A change ID ideal
by air/fuel ratio k component
P pressure ratio RS real system
¥ (MW) exergy rate AV avoidable
y specific heat ratio UN unavoidable
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