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Abstract

A performance optimization based on a new ecological criterion called ecological coefficient of performance (ECOP) has been presente
for irreversible Brayton heat engine. The considered model includes irreversibilities due to finite rate heat transfer, heat leakage and interne
dissipations. The ECOP objective function is defined as the ratio of power output to the loss rate of availability. The optimal performance
and design parameters at maximum ECOP conditions are obtained analytically. The effects of major parameters on the general and optim
ecological performances have been investigated. The obtained results based on ECOP criterion are compared with an alternative ecologic
objective function defined in the literature and the maximum power output conditions, in terms of entropy generation rate, thermal efficiency
and power output.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction based on different objective functions for Brayton and the
other heat engine models were reviewed by Bejan [13], Chen

The classical Brayton cycle of the thermodynamics had €t @l [14] and recently by Durmayaz etal. [15].
been an extensive research focus due to its application im- Angulo-Brown [16] proposed an ecological optimization
portance to gas-turbine power plants in the industry. Some cfiterion by taking the objective function d&= W — 7i.Sg,
of the important studies related to the analysis presentedWhereW is the power outputg is the entropy generation
here can start with Leff [1], who showed that the reversible at€ and7i is the temperature of the cold reservoir. Yan
heat engines based on Brayton, Otto, Diesel and Atkinson[17] discussed the result of Angulo-Brown [16] and sug-
cycles operating at the maximum work output have effi- 9€Sted thatit may be more reasonable toBise W — ToSq
ciencies equal to Chambadal, Novikov and Curzon—Ahlborn When the temperature of cold reserveifi) is not equal
efficiency [2—4]. Bejan [5] studied conductance allocation to the environment temp_er_atu(é"o). Angulo-l_3rown [16] _
ratio of a Brayton cycle and showed the power is maximum also showed that the efficiency at the maximum ecologi-

for evenly distribution. Some other detailed works includes cal functlo_n_ conditions is a_'”_‘OSt equal t(_) the average of
Wu and Kiang [6,7], Ibrahim et al. [8] and Feidt [9]. Sahin Carnot efficiency and the efficiency at maximum power con-

et al. [10-12] introduced maximum power density criterion ditions for an endoreversible Camnot heat engine. Cheng and
. . . Chen [18] performed an ecological optimization study based
for Brayton heat engines that leads smaller size and higher

. L . . on the ecological criterion introduced by Angulo-Brown for
thermal efficiency. The optimization works in the literature ; X
endoreversible closed Brayton heat engine. They presented

the ecologically optimum values of the power output and the
* Corresponding author. corresponding thermal efficiency. Chen and Cheng [19] also
E-mail address: sahinb@yildiz.edu.tr (B. Sahin). investigated optimal design and performance parameters of
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Nomenclature
A heattransferarea.......................! 2m ¢ percentage of internal conductance
G internal conductance of the heat Subscrints
ENGING ..o\t kw1 P
Cw product of mass flow rate and specific heat C compressor
. capacity,=rCp...........cc....... KWK ~1 g generation
E ecological performance function H high temperature heat source
ECOP ecological coefficient of performance I internal
m mass flow rate of the working fluid . ... gt L low temperature heat source
Nt total number of heat transfer units LK heat leakage
(0] rate of heattransfer..................... KW max maximum
; teen;:ggétﬁ.ré """"""""""""" K K mef  maximum ecological function conditions
U overall heat transfer coefficient . kwi—2.K~1 (r)on; g}p?rlnnl];m power conditions
w power output . ... kw T twurbine
Greek symbols W working fluid
X allocation ratio,= Ny /(N + Ny) 0 environment conditions
e heat exchanger effectiveness .
. . . Superscripts
¢ isentropic temperature ratio
n thermal efﬁciency * maximum ECOP conditions
T heat sources temperature ratie, 7/ T, - dimensionless

an irreversible Brayton heat engine at the maximum ecolog- theoretical power output minus the loss rate of availabil-
ical objective function condition. They concluded that the ity, i.e., W = Wi, — TOSg [21]. Therefore the loss rate of
thermal conductance of the cold-side heat exchanger shouldavailability has been considered twice in the ecological ob-
be larger than that of the hot-side heat exchanger to achieve gective function. In this context, this ecological objective
higher ecological objective performance. They also obtained function needs interpretation to comprehend the situation
the optimum thermal conductance ratio and the isentropic thermodynamically. Ust [22] has recently introduced a new
temperature ratio parameter. Ust et al. [20] performed an dimensionless ecological optimization criterion called the
ecological optimization for an endoreversible regenerative ecological coefficient of performance (ECOP) that has al-
Brayton heat engine model by using the ecological opti- ways positive values and takes into account the loss rate of
mization technique introduced by Angulo-Brown [16]. They availability on the performance. The ECOP objective func-
investigated the effects of the regenerator effectiveness ontion is defined as the ratio of power output to the loss rate
the global and optimal performances and they also comparedof availability, i.e., ECOP= W/ToSg. Using the ECOP cri-
the performance at the maximum ecological function condi- terion Ust et al. [23] performed a performance optimization
tions with those of the maximum power conditions. They study for an irreversible dual cycle.
demonstrated the design conditions at the maximum ecolog- In this paper, the new thermo-ecological optimization
ical objective function may have more advantageous in termstechnique introduced by Ust [22] and Ust et al. [23] has been
of thermal efficiency, entropy generation rate and the invest- applied to an irreversible Brayton heat engine. To obtain the
ment cost although it may suffer the disadvantage of power optimal performance and design parameters that maximize
loss in comparison to the design conditions at the maximum the ECOP objective function is major aim of this study. To
power output. The advantages at the maximum ecological fulfill the overall assessment of the performance of a Bray-
function conditions increase as the regenerator effectivenesgon heat engine in terms of ecology and also to compare the
increases. results with the other available techniques will be very ben-
When we examine the results of the above optimization eficial for the engineering progress.
studies based on the ecological objective function proposed
by Angulo-Brown [16] and improved by Yan [17], we see
that the objective function may take negative values. This 2. The theoretical model
means that the loss rate of availability tethng, is greater
than the actual power outpy¥’). The actual power out- The irreversible Brayton heat engine model andritsS
put in the ecological objective function defined by Angulo- diagram are shown in Fig. 1. The heat engine used in the
Brown [16] already includes the loss rate of availability. It model is operating between the heat source at high temper-
should be noted that the actual power output equals to theature, 7y and the heat sink at low temperatut@, Oy is
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and the numbers of heat transfer units of hot- and cold-side
heat exchangers are
HHE .
Ny = (UHAR)/Cw )
CHE .
NL = (ULAL)/Cw (6)
Using Bejan’s linear-model [5], the rate of heat leakaq&
1 i L2 3 L 4 from the hot reservoir at temperatufig to the cold reservoir
at temperaturdy is given by
/ . . .
C T Ok =C(Th —TL) =ECw (T — TL) (7)
~_ where(; is the internal conductance of the heat engine and
C : Compressor & denotes the percentage of the internal conductance with
T : Turbine respect to the thermal capacitance rate of the working fluid
CHE : Cold-side Heat Exchanger (£ = C)/Cw). Then, the total heat rat@t transferred from
HHE : Hot-side Heat Exchanger the hot reservoir becomes
T ) ) A
Ont = 01+ QLK
T — = Cwen(Tu — T2) + ECw(Th — T1) (8)
and the total heat rat@ 7 transferred to the cold reservoir
is
Our = 0L + Ok
01 = CweL(Ts — 1) + ECw(Th — TL) 9)
The power produced by the Brayton heat engine according
to the first law of thermodynamics can be given as
W=0ur—Oir=0n-0L
= Cwlen(Th — To) — e (T — TL)] (10)
The thermal efficiency becomes
W en(Tu—T) —en(Ta—Th)
TL ] n=—-—= (11)
Ont  eH(TH —T2) +&(Tu —T0)
N The entropy generation rate is
Fig. 1. Irreversible Brayton heat engine model and’'itsS diagram. S _ QLT QHT
= TL TH
the rate of heat transferred from the heat source to the heat . [ee(Tu—T) en(TH —To) (r — 1)2
engine andQ, is the rate of heat dumped to the heat sink =Cw T - T +& . (12)

from the heat engine. Furthermor&, and U are over- . : .

all heat transfer coefficients, anth and A, are the heat wherert is the ratio of high and the low source temperatures,
transfer areas of the hot- and cold-side heat exchangers, re? = Th/TL. Egs. (1) and (2) yield

spectivelyCy is the thermal capacitance rate of the working 7, — o, 74 + To(1 — epy) (13)

fluid (ideal gas hypothesis with constant heat capacities is as- Ty —e T,

sumed). When the heat transfer obeys a linear law, equationsla = A—e0) (14)
of interest are . L. S .

‘ ) _ The isentropic efficiencies of turbine and compressor are
On = Cw (T3 — T2) = Cwen (T — T2) 1) Tos— Ty

QL = Cw(Ts — T1) = Cwer (T — T1) (2 = T (15)
where the effectiveness’s of hot and cold-side heat exchang-,,_ _ I3—Ty (16)
ersey andeg for counter-flow heat exchangers are defined T3 —Tas
as [24] Egs. (15) and (16) give
en=1—eM 3) Tos=(1—nc)T1 +ncT>2 (7)

eL=1—eM (4) Tas=Ta/nT + (1 —1/n7)T3 (18)
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The second law of thermodynamics requires using perfectwhere

gas hypothesis that
¢ =Tos/Th =T3/11s

where¢ is the isentropic temperature ratio of the Brayton
cycle. By using Egs. (17)-(19), we get

(19)

T = T1<w) (20)
nc
T3 = Tﬂl—&-ﬂ(%) +enTH (21)

By substituting Egs. (13), (14), (17), (18), (20) and (21) into
Eq. (19), we have

. ap+ta
asp? + asd + as
Where the simplification parameters are defined as

T (22)

1 e Ty
=eHln|l-— |- ——— 23
e H( UT) nT(l—eL) (23)
a2 = —¢enTH (24)
asz = i<1— i)(8H -1 (25)
nc nT
Qoo g —
as=(1-— —_
N ; nc  nr(eL—21
ey —1) (1— i) (1 _ i) (26)
nT nc
a5 = (1— 8H><1— i) (27)
nc

The ECOP (ecological coefficient of performance) objective

function defined as the ratio of power output to the loss rate

of availability can be written as
W

28
e (28)

where Ty is the environment temperature. Using Eqgs. (10)
and (12) in Eq. (28), the ECOP function is derived as

eH(TH — T2) —eL(Ta — T1)

sL(Tu—T) _ en(Tu—To) (t=1)?
;L - TH 2 +g T ]

ECOP=

(29)

Tol
Substitutions of Eq. (22) into Egs. (14) and (20) give

Ty = (a1¢ + a2) <¢ -1+ UC> (30)
(az¢p? + asp + as) nc
(a1 + a2) eLTL (31)

Ty= -
T e (@2t asp+as) (1—e)

Finally, using Egs. (30) and (31) in Eq. (29), the ECOP func-
tion can be regarded as simple algebraic relation, i.e.

b1d% + bogp + b3

EcOp= ¥ Tb2¢+ 03
c19? + cop + c3

(32)

97
b1 = ayrae + azay (33)
by = aiag + azag + asaz (34)
b3 = asag + asaz (35)
c1 = aiag + azaig (36)
c2 = a1a11 + azag + asaip (37)
€3 = azai1 + asaio (38)

and where the defined parametegsay, ag, ag, a1o andaiy
for simplicity:

e

as = (39)
nc
Ti
a7 =¢eHqTH + fLIL (40)
1—¢
1
ag = — L — EH <1— —> (41)
l-e nc
T
ag = 21 (42)
Tunc
£(r —1)2 &2
aip= To[ — L g —en (43)
T 1—¢
T [ L (1 ! ﬂ (44)
an=To| ———+—(1—-—
TL(l—e) Ty nc

The variation of ECOP function with respect to the isen-
tropic temperature rati@), for different values of isentropic
efficiencies(nc, n7), heat sources temperature rati9 and

the total number of heat transfer unif§t = Ny + N_) are
demonstrated in Fig. 2(a)—(c). We can observe from the fig-
ure that the ECOP function has a maximum for a certain
¢ value for chosen set of operation parameters. The maxi-
mum of ECOP with respect t¢ can be found analytically

by setting dECORd¢ = 0. The optimum value op at the
maximum ECOP is found as:

" c1b3 — bic3
t: _—
op bico — c1b2

Joesf

The maximum of ECOP can be obtained by substituting
Eq. (45) into Eq. (32), i.e.

_ (bacg — c2b3)(bicz — c1b2)
(c1b3 — b1c3)?

} (45)

b1gppt+ b2ghopt + b3

ECOPmaX ==
C1¢§pt + c2¢opt + ¢3

(46)
Also, we can obtain the optimum value of power at the max-
imum ECOP, i.e.

Wopt D105t + badopt+ b3
CW a3¢c2)pt + a4¢opt +as

(47)
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Fig. 2. Variation of the ECOP function with respect to the isentropic tem- Fig. 3. Variation of the ECOP function with respect to the power output

perature ratio for various (&), (b) Nt and (c)nc = nT values (1 =300 K for various (a)r; (b) Nt and (c)nc = nT values (. =300 K in all and

in all and the required constants are selectedias= 1200 K, & = 0.02, the required constants are selected’gs= 1200 K, & = 0.02, nc = 0.9,
nc=0.9,n71 =0.95,5. =ey =0.9). nT =0.95,5. =ey =0.9).

3. Resultsand discussion we plotted the variations of ECOP function with respect to

the dimensionless power outp{ity = W /(Cw11)] for dif-

The maximum of the ECOP function signifies the im- ferent selected values of the heat sources temperature ratio
portance of getting a power from a heat engine by causing (z), total number of heat transfer uniyt = N + Ny) and
lesser dissipation in the environment. Therefore the higherisentropic efficienciesnc, n1). From these figures we can
the ECOP, we have a better heat engine in terms of powerevaluate the effects of the design parameters on the ECOP
and the environment considered together. In Fig. 3(a)—(c), and power for better ecology. The curves in Fig. 3(a)—(c) are
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allin loop forms and thus they have two different maxima for 1.4
both axes, which are ECOP and power respectively. The per-
formances in terms of ECOP anid decrease as, Nt and |
nc = nt decrease. Of course, the power output at the max- ECOP ¢ |
imum ECOP conditiongW*) is lower than the maximum w 1 -
power output(Wmay). But also, the ECOP ait/max condi- 5 0212
tions (ECORyp) is lower than the ECORxx. So we need ]
to evaluate a compromise between the power and the ecol- ]
ogy. Also, we can observe from Fig. 3 thiat* and Wmax, 0.6
or ECORnax and ECOR;, get closer to each other for de- 1
creasingr, N1 andnc = nt. It should be noted that, for a
certain power generation requirements, the loss rate of avail- ' ' B
ability, ToSg is minimum at ECORax conditions. Therefore @)
the maximization of the ECOP function represents the best
compromise between the power output and the loss rate of
availability for environmental aspects. By considering the

power and entropy generation rate (or loss rate of availabil- 121
ity) of the heat engine together, the optimal design intervals rcor 1.0
in terms of ECOP andV will be ¥V oog ]
ECORnax > ECOP> ECORyp,  OF Eoosd|
W* < W < Winax (48) 04

The choice of the optimal design parameters of a heat engine ]
depends on working place and its purpose. That is, if the 0o+ T
power is the major concern, the design parameters should 02 04 06 08 10 _12 14 16 18 20
be chosen close tWnax conditions, however, they may also )
be chosen close to ECQEx conditions for the minimum
entropy generation rate (or minimum environmental damage Fig. 4. Variations of the ECOP, dimensionless power output and the ecologic
caused by thermal poIIution) For the engineering point of performance functions with respect to the (a) isentropic temperature ratio

. . : - ; . and (b) dimensionless entropy generation rdte= 300 K, 7y = 1200 K,
view, the maximum of thermal efficiency is also important. . o o

Al " £=0.02,5c =17 =0.95,¢ =en = 0.95).

We can relate the ECOP and the thermal efficiency by using

the above equations, i.e.
Ui

generation rateLSg = Sg/CW] are demonstrated. It is seen
Tog_,_1 (49) from Fig. 4(a) that the optimum isentropic temperature ra-

n1=n—12) tio at the ECORax copditions(gb*) is always greater than
Therefore, the thermal efficiency and the ECOP function de- those of atEmax and Wmax conditions ¢mef, ¢mp), SO we
pend on each other for given extreme and environment tem-can Write* > ¢mef > ¢mp. We observe from Fig. 4(b) that
peratures. Furthermore, their maximums coincide although the entropy generation rate at the EGQRPconditions(Sg)
they have different definitions and so meanings. Getting is lower than the entropy generation rateFatay conditions
the same performance conditions at the maximums of the(Sg,mef) and atWmax conditions(Sg,mp), i.e. Sa‘ < Sg,mef <
ECOP and the thermal efficiency is an expected and logi- § mp-
cal result. Since the maximum thermal efficiency conditions  ~ The effect of NTU allocation ratigy = Nu/Nt) on the
for a certain power yields minimum fuel consumption SO ECOR,,, is also investigated and the results are presented
that minimum environment pollution, the coincidence with j, Fig. 5(a) and (b) for various't andt values. It is seen
the maximum ECOP conditions mean that the defined eco-fom these figures that the optimum value of NTU alloca-
logical objective function (ECOP) considers the environ- jon ratio (x*) which yields the maximum of ECQRy is
ment effect appropriately. The thermal efficiency gives in- gjightly affected byNt andz. The effects ofvr andr on the
formation about the necessary fuel consumption in order i of¢* andy* which are the important design parameters
to produce certain power while ECOP gives information for g gas turbine, are shown in Fig. 6. As can be seen from
about the entropy generation, i.e. the loss rate of availabil- g figure,p* and x* values increase a%¥r increases for a
ity. In Fig. 4(a), and (b) the comparisons of several ob- gnecified: value. However for a specifielir value, as in-
jective functions, namely ECOP, dimensionless ecological creaseg* decreases whilg* increases. When we examine
function[E = E/(CwTi)] proposed by Angulo-Brown [16]  Fig. 6, we see that the effect ofon theg* is greater than on
and dimensionless power outp(ii’) with respect to the  the x* (for example, forNT = 5 ast varies between 3 and
isentropic temperature ratigy and dimensionless entropy 7 ¢* changed 87 percent on the other hgfdchanged ap-

ECOP=
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Fig. 7. The effect of source temperature raticon the optimal power out-
put values {i. = 300 K, T = 1200 K, ¢ = 0.02, nc = 0.9, nT = 0.95,
e =eny =0.9).
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] 5
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Fig. 8. The effect of source temperature ratj@n the optimal entropy gen-
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proximately 10 percent). The optimal performances in terms t

Qf W, Sq andn for t_he ECOPnax, Emax and Wmax condi- Fig. 9. The effect of source temperature ratipon the optimal ther-
tions are compared in Figs. 7-9. It is clearly seen from these mal-efficiency values7 = 300 K, Ty = 1200 K, &£ = 0.02, nc = 0.9,
figures that a design conditions based on the maximum of nt =0.95,e =&y =0.9).
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ECOP function has the advantage of lower entropy genera- [5] A. Bejan, Theory of heat transfer-irreversible power plants, Internat. J.
tion rate together with higher thermal efficiency, although it Heat Mass Transfer 31 (1988) 1211-1219. o
has slightly lower power output in comparisonEQ]aX and [6] C. Wu, R.L. Kiang, Work and power optimization of a finite-time

" . Brayton cycle, Internat. J. Ambient Energy 11 (1990) 129-136.
Wmax conditions. The differences of the three compared per- [7] C. Wu, R.L. Kiang, Power performance of a nonisentropic Brayton

formance curves presented in Figs. 7-9 become greater as -~ cycle, ASME J. Engrg. Gas Turbines Power 113 (1991) 501-504.

tends to increase. [8] O.M. Ibrahim, S.A. Klein, J.W. Mitchell, Optimum heat power cy-
cles for specified boundary-conditions, ASME J. Engrg. Gas Turbines
Power 113 (1991) 514-521.

. [9] M. Feidt, Optimisation d’'un cycle de Brayton moteur en contact avec

4. Conclusion des capacités thermiques finies, Rev. Gén. Thermique 35 (1996) 662—

666.
In this study, as an alternative to the ecological function [10] B. Sahin, A. Kodal, H. Yavuz, Efficiency of a Joule—Brayton engine

found in the literature (since it may take negative values), igTsaX'mum power density, J. Phys. D: Appl. Phys. 28 (1995) 1309~
a new objective function criterion which is dimensionless 11} . Sahin, A. Kodal, T. Yilmaz, H. Yavuz, Maximum power density
and always positive and also that can permit to evaluate analysis of an irreversible Joule—Brayton engine, J. Phys. D: Appl.
the ecological performances of the heat engines, refrigera-  Phys. 29 (1996) 1162-1167.

tors and heat pumps on the same basis has been imroduceHZ] B. Sahin, A. Kodal, S.S. Kaya, A comparative performance analysis of

. . . . irreversible regenerative reheating Joule—Brayton engines under maxi-
and applied to gas turbines based on irreversible Braytoncy- power density and maximum power conditions, J. Phys. D: Appl.

cle model. The new therm_o-_ecological objective functioq, Phys. 31 (1998) 2125-2131.
namely the ecological coefficient of performance (ECOP) is [13] A. Bejan, Entropy generation minimization: The new thermodynamics
defined as the ratio of power to the loss rate of availability. of finite-size devices and finite-time processes, Appl. Phys. Rev. 79

In the analysis, the maximum of ECOP and the correspond- _ _ (1996) 1191-1218.

in timal rforman nd desian rameters are deriv O{14] L. Chen, C. Wu, F. Sun, Finite time thermodynamics optimization or
g oplimal periormance a €sign parameters are derive entropy generation minimization of energy systems, J. Non-Equlib.

analytically. - . Thermodyn. 24 (1999) 327-359.

The obtained optimization results are interpreted by com- [15] A. Durmayaz, O.S. Sogut, B. Sahin, H. Yavuz, Optimization of ther-
paring them with those results of the maximum ecology and mal systems based on finite-time thermodynamics and thermoeco-
the maximum power criteria studied extensively in the liter- nomics, Progr. Energy Combust. Sci. 30 (2004) 175-217.

. : . h | effici [16] F. Angulo-Brown, An ecological optimization criterion for finite-time
ature Iin terms of entropy generation rate, thermal efficiency heat engines, J. Appl. Phys. 69 (1991) 7465.

and the power output. The results of this study implies that [17] z. van, Comment on ‘An ecological optimization criterion for finite
a design parameters based on the maximum of ECOP ob- time heat engines’, J. Appl. Phys. 73 (1993) 3583.
jective function conditions may represent a Compromise be- [18] C.Y. Cheng, C.K. Chen, Ecological optimization of an endoreversible

Sakili Brayton cycle, Energy Convers. Management 39 (1998) 33.
ween th wer nd the | r f availability for . ; .
tensﬁor:meeggl gsggé?sm and the loss rate of availab ty fo [19] C.Y. Cheng, C.K. Chen, Ecological optimization of an irreversible

Brayton heat engine, J. Phys. D: Appl. Phys. 32 (1999) 350-357.

[20] Y. Ust, A. Safa, B. Sahin, Ecological performance analysis of an en-
doreversible regenerative Brayton heat engine, Appl. Energy 80 (2004)
247-260.

[21] A. Bejan, Entropy Generation Through Heat and Fluid Flow,
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