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Abstract

A performance optimization based on a new ecological criterion called ecological coefficient of performance (ECOP) has been
for irreversible Brayton heat engine. The considered model includes irreversibilities due to finite rate heat transfer, heat leakage a
dissipations. The ECOP objective function is defined as the ratio of power output to the loss rate of availability. The optimal perf
and design parameters at maximum ECOP conditions are obtained analytically. The effects of major parameters on the general a
ecological performances have been investigated. The obtained results based on ECOP criterion are compared with an alternativ
objective function defined in the literature and the maximum power output conditions, in terms of entropy generation rate, thermal
and power output.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The classical Brayton cycle of the thermodynamics
been an extensive research focus due to its application
portance to gas-turbine power plants in the industry. S
of the important studies related to the analysis prese
here can start with Leff [1], who showed that the revers
heat engines based on Brayton, Otto, Diesel and Atkin
cycles operating at the maximum work output have e
ciencies equal to Chambadal, Novikov and Curzon–Ahlb
efficiency [2–4]. Bejan [5] studied conductance allocat
ratio of a Brayton cycle and showed the power is maxim
for evenly distribution. Some other detailed works includ
Wu and Kiang [6,7], Ibrahim et al. [8] and Feidt [9]. Sah
et al. [10–12] introduced maximum power density criter
for Brayton heat engines that leads smaller size and hi
thermal efficiency. The optimization works in the literatu
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based on different objective functions for Brayton and
other heat engine models were reviewed by Bejan [13], C
et al. [14] and recently by Durmayaz et al. [15].

Angulo-Brown [16] proposed an ecological optimizati
criterion by taking the objective function asE = Ẇ − TL Ṡg,
whereẆ is the power output,̇Sg is the entropy generatio
rate andTL is the temperature of the cold reservoir. Y
[17] discussed the result of Angulo-Brown [16] and su
gested that it may be more reasonable to useE = Ẇ − T0Ṡg
when the temperature of cold reservoir(TL) is not equal
to the environment temperature(T0). Angulo-Brown [16]
also showed that the efficiency at the maximum ecolo
cal function conditions is almost equal to the average
Carnot efficiency and the efficiency at maximum power c
ditions for an endoreversible Carnot heat engine. Cheng
Chen [18] performed an ecological optimization study ba
on the ecological criterion introduced by Angulo-Brown f
endoreversible closed Brayton heat engine. They prese
the ecologically optimum values of the power output and
corresponding thermal efficiency. Chen and Cheng [19]
investigated optimal design and performance paramete
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Nomenclature

A heat transfer area . . . . . . . . . . . . . . . . . . . . . . . . m2

ĊI internal conductance of the heat
engine . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW·K−1

ĊW product of mass flow rate and specific heat
capacity,= ṁCp . . . . . . . . . . . . . . . . . . . kW·K−1

Ė ecological performance function
ECOP ecological coefficient of performance
ṁ mass flow rate of the working fluid . . . . kg·s−1

NT total number of heat transfer units
Q̇ rate of heat transfer . . . . . . . . . . . . . . . . . . . . . kW
S entropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kJ·K−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
U overall heat transfer coefficient . kW·m−2·K−1

Ẇ power output . . . . . . . . . . . . . . . . . . . . . . . . . . . kW

Greek symbols

χ allocation ratio,= NH/(NL + NH)

ε heat exchanger effectiveness
φ isentropic temperature ratio
η thermal efficiency
τ heat sources temperature ratio,= TH/TL

ξ percentage of internal conductance

Subscripts

C compressor
g generation
H high temperature heat source
I internal
L low temperature heat source
LK heat leakage
max maximum
mef maximum ecological function conditions
mp maximum power conditions
opt optimum
T turbine
W working fluid
0 environment conditions

Superscripts

∗ maximum ECOP conditions
− dimensionless
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an irreversible Brayton heat engine at the maximum eco
ical objective function condition. They concluded that t
thermal conductance of the cold-side heat exchanger sh
be larger than that of the hot-side heat exchanger to achi
higher ecological objective performance. They also obtai
the optimum thermal conductance ratio and the isentr
temperature ratio parameter. Ust et al. [20] performed
ecological optimization for an endoreversible regenera
Brayton heat engine model by using the ecological o
mization technique introduced by Angulo-Brown [16]. Th
investigated the effects of the regenerator effectivenes
the global and optimal performances and they also comp
the performance at the maximum ecological function con
tions with those of the maximum power conditions. Th
demonstrated the design conditions at the maximum eco
ical objective function may have more advantageous in te
of thermal efficiency, entropy generation rate and the inv
ment cost although it may suffer the disadvantage of po
loss in comparison to the design conditions at the maxim
power output. The advantages at the maximum ecolog
function conditions increase as the regenerator effective
increases.

When we examine the results of the above optimiza
studies based on the ecological objective function propo
by Angulo-Brown [16] and improved by Yan [17], we se
that the objective function may take negative values. T
means that the loss rate of availability term,T0Ṡg, is greater
than the actual power output(Ẇ ). The actual power out
put in the ecological objective function defined by Angu
Brown [16] already includes the loss rate of availability.
should be noted that the actual power output equals to
theoretical power output minus the loss rate of availa
ity, i.e., Ẇ = Ẇth − T0Ṡg [21]. Therefore the loss rate o
availability has been considered twice in the ecological
jective function. In this context, this ecological objecti
function needs interpretation to comprehend the situa
thermodynamically. Ust [22] has recently introduced a n
dimensionless ecological optimization criterion called
ecological coefficient of performance (ECOP) that has
ways positive values and takes into account the loss ra
availability on the performance. The ECOP objective fu
tion is defined as the ratio of power output to the loss
of availability, i.e., ECOP= Ẇ/T0Ṡg. Using the ECOP cri-
terion Ust et al. [23] performed a performance optimizat
study for an irreversible dual cycle.

In this paper, the new thermo-ecological optimizat
technique introduced by Ust [22] and Ust et al. [23] has b
applied to an irreversible Brayton heat engine. To obtain
optimal performance and design parameters that maxim
the ECOP objective function is major aim of this study.
fulfill the overall assessment of the performance of a Br
ton heat engine in terms of ecology and also to compare
results with the other available techniques will be very b
eficial for the engineering progress.

2. The theoretical model

The irreversible Brayton heat engine model and itsT –S

diagram are shown in Fig. 1. The heat engine used in
model is operating between the heat source at high tem
ature,TH and the heat sink at low temperature,TL. Q̇H is
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Fig. 1. Irreversible Brayton heat engine model and itsT –S diagram.

the rate of heat transferred from the heat source to the
engine andQ̇L is the rate of heat dumped to the heat s
from the heat engine. Furthermore,UH and UL are over-
all heat transfer coefficients, andAH and AL are the hea
transfer areas of the hot- and cold-side heat exchanger
spectively.ĊW is the thermal capacitance rate of the work
fluid (ideal gas hypothesis with constant heat capacities i
sumed). When the heat transfer obeys a linear law, equa
of interest are

Q̇H = ĊW(T3 − T2) = ĊWεH(TH − T2) (1)

Q̇L = ĊW(T4 − T1) = ĊWεL(T4 − TL) (2)

where the effectiveness’s of hot and cold-side heat exch
ersεH andεL for counter-flow heat exchangers are defin
as [24]

εH = 1− e−NH (3)

εL = 1− e−NL (4)
t

-

s

-

and the numbers of heat transfer units of hot- and cold-
heat exchangers are

NH = (UHAH)/ĊW (5)

NL = (ULAL)/ĊW (6)

Using Bejan’s linear-model [5], the rate of heat leakageQ̇LK
from the hot reservoir at temperatureTH to the cold reservoi
at temperatureTL is given by

Q̇LK = ĊI(TH − TL) = ξĊW(TH − TL) (7)

whereĊI is the internal conductance of the heat engine
ξ denotes the percentage of the internal conductance
respect to the thermal capacitance rate of the working fl
(ξ = ĊI/ĊW). Then, the total heat ratėQHT transferred from
the hot reservoir becomes

Q̇HT = Q̇H + Q̇LK

= ĊWεH(TH − T2) + ξĊW(TH − TL) (8)

and the total heat ratėQLT transferred to the cold reservo
is

Q̇LT = Q̇L + Q̇LK

= ĊWεL(T4 − TL) + ξĊW(TH − TL) (9)

The power produced by the Brayton heat engine accor
to the first law of thermodynamics can be given as

Ẇ = Q̇HT − Q̇LT = Q̇H − Q̇L

= ĊW
[
εH(TH − T2) − εL(T4 − TL)

]
(10)

The thermal efficiency becomes

η = Ẇ

Q̇HT
= εH(TH − T2) − εL(T4 − TL)

εH(TH − T2) + ξ(TH − TL)
(11)

The entropy generation rate is

Ṡg = Q̇LT

TL
− Q̇HT

TH

= ĊW

[
εL(T4 − TL)

TL
− εH(TH − T2)

TH
+ ξ

(τ − 1)2

τ

]
(12)

whereτ is the ratio of high and the low source temperatu
τ = TH/TL. Eqs. (1) and (2) yield

T3 = εHTH + T2(1− εH) (13)

T4 = T1 − εLTL

(1− εL)
(14)

The isentropic efficiencies of turbine and compressor ar

ηC = T2S− T1

T2 − T1
(15)

ηT = T3 − T4

T3 − T4S
(16)

Eqs. (15) and (16) give

T2S= (1− ηC)T1 + ηCT2 (17)

T4S= T4/ηT + (1− 1/ηT)T3 (18)
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The second law of thermodynamics requires using per
gas hypothesis that

φ = T2S/T1 = T3/T4S (19)

whereφ is the isentropic temperature ratio of the Brayt
cycle. By using Eqs. (17)–(19), we get

T2 = T1

(
φ − 1+ ηC

ηC

)
(20)

T3 = T1(1− εH)

(
φ − 1+ ηC

ηC

)
+ εHTH (21)

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

T1 = a1φ + a2

a3φ2 + a4φ + a5
(22)

Where the simplification parameters are defined as

a1 = εHTH

(
1− 1

ηT

)
− εLTL

ηT(1− εL)
(23)

a2 = −εHTH (24)

a3 = 1

ηC

(
1− 1

ηT

)
(εH − 1) (25)

a4 = (1− εH)
1

ηC
+ 1

ηT(εL − 1)

+ (εH − 1)

(
1− 1

ηT

)(
1− 1

ηC

)
(26)

a5 = (1− εH)

(
1− 1

ηC

)
(27)

The ECOP (ecological coefficient of performance) objec
function defined as the ratio of power output to the loss
of availability can be written as

ECOP= Ẇ

T0Ṡg
(28)

whereT0 is the environment temperature. Using Eqs. (
and (12) in Eq. (28), the ECOP function is derived as

ECOP= εH(TH − T2) − εL(T4 − TL)

T0[ εL(T4−TL)
TL

− εH(TH−T2)
TH

+ ξ
(τ−1)2

τ
]

(29)

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

T2 = (a1φ + a2)

(a3φ2 + a4φ + a5)

(
φ − 1+ ηC

ηC

)
(30)

T4 = (a1φ + a2)

(1− εL)(a3φ2 + a4φ + a5)
− εLTL

(1− εL)
(31)

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

ECOP= b1φ
2 + b2φ + b3

c1φ2 + c2φ + c3
(32)
where

b1 = a1a6 + a3a7 (33)

b2 = a1a8 + a2a6 + a4a7 (34)

b3 = a2a8 + a5a7 (35)

c1 = a1a9 + a3a10 (36)

c2 = a1a11 + a2a9 + a4a10 (37)

c3 = a2a11 + a5a10 (38)

and where the defined parametersa6, a7, a8, a9, a10 anda11

for simplicity:

a6 = −εH

ηC
(39)

a7 = εHTH + εLTL

1− εL
(40)

a8 = − εL

1− εL
− εH

(
1− 1

ηC

)
(41)

a9 = T0εH

THηC
(42)

a10 = T0

[
ξ(τ − 1)2

τ
− ε2

L

1− εL
− εL − εH

]
(43)

a11 = T0

[
εL

TL(1− εL)
+ εH

TH

(
1− 1

ηC

)]
(44)

The variation of ECOP function with respect to the ise
tropic temperature ratio(φ), for different values of isentropi
efficiencies(ηC, ηT), heat sources temperature ratio(τ ) and
the total number of heat transfer units(NT = NH + NL) are
demonstrated in Fig. 2(a)–(c). We can observe from the
ure that the ECOP function has a maximum for a cer
φ value for chosen set of operation parameters. The m
mum of ECOP with respect toφ can be found analytically
by setting d ECOP/dφ = 0. The optimum value ofφ at the
maximum ECOP is found as:

φopt = c1b3 − b1c3

b1c2 − c1b2

×
[
1−

√
1− (b2c3 − c2b3)(b1c2 − c1b2)

(c1b3 − b1c3)2

]
(45)

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

ECOPmax= b1φ
2
opt + b2φopt + b3

c1φ
2
opt + c2φopt + c3

(46)

Also, we can obtain the optimum value of power at the m
imum ECOP, i.e.

Ẇopt

ĊW
= b1φ

2
opt + b2φopt + b3

a3φ
2
opt + a4φopt + a5

(47)
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Fig. 2. Variation of the ECOP function with respect to the isentropic t
perature ratio for various (a)τ ; (b) NT and (c)ηC = ηT values (TL = 300 K
in all and the required constants are selected asTH = 1200 K, ξ = 0.02,
ηC = 0.9, ηT = 0.95,εL = εH = 0.9).

3. Results and discussion

The maximum of the ECOP function signifies the i
portance of getting a power from a heat engine by cau
lesser dissipation in the environment. Therefore the hig
the ECOP, we have a better heat engine in terms of po
and the environment considered together. In Fig. 3(a)–
(a)

(b)

(c)

Fig. 3. Variation of the ECOP function with respect to the power ou
for various (a)τ ; (b) NT and (c)ηC = ηT values (TL = 300 K in all and
the required constants are selected asTH = 1200 K, ξ = 0.02, ηC = 0.9,
ηT = 0.95,εL = εH = 0.9).

we plotted the variations of ECOP function with respec

the dimensionless power output,[ ¯̇W = Ẇ/(ĊWTL)] for dif-
ferent selected values of the heat sources temperature
(τ ), total number of heat transfer units(NT = NL +NH) and
isentropic efficiencies(ηC, ηT). From these figures we ca
evaluate the effects of the design parameters on the E
and power for better ecology. The curves in Fig. 3(a)–(c)
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all in loop forms and thus they have two different maxima
both axes, which are ECOP and power respectively. The
formances in terms of ECOP anḋW decrease asτ , NT and
ηC = ηT decrease. Of course, the power output at the m
imum ECOP conditions(Ẇ ∗) is lower than the maximum
power output(Ẇmax). But also, the ECOP aṫWmax condi-
tions (ECOPmp) is lower than the ECOPmax. So we need
to evaluate a compromise between the power and the
ogy. Also, we can observe from Fig. 3 thatẆ ∗ andẆmax,
or ECOPmax and ECOPmp get closer to each other for d
creasingτ , NT andηC = ηT. It should be noted that, for
certain power generation requirements, the loss rate of a
ability, T0Ṡg is minimum at ECOPmax conditions. Therefore
the maximization of the ECOP function represents the
compromise between the power output and the loss ra
availability for environmental aspects. By considering
power and entropy generation rate (or loss rate of availa
ity) of the heat engine together, the optimal design inter
in terms of ECOP anḋW will be

ECOPmax� ECOP� ECOPmp, or

Ẇ ∗ � Ẇ � Ẇmax (48)

The choice of the optimal design parameters of a heat en
depends on working place and its purpose. That is, if
power is the major concern, the design parameters sh
be chosen close tȯWmax conditions, however, they may als
be chosen close to ECOPmax conditions for the minimum
entropy generation rate (or minimum environmental dam
caused by thermal pollution). For the engineering poin
view, the maximum of thermal efficiency is also importa
We can relate the ECOP and the thermal efficiency by u
the above equations, i.e.

ECOP= η

T0
TL

(1− η − 1
τ
)

(49)

Therefore, the thermal efficiency and the ECOP function
pend on each other for given extreme and environment
peratures. Furthermore, their maximums coincide altho
they have different definitions and so meanings. Get
the same performance conditions at the maximums of
ECOP and the thermal efficiency is an expected and l
cal result. Since the maximum thermal efficiency conditio
for a certain power yields minimum fuel consumption
that minimum environment pollution, the coincidence w
the maximum ECOP conditions mean that the defined
logical objective function (ECOP) considers the enviro
ment effect appropriately. The thermal efficiency gives
formation about the necessary fuel consumption in o
to produce certain power while ECOP gives informat
about the entropy generation, i.e. the loss rate of availa
ity. In Fig. 4(a), and (b) the comparisons of several
jective functions, namely ECOP, dimensionless ecolog

function[ ¯̇E = Ė/(ĊWTL)] proposed by Angulo-Brown [16

and dimensionless power output( ¯̇W) with respect to the
isentropic temperature ratio,φ and dimensionless entrop
-

(a)

(b)

Fig. 4. Variations of the ECOP, dimensionless power output and the eco
performance functions with respect to the (a) isentropic temperature
and (b) dimensionless entropy generation rate (TL = 300 K,TH = 1200 K,
ξ = 0.02,ηC = ηT = 0.95,εL = εH = 0.95).

generation rate,[ ¯̇Sg = Ṡg/ĊW] are demonstrated. It is see
from Fig. 4(a) that the optimum isentropic temperature
tio at the ECOPmax conditions(φ∗) is always greater tha
those of atĖmax and Ẇmax conditions (φmef, φmp), so we
can writeφ∗ > φmef > φmp. We observe from Fig. 4(b) tha
the entropy generation rate at the ECOPmax conditions(Ṡ∗

g)

is lower than the entropy generation rate atĖmax conditions
(Ṡg,mef) and atẆmax conditions(Ṡg,mp), i.e. Ṡ∗

g < Ṡg,mef <

Ṡg,mp.
The effect of NTU allocation ratio(χ = NH/NT) on the

ECOPmax is also investigated and the results are prese
in Fig. 5(a) and (b) for variousNT andτ values. It is seen
from these figures that the optimum value of NTU allo
tion ratio (χ∗) which yields the maximum of ECOPmax is
slightly affected byNT andτ . The effects ofNT andτ on the
both ofφ∗ andχ∗ which are the important design paramet
for a gas turbine, are shown in Fig. 6. As can be seen f
this figure,φ∗ andχ∗ values increase asNT increases for a
specifiedτ value. However for a specifiedNT value, asτ in-
creasesχ∗ decreases whileφ∗ increases. When we examin
Fig. 6, we see that the effect ofτ on theφ∗ is greater than on
theχ∗ (for example, forNT = 5 asτ varies between 3 an
7 φ∗ changed 87 percent on the other handχ∗ changed ap
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Fig. 5. Variation of the maximum ECOP with respect to NTU allocat
ratio (χ) for various (a)NT and (b) τ values (TL = 300 K in all and
the required constants are selected asTH = 1200 K, ξ = 0.02, ηC = 0.9,
ηT = 0.95,εL = εH = 0.9).

Fig. 6. Variation of the optimal isentropic temperature ratio(φ∗) with
respect to optimal NTU allocation ratio(χ∗) for various τ and NT
values (TL = 300 K, TH = 1200 K, ξ = 0.02, ηC = 0.9, ηT = 0.95,
εL = εH = 0.9).

proximately 10 percent). The optimal performances in te
of Ẇ , Ṡg andη for the ECOPmax, Ėmax and Ẇmax condi-
tions are compared in Figs. 7–9. It is clearly seen from th
figures that a design conditions based on the maximum
Fig. 7. The effect of source temperature ratioτ , on the optimal power out-
put values (TL = 300 K, TH = 1200 K, ξ = 0.02, ηC = 0.9, ηT = 0.95,
εL = εH = 0.9).

Fig. 8. The effect of source temperature ratioτ , on the optimal entropy gen-
eration rates (TL = 300 K, TH = 1200 K,ξ = 0.02, ηC = 0.9, ηT = 0.95,
εL = εH = 0.9).

Fig. 9. The effect of source temperature ratioτ , on the optimal ther-
mal-efficiency values (TL = 300 K, TH = 1200 K, ξ = 0.02, ηC = 0.9,
ηT = 0.95,εL = εH = 0.9).
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ECOP function has the advantage of lower entropy gen
tion rate together with higher thermal efficiency, althoug
has slightly lower power output in comparison toĖmax and
Ẇmax conditions. The differences of the three compared
formance curves presented in Figs. 7–9 become greaterτ

tends to increase.

4. Conclusion

In this study, as an alternative to the ecological funct
found in the literature (since it may take negative value
a new objective function criterion which is dimensionle
and always positive and also that can permit to evalu
the ecological performances of the heat engines, refrig
tors and heat pumps on the same basis has been introd
and applied to gas turbines based on irreversible Brayton
cle model. The new thermo-ecological objective functi
namely the ecological coefficient of performance (ECOP
defined as the ratio of power to the loss rate of availabi
In the analysis, the maximum of ECOP and the correspo
ing optimal performance and design parameters are de
analytically.

The obtained optimization results are interpreted by c
paring them with those results of the maximum ecology
the maximum power criteria studied extensively in the lit
ature in terms of entropy generation rate, thermal efficie
and the power output. The results of this study implies
a design parameters based on the maximum of ECOP
jective function conditions may represent a compromise
tween the power output and the loss rate of availability
environmental aspects.
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