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Abstract

In this paper, power is optimized for an endoreversible closed intercooled regenerated Brayton cycle coupled to constant-te
heat reservoirs in the viewpoint of finite-time thermodynamics (FTT) or entropy generation minimization (EGM). The effects o
design parameters, including the cycle heat reservoir temperature ratio and total heat exchanger inventory, on the maximum pow
corresponding efficiency are analyzed by numerical examples. The analysis shows that the cycle dimensionless power can be o
searching the optimum heat conductance distributions among the hot- and cold-side heat exchangers, the regenerator and the in
fixed total heat exchanger inventory, and by searching the optimum intercooling pressure ratio. When the optimization is perfor
respect to the total pressure ratio of the cycle, the maximum dimensionless power can be maximized again.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Since the theory of finite-time thermodynamics (FT
or entropy generation minimization (EGM) was advance
[1–3], much work has been performed for the performa
analysis and optimization of finite-time process and fin
size devices [4–10]. Many achievements also have b
acquired on the performance analysis of Brayton cycles
ing FTT [11]. Bejan [12] showed that the power is ma
mized when the total heat exchanger inventory of an end
versible simple Brayton cycle is distributed equally betwe
the two heat exchangers. Wu [13,14] analyzed the pe
mance of simple closed Brayton cycles using the met
recommended by Curzon and Ahlborn [3] and obtained
numerical result of the maximum power by optimizing cy
power. Cheng and Chen [15] optimized the power of a s
ple closed irreversible Brayton cycle and analyzed the eff
of heat leak, the irreversibility in the compressor and
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turbine and the heat conductance distributions between
hot- and cold-side heat exchangers on the maximum po
and the corresponding efficiency. Feidt [16] optimized
performance of an irreversible closed regenerated Bra
cycle by taking account of heat resistance and heat l
Roco et al. [17] found the numerical result of the maxim
power and the corresponding efficiency, the maximum
ficiency and the corresponding power of an irreversible
generated Brayton cycle based on Ref. [18]. Sahin et al.
20] optimized the power densityof simple and regenerated
reheated Brayton cycle free of heat resistance. Chen e
[21–24] optimized the distribution of the heat exchanger
ventory for maximum power density of the simple and
generated Brayton cycles with heat resistance and/or o
irreversibility. Cheng and Chen [25] built a model for e
doreversible intercooled Brayton cycle, evaluated the max
mum power and the corresponding efficiency by optimiz
the total temperature ratio of the turbine (which is sim
to the total pressure ratio) and the temperature ratio of
low-pressure compressor (which is similar to the interco
ing pressure ratio) adopting the method recommende
Ref. [26].
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Nomenclature

C thermal capacity rate . . . . . . . . . . . . . . . kW·K−1

E effectivenesses of heat exchangers
k specific heats ratio
N number of heat transfer units
p pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . MPa
P power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
�Pmax maximum dimensionless power of the cycle
(�Pmax)max double maximum dimensionless power of the

cycle
Q The rate at which heat is transferred . . . . . . . . kJ
T temperatures of the working fluid . . . . . . . . . . K
U heat conductances . . . . . . . . . . . . . . . . . . kW·K−1

u heat conductance distribution
π total pressure ratio
π1 intercooling pressure ratio
η efficiency
τ1 cycle heat reservoir temperature ratio

τ2 cooling fluid in the intercooler and the cold-side
heat reservoir temperature ratio

Superscript

− dimensionless

Subscripts

H,h hot-side heat exchanger
I, i intercooler
L, l cold-side heat exchanger
max maximum
opt optimum
�Pmax maximum dimensionless power of the cycle
(�Pmax)max double maximum dimensionless power of the

cycle
R, r regenerator
T total
wf working fluid
1,2,3,4,5,6,7,8 state points
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The further step of this paper is to optimize the pow
of an endoreversible closed intercooled regenerated Bra
cycle coupled to constant-temperature heat reservoirs u
FTT by searching the optimum heat conductance distr
tions among the hot- and cold-side heat exchangers, th
generator and the intercooler for fixed total heat exchan
inventory, and searching the optimum intercooling press
ratio and the optimum total pressure ratio. The effects
some design parameters, including the cycle heat rese
temperature ratio, the cooling fluid in the intercooler and
cold-side heat reservoir temperature ratio and the total
exchanger inventory, on the maximum power and the co
sponding efficiency are analyzed.

2. Theoretical model

Consider an endoreversible intercooled regener
closed Brayton cycle 1–2–3–4–5–6–1 as shown in Fig
Processes 1–2 and 3–4 are isentropic adiabatic com
sion in the low- and high-pressure compressors, respecti
while the process 5–6 is isentropic expansion process in
turbine. Process 2–3 is an isobaric intercooling process in th
intercooler. Process 4–7 is an isobaric absorbed heat pro
in the regenerator and process 6–8 is an isobar evo
heat process in the regenerator. Process 7–5 is an iso
absorbed heat process in the hot-side heat exchange
process 8–1 an isobar evolved heat process in the cold
heat exchanger.

Assuming the working fluid used in the cycle is an id
gas and heat exchangers between the working fluid
the heat reservoirs, the regenerator and the intercoole
counter-flow. According to the properties of working flu
-

r

t

-
,

s

c
d

Fig. 1.T –s diagram of an endoreversible intercooled regenerated Brayto
cycle.

the heat transfer processes and the theory of heat excha
the rate (QH ) at which heat is transferred from heat sou
to working fluid, the rate (QL) at which heat is rejected from
the working fluid to the heat sink, the rate (QR) of heat
regenerated in the regenerator and the rate (QI ) of the heat
exchanged in the intercooler are, respectively, given by:

QH = Cwf(T5 − T7)

= UH(T5 − T7)/ ln
[
(TH − T7)/(TH − T5)

]

= CwfEH(TH − T7) (1)
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QL = Cwf(T8 − T1)

= UL(T8 − T1)/ ln
[
(T8 − TL)/(T1 − TL)

]

= CwfEL(T8 − TL) (2)

QR = Cwf(T6 − T8) = Cwf(T7 − T4)

= CwfER(T6 − T4) (3)

QI = Cwf(T2 − T3)

= UI (T3 − T2)/ ln
[
(T3 − TI )/(T2 − TI )

]

= CwfEI (T2 − TI ) (4)

where Cwf is the thermal capacity rate of the workin
fluid; UH , UL, UR and UI are the heat conductances
the hot- and cold-side heat exchangers, the regene
and the intercooler, respectively;EH , EL, ER andEI are
effectivenesses of the hot- and cold-side heat exchanger
regenerator and the intercooler, respectively, and are define
as:

EH = 1− exp(−NH), EL = 1− exp(−NL)

ER = NR/(NR + 1), EI = 1− exp(−NI ) (5)

whereNH , NL, NR and NI are numbers of heat transf
units of hot- and cold-side heat exchangers, the regene
and the intercooler, respectively, and are defined as:

NH = UH /Cwf, NL = UL/Cwf

NR = UR/Cwf, NI = UI/Cwf (6)

The cycle power output and the efficiency are:

P = QH − QL − QI

= Cwf(T1 − T2 + T3 + T5 − T7 − T8) (7)

η = P/Q = 1− (T8 − T1 + T2 − T3)/(T5 − T7) (8)

Defining the dimensionless power�P = P/(CwfTL), one
has:

�P =
[{

(1− EL)(1− EI )ERπ2m

+ [
(1− EL)(1− 2ER)(1− EI ) − 1

]
πm

− (1− EL)(1− ER)
(
1− EIπ

m
1

) + 1
}
EHτ1

+ {[
(1− ER)EH + ER

]
(1− EI)π

2m

+ [
(1− EH)(1− 2ER)(1− EI ) − (

1− EIπ
m
1

)]
πm

+ (1− EH)
(
1− EIπ

m
1

)
ER

}
EL

+ {[
(1− EL)ER + (1− ER)EHπ−m

1

+ ELERπ−m
1

]
π2m

+ [
(1− EH)(1− 2ER)

(
1+ ELπ−m

1 − EL

) − 1
]
πm

+ (1− EH)ER

}
EIτ2

]

×
[
(1− EL)(1− EI )ERπ2m

+ [
(1− EH)(1− EL)(1− 2ER)(1− EI ) − 1

]
πm

+ (1− EH)ER

]−1
(9)
r

e

r

η = 1−
[[

(1− EL)
(
1− πm

1 EI

) − 1
]
(1− ER)EH τ1

− {
(1− EI )ERπ2m

+ πm
[
(1− EH)(1− 2ER)(1− EI ) − (

1− πm
1 EI

)]

+ (1− EH)
(
1− πm

1 EI

)
ER

}
EL

− {
π2m

(
1− EL + π−m

1 EL

)
ER

+ πm
[
(1− EH)(1− 2ER)

(
1− EL + π−m

1 EL

) − 1
]

+ (1− EH)ER

}
EIτ2

]

×
[{

(1− EL)(1− EI )ERπ2m

+ πm
[
(1− EL)(1− 2ER)(1− EI) − 1

] + ER

}
EHτ1

+ (1− ER)(1− EI )EHELπ2m

+ (1− ER)EHEIπ
2mπ−m

1 τ2

]−1
(10)

whereπ1 = p2/p1 is the intercooling pressure ratio (pre
sure ratio of the low pressure compressor),π = p4/p1 is the
total pressure ratio of the low and high pressure compre
τ1 = TH/TL is total pressure ratio,τ2 = TI /TL is cooling
fluid in the intercooler and thecold-side heat reservoir tem
perature ratio, andm = (k − 1)/k (k is specific heats ratio)

If the regenerated and intercooling processes are
involved in the cycle (ER = 0, π1 = 1 andEI = 0), the
cycle becomes an endoreversible simple Joul–Brayton c
Then, Eqs. (9) and (10) become

�P = EH EL

(EHEL − EH − EL)

× [(
π−m − 1

)
τ1 + (

πm − 1
)]

(11)

η = 1− πm − τ1

π2m − πmτ1
(12)

�P can be maximized with respect to the total pressure r
by taking

∂ �P/∂π = 0 (13)

and solving for the optimumπ . The result is

π = τ
1/(2m)

1 (14)

Substituting Eq. (14) into Eq. (12) yields

η = 1− √
1/τ1 = 1− √

TL/TH (15)

Eq. (15) is the same as the Noikov–Chambadal–Curz
Ahlborn efficiency [1–3].

3. Power optimization

Eqs. (5), (6) and (9) indicate that the cycle dimensi
less power�P is the function of total pressure ratio (π ),
intercooling pressure ratio (π1), cycle heat reservoir tempe
ature ratio (τ1), cooling fluid in the intercooler and the cold
side heat reservoir temperature ratio (τ2), heat conductanc
of hot-side heat exchanger (UH ), heat conductance of cold
side heat exchanger (UL), heat conductance of regenera
(UR) and heat conductance of intercooler (UI ). For the fixed



92 W. Wang et al. / International Journal of Thermal Sciences 44 (2005) 89–94

tio

ng
-

s-
wer
,

-
ead

-
ith

ure
.

n-

re
-
re ra-

nger

y and

),

er)
in
s

Fig. 2. Optimal dimensionless power versus heat reservoir temperature ra
and intercooling pressure ratio (UT = 5 kW·K−1, π = 10).

π andπ1, there exist a group of optimal distributions amo
UH , UL, UR andUI which lead to the optimal dimension
less power (�Popt) as the total heat exchanger inventory (UT ,
andUT = UH + UL + UR + UI ) is fixed. For the fixedπ ,
there exist a group of optimal distributions amongUH , UL,
UR andUI asUT is fixed and an optimal intercooling pre
sure ratio which lead to the maximum dimensionless po
(�Pmax). If π , π1, UH , UL, UR andUI all are changeable
there exist a group of optimal distributions amongUH , UL,
UR andUI for the fixedUT and a pair of optimal total pres
sure ratio and optimal intercooling pressure ratio which l
to the double maximum dimensionless power ((�Pmax)max).

For the fixed total heat exchange inventory (UT = UH +
UL + UR + UI ), defining:

uh = UH/UT , ul = UL/UT

ui = UI/UT , ur = 1− uh − ul − ui (16)

leads to:

UH = uhUT , UL = ulUT

UI = uiUT , UR = (1− uh − ul − ui)UT (17)

Additionally, one has the constraints:

0 < uh + ul < 1, 0 < uh + ui < 1

0 < ul + ui < 1, 0 < uh + ul + ui < 1 (18)

The power optimization is performed by numerical cal
culations, and the computational program is integrated w
the optimization toolbox [27]. In the calculations,k = 1.4,
τ2 = 1 andCwf = 1.0 kW·K−1 are set.

Fig. 2 shows the characteristic of�Popt versusπ1 and
τ1 with UT = 5.0 kW·K−1 and π = 10. The curves are
parabolic-like ones.�Popt increases with the increase inτ1.
It indicates that there exists an optimal intercooling press
ratio ((π1)�Pmax

) that leads to�Pmax (the climax of each curve)

The effect ofτ1 on the characteristic of�Pmax and effi-
ciency (η�Pmax

) corresponding to the maximum dimensio

less power versusπ with UT = 5.0 kW·K−1 is shown in
Fig. 3. (a) Maximum dimensionless power versus heat reservoir temperatu
ratio and total pressure ratio (UT = 5 kW·K−1); (b) Efficiency correspond
ing to maximum dimensionless power versus heat reservoir temperatu
tio and total pressure ratio (UT = 5 kW·K−1).

Fig. 4. (a) Maximum dimensionless power versus total heat excha
inventory and total pressure ratio (τ1 = 4.33); (b) Efficiency corresponding
to maximum dimensionless power versus total heat exchanger inventor
total pressure ratio (τ1 = 4.33).

Fig. 3(a) and (b), respectively. The effect ofUT on �Pmax and
η�Pmax

versusπ with τ1 = 4.33 is shown in Fig. 4(a) and (b
respectively.

Fig. 3(a) indicates that�Pmax increases to its maximum
((�Pmax)max, also the double maximum dimensionless pow
rapidly then decreases slowly asπ increases. The increase
τ1 can make�Pmax and(�Pmax)max increase. Fig. 3(b) show
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Fig. 5. (a) Maximum dimensionless power versus efficiency corresponding
to the maximum dimensionless power and cycle heat reservoir temperature
ratio (UT = 5 kW·K−1, 2< π < 80); (b) Maximum dimensionless power
versus efficiency corresponding to the maximum dimensionless power and
total heat exchanger inventory (τ1 = 4.33, 2< π < 80).

Fig. 6. (a) Double maximum dimensionless power versus cycle heat reser-
voir temperature ratio (UT = 5 kW·K−1, 2 < π < 30); (b) Total pressure
ratio corresponding to double maximum dimensionless power versus cycle
heat reservoir temperature ratio (UT = 5 kW·K−1, 2 < π < 30); (c) Effi-
ciency corresponding to double maximum dimensionless power versus cy-
cle heat reservoir temperature ratio (UT = 5 kW·K−1, 2< π < 30).

thatη�Pmax
increases with the increase inτ1 andπ . If π free

to increase,η�Pmax
will exhibit a maximum with respect toπ .

From Fig. 4(a), one can find that the characteristic cur
of �Pmax versusπ are parabolic-like ones. Asπ increases
�Pmax increases to the double maximum ((�Pmax)max, viz. the
climax of each curve) rapidly, and then decreases smoo
As UT increases,�Pmax increases. WhenUT is larger than
one value, the increment of�Pmax is less and less. Fig. 4(b
shows thatη�Pmax

is a parabolic-like function ofπ . For fixed
π , η�Pmax

is a decreasing function ofUT .
Fig. 5(a) and (b) show the effects ofτ1 andUT on the

characteristic of�Pmax versusη�Pmax
with UT = 5 kW·K−1,

2 < π < 80 andτ1 = 4.33, 2< π < 80, respectively.
The characteristic of(�Pmax)max versusτ1 is shown in

Fig. 6(a). The corresponding optimal total pressure r
(π(�Pmax)max

) and the corresponding efficiency (η(Pmax)max)
versusτ1 are shown in Fig. 6(b) and (c), respectively. Fig
indicates that(�Pmax)max, π(�Pmax)max

andη(Pmax)max increase
asτ1 increases.

The characteristic of(�Pmax)max versusUT is shown in
Fig. 7(a). The corresponding optimal total pressure r

Fig. 7. (a) Double maximum dimensionless power versus cycle
reservoir temperature ratio (τ1 = 4.33, 2< π < 30); (b) Total pressure
ratio corresponding to double maximum dimensionless power versus
heat reservoir temperature ratio (τ1 = 4.33, 2< π < 30); (c) Efficiency
corresponding to double maximum dimensionless power versus cycle
reservoir temperature ratio (τ1 = 4.33, 2< π < 30).
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(π(�Pmax)max
) and the corresponding efficiency (η(Pmax)max)

versusUT are shown in Fig. 7(b) and (c), respectively.
UT increases,(�Pmax)max andπ(�Pmax)max

increase too, but th
increment of the double maximum dimensionless powe
less and less.η(Pmax)max decreases with increase inUT .

4. Conclusion

Finite-time thermodynamics is applied to optimize t
power of an endoreversible closed intercooled regener
Brayton cycle in this paper. The analysis indicates that th
exist a group of optimal values inπ1, UH , UL, UR and
UI which lead to maximum dimensionless power, and th
exists an optimal total pressure ratio of the cycle wh
leads to a double maximum power output. The maxim
power increases with the increases in the cycle heat rese
temperature ratio and the total heat exchanger inventory. Th
cycle power (�Pmax or (�Pmax)max) output increases with th
increase in the total heat exchanger inventory (UT ). When
UT is larger than a particular value, the increment of
cycle power is less and less. Additionally, the efficien
(η�Pmax

or η(Pmax)max) corresponding to maximum or doub
maximum power decreases with the increase inUT . The
total pressure ratio corresponding to the double maxim
power increases with the increases in the cycle heat rese
temperature ratio and the total heat exchanger inventor
The analysis and optimization presented herein may pro
guidelines for power optimization design for the closed
turbine power plants.
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