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Abstract

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

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction turbine and the heat conductance distributions between the
hot- and cold-side heat exchangers on the maximum power
Since the theory of finite-time thermodynamics (FTT) and the corresponding efficiency. Feidt [16] optimized the
or entropy generation miniation (EGM) was advanced performance of an irreversible closed regenerated Brayton
[1-3], much work has been performed for the performance cycle by taking account of heat resistance and heat leak.
analysis and optimization of finite-time process and finite- Roco et al. [17] found the numerical result of the maximum
size devices [4-10]. Many achievements also have beenpower and the corresponding efficiency, the maximum ef-
acquired on the performance analysis of Brayton cycles us-ficiency and the corresponding power of an irreversible re-
ing FTT [11]. Bejan [12] showed that the power is maxi- generated Brayton cycle based on Ref. [18]. Sahin et al. [19,
mized when the total heat exchanger inventory of an endore-20] optimized the power densitf simple and regenerated-
versible simple Brayton cycle is distributed equally between reheated Brayton cycle free of heat resistance. Chen et al.
the two heat exchangers. Wu [13,14] analyzed the perfor- [21-24] optimized the distribution of the heat exchanger in-
mance of simple closed Brayton cycles using the method ventory for maximum power density of the simple and re-
recommended by Curzon and Ahlborn [3] and obtained the generated Brayton cycles with heat resistance and/or other
numerical result of the maximum power by optimizing cycle irreversibility. Cheng and Chen [25] built a model for en-
power. Cheng and Chen [15] optimized the power of a sim- doreversible intercooled Bréyn cycle, evaluated the maxi-
ple closed irreversible Brayton cycle and analyzed the effectsmum power and the corresponding efficiency by optimizing
of heat leak, the irreversibility in the compressor and the the total temperature ratio of the turbine (which is similar
to the total pressure ratio) and the temperature ratio of the
T Comre . low-pressure compressor (which is similar to the intercool-
orresponding author. . . . .
E-mail addresses: Igchenna@public.wh.hb.cn, ing pressure ratio) adopting the method recommended in
lingenchen@hotmail.com (L. Chen). Ref. [26].
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Nomenclature
C thermal capacityrate ............... kit 72 cooling fluid in the intercooler and the cold-side
E effectivenesses of heat exchangers heat reservoir temperature ratio
k specific heats ratio _ Superscript
N number of heat transfer units . dimensionless
p Pressure. ... MPa )
P POWET . vttt e e kw Subscripts
Pmax  maximum dimensionless power of the cycle H,h  hot-side heat exchanger
(Pmaxmax double maximum dimensionless power of the /.1 intercooler

cycle L,I cold-side heat exchanger
0 The rate at which heat is transferred. . . .. . .. kJ max - maximum
T temperatures of the working fluid .......... K opt opur_num . :
U heat conductance Wl Pmax  maximum dimensionless power of the cycle

u S ottty (Pmaxymax double maximum dimensionless power of the

u heat conductance distribution cycle
/4 total pressure ratio R,r  regenerator
1 intercooling pressure ratio T total
n efficiency wf working fluid
71 cycle heat reservoir temperature ratio 1,2,3,4,5,6,7,8 state points
The further step of this paper is to optimize the power 4 T Ty

of an endoreversible closed intercooled regenerated Brayton
cycle coupled to constant-temperature heat reservoirs using 5
FTT by searching the optimum heat conductance distribu-

tions among the hot- and cold-side heat exchangers, the re-
generator and the intercooler for fixed total heat exchanger
inventory, and searching the optimum intercooling pressure
ratio and the optimum total pressure ratio. The effects of

some design parameters, including the cycle heat reservoir 7 6
temperature ratio, the cooling fluid in the intercooler and the
cold-side heat reservoir temperature ratio and the total heat 8
exchanger inventory, on the maximum power and the corre- 4q

sponding efficiency are analyzed.

2. Theoretical model 3 T;
L T
Consider an endoreversible intercooled regenerated ’S_
closed Brayton cycle 1-2—3-4-5-6-1 as shown in Fig. 1.
Processes 1-2 and 3—4 are isentropic adiabatic compresFig. 1. T—s diagram of an endoreversible émtooled regenerated Brayton
sion in the low- and high-pressure compressors, respectivelycycle.
while the process 5-6 is isentropic expansion process in the

turbine. Process 2-3 is an iselmantercooling process in the the heat transfer processes and the theory of heat exchangers,

intercooler. Process 47 is an isobaric absorbed heat Procesg . -te ©1) at which heat is transferred from heat source

in the regenerator and process 6-8 is an isobar eVOIVe(_jto working fluid, the rate@; ) at which heat is rejected from

heat process in the regenerator. Process 7-5 is an |sobar|§Pe working fluid to the heat sink, the rat@ ) of heat

absorbed heat process in the hot-side heat exchanger and, ' erated in the reaenerator and the rete) of the heat

process 8—1 an isobar evolved heat process in the cold-side 9 . > €9 A )

heat exchanger. exchanged in the intercooler are, respectively, given by:
Assuming the working fluid used in the cyclt=T is an .|deal Oy = Cut(Ts — T7)

gas and heat exchangers between the working fluid and

the heat reservoirs, the regenerator and the intercooler are = U (Ts = T0)/In[(Tu — T1)/(Tu — T5)]

counter-flow. According to the properties of working fluid, =CwiEg(Ty — T7) Q)
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01 =Cwi(Tg—T1)

p=1— [[(1— En)(1—nlE)) - 1] - Ep)Enna
=UL(Tg—T1)/In[(Ts — T1) /(T1 — T1)]

—{A— EDEgn®"

= CwtEL(Ts =T1) (2) +7"[(1— Em)Q—2ER) (L~ Ep) — (1— ' E/)]
Or = Cwi(Te — Tg) = Cwi(T7 — T») + Q- Ep)(1—n{"E[)ER}EL
= CwiEr(Te — T») 3 — {7 (1~ EL + 7 ™EL)Eg

Q1 =Cwi(T2 — T3)
=U(T3—T2)/In[(T3 — T1) /(T2 — T1)]
=CwtE((T2—Tp) (4)

+7"[(1— Eg)1—2ER)(1— EL+7;"EL) — 1]
+ (- En)Er}Eim2)
x [{1— B - EnEgn®

+7"[(1— EL)(1—2ER)(1— E;) — 1]+ ER}Enna
+ (11— ER)Q— E)EyEL®"

where Cys is the thermal capacity rate of the working
fluid; Uy, Ur, Ugr and U; are the heat conductances of
the hot- and cold-side heat exchangers, the regenerator
and the intercooler, respectivelfyy, Er, Eg and E; are
effectivenesses of the hot- and cold-side heat exchangers, the
regenerator and the intercoqlegspectively, and are defined wheremr; = p2/p1 is the intercooling pressure ratio (pres-

-1
+ (- EQEnErn®ny " (10)

as:

Eg =1—exp(—Npg),
Egr =Ng/(Ngr+1),

Erp =1—exp(—Np)
E;=1—exp(—Nj) 5)

where Ny, Np, Ng and N; are numbers of heat transfer
units of hot- and cold-side heat exchangers, the regenerator

and the intercooler, respectively, and are defined as:

Ny = UH/CWf,
Ng = Ug/Cuw,

NL = UL/CWf
Ny =U;/Cut (6)

The cycle power output and the efficiency are:

P=Qp—01L— 0y
=Cwi(T1 — T2+ T3+ T5s — T7 — T3) (7)
n=P/Q=1—Tg—T1+T>—T3)/(Ts — T7) (8)

Defining the dimensionless pow§r= P/(CwiTr), One
has:

P=[{a- En@- EDERm™
+[A-E)A—-2ER)(1— Ep) —1]z"
—(1-E)QA—-Er)(1—Em")+1}Exm
+{[1—- ER)En + Er](1— Enm®"
+[A=En)A—-2ER)1—E;) — (1— Einy")]x"
+ Q= Ep)(1— Erny")ER}EL
+{[Q—-EDErR+ QA — ER)Exn™
+ ELERJT]Tm]ﬂzm
+[A—En)A—-2Eg)(14 En{™ — EL) — 1]z"
+ (- En)Er}Eims)

x [(1— EL)(1— E})Egmn?"
+[A= En)(A— E)(1—2ER)(1— E;) — 1]x™

-1
(- EH)ER] 9)

sure ratio of the low pressure compresser}: ps/ p1 is the

total pressure ratio of the low and high pressure compressor,
11 = Ty /Ty is total pressure ratiop; = T/ T is cooling

fluid in the intercooler and theold-side heat reservoir tem-
perature ratio, angh = (k — 1)/ k (k is specific heats ratio).

If the regenerated and intercooling processes are not
involved in the cycle £Exg =0, m1 = 1 and E; = 0), the
cycle becomes an endoreversible simple Joul-Brayton cycle.
Then, Egs. (9) and (10) become

P EgEp
 (EHEL—En—Eyp)
X [(n_'" — 1)t1 + (rr'" — 1)] (12)
p=1-— 4 (12)

2m _ My

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

AP/dmr =0 (13)
and solving for the optimum . The result is

T= rll/(zm) (14)
Substituting Eq. (14) into Eq. (12) yields
n=1-1/tu=1-/T./TH (15)

Eq. (15) is the same as the Noikov—Chambadal-Curzon—
Ahlborn efficiency [1-3].

3. Power optimization

Egs. (5), (6) and (9) indicate that the cycle dimension-
less powerP is the function of total pressure ratiar),
intercooling pressure ratier(), cycle heat reservoir temper-
ature ratio ¢1), cooling fluid in the intercooler and the cold-
side heat reservoir temperature ratig)( heat conductance
of hot-side heat exchangdrf;), heat conductance of cold-
side heat exchanget/(), heat conductance of regenerator
(Ug) and heat conductance of intercool&y§. For the fixed



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

187 Ty=5.67 25r

17 2

16 o P15
_ 15} 1
P 5.00

14 05

065p
11E 06f
1 i i i ' L i i i 3 Pmﬂ.l’
1 2 3 4 5 7r1 6 7 8 9 10 055k
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Fig. 3. (@) Maximum dimensionless pevwersus heat reservoir temperature
ratio and total pressure ratid¢ =5 kW~K‘1); (b) Efficiency correspond-

7 andm, there exist a group of optimal distributions among
Uy, U, Ug andU; which lead to the optimal dimension-

less power Popy) as the total heat exchanger inventobi( ing to maximum dimensionless power versus heat reservoir temperature ra-
andUr = Uy + UL + Ug + Uj) is fixed. For the fixedr, tio and total pressure ratid/g- =5 kW-K~=1).
there exist a group of optimal distributions amafig, Uy,
Ug andU; asUy is fixed and an optimal intercooling pres- 51 U.=3kwiK
sure ratio which lead to the maximum dimensionless power ;
(Pmax). If m, m1, Uy, U, Ugr and U; all are changeable, 12
there exist a group of optimal distributions amatig, U, , P
Ug andU; for the fixedUr and a pair of optimal total pres-
sure ratio and optimal intercooling pressure ratio which lead r
to the double maximum dimensionless powW@{ax) max)-
For the fixed total heat exchange inventobyy(= Uy + 06
UL + Ug + Uy), defining: .
up,=Uy/Ur, u=U./Ur 0B4F
ui =U;/Ur, ur=1—up—u; —u; (16)
leads to: 056}
Upg =upUr, Up=uUr Nz
Ur=u;Ur, Up=Q—up—u —u)Ur (17) 0.48}
Additionally, one has the constraints:
O<up+u <1, O<up+u; <1 047 - 7 = = - =
O<u;+u <1, O<up+u +u <1 (18) T (b)

The power optimization is grformed by numerical cal- Fig. 4. (2) Ma g o o o
. : e - ig. 4. (@) Maximum dimensionless power versus total heat exchanger
culations, and the computatlonal program IS mtegrated with inventory and total pressure ratie; (= 4.33); (b) Efficiency corresponding

the optimization toolbox [gz] In the calculations= 1.4, to maximum dimensionless power versus total heat exchanger inventory and
72 =1 andCy; = 1.0 kW-K~* are set. total pressure ratiorf = 4.33).

Fig. 2 shows the characteristic d?opt versusmy and
. _ _1 _ ) ) J—
1 with Ur = 5.0 kW-K™* and = = 10. The curves are g 3(a) and (b), respectively. The effectiéf on Pmax and

parabolic-like onesf_’opt increases with the increase . > versust with 71 = 4.33 is shown in Fig. 4(a) and (b),

Itindicates that there exists an optimal intercooling pressure reénﬁxectively.

ratio (1) ,,,,) thatleads tPmax (the climax of each curve). Fig. 3(a) indicates thaPmax increases to its maximum
The effect ofry on the characteristic 0Pmax and effi- ((Pmax)max also the double maximum dimensionless power)

ciency (i, corresponding to the maximum dimension-  rapidly then decreases slowly asncreases. The increase in
less power versus with Uy = 5.0 kW-K~1 is shown in 71 can makePmax and (Pmax)max increase. Fig. 3(b) shows
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thatnp increases with the increasetnandx. If = free
to increasey  will exhibit a maximum with respect to.

From Fig. 4(a), one can find that the characteristic curves
of Pmax Versusr are parabolic-like ones. As increases,
Pmax increases to the double maximuiPfamax Viz. the
climax of each curve) rapidly, and then decreases smoothly.
As Uy increasesPmax increases. Whedr is larger than
one value, the increment dnay is less and less. Fig. 4(b)
shows that)p, _ is a parabolic-like function of . For fixed
T, Np,. IS @ decreasing function d@fr.

Fig. 5(a) and (b) show the effects of and Ur on the
characteristic 0fPmax versusnp  With Ur =5 kW-K~1,
2 < <80 andr; =4.33, 2< 7 < 80, respectively.

The characteristic of Pmaymax Versuszi is shown in
Fig. 6(a). The corresponding optimal total pressure ratio
(”(Fmax)max) and the corresponding efficiency)bmaomax)
versusr; are shown in Fig. 6(b) and (c), respectively. Fig. 6
indice_ltes that Pmax) max T (Prnadmax and n(pyamax INCrease
astj increases.

The characteristic of Pmax)max VersusUr is shown in

Fig. 5. (a) Maximum dimensionles®ywer versus efficiency corresponding
to the maximum dimensionless power and cycle heat reservoir temperatureFig. 7(a). The corresponding optimal total pressure ratio
ratio (Ur =5 kW-K—1, 2 < 7 < 80); (b) Maximum dimensionless power

versus efficiency corresponding to the maximum dimensionless power and

total heat exchanger inventoryy(= 4.33, 2< 7 < 80). Lar
1.4}
17 (pmm:)max 1.3F
12f
1 % w %
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15
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Fig. 6. (a) Double maximum dimensionless power versus cycle heat reser-Fig. 7. (a) Double maximum dimensionless power versus cycle heat
voir temperature ratiol{y =5 kWK1 2<7 < 30); (b) Total pressure reservoir temperature ratiay = 4.33, 2< 7 < 30); (b) Total pressure
ratio corresponding to double maximum dimensionless power versus cycle ratio corresponding to double maximum dimensionless power versus cycle
heat reservoir temperature ratibf = 5 kW-K=L 2<7 < 30); (c) Effi- heat reservoir temperature ratio, (= 4.33, 2< 7 < 30); (c) Efficiency
ciency corresponding to double maximum dimensionless power versus cy- corresponding to double maximum dimensionless power versus cycle heat
cle heat reservoir temperature ratld;( =5 kWK1 2<7 < 30). reservoir temperature ratiey( = 4.33, 2< 7 < 30).
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