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Abstract

Exergetic efficiency optimization that combines exergy concept and finite-time thermodynamic theory has been carried out for an irre-
versible Brayton refrigeration cycle. Multi-irreversibilities considered in the system include finite rate heat transfer, internal dissipation o
the working fluid and heat leak between heat reservoirs. Exergetic efficiency defined as the ratio of rate of exergy output to rate of exergy
input of the system is considered as the objective index. The goal of exergetic efficiency optimization is to maximize this index. The max-
imum value of the exergetic efficiency can be determined analytically. The results are compared with those obtained from the traditional
coefficient of performance. The influences of heat leak between heat reservoirs and temperature ratio of two reservoirs on the exergetic
efficiency are investigated by numerical calculations. The allocation of a fixed total thermal conductance between the two heat exchangers is
also discussed. The results show that the method of exergetic efficiency optimization is an important and effective criterion for the evaluation
of an irreversible Brayton refrigeration cycle.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction coupled to constant- and variable-temperature heat reser-
voirs, and compared the performance with that of endore-
Finite time thermodynamics is more practical than clas- versible Carnot refrigeration cycles coupled to constant- and
sical thermodynamics for evaluating the power output and variable-temperature heat reser_voirs. Chenetal.[7] analyzed
thermal efficiency of a thermodynamic cycle [1]. Many im- the performance of a regenerative closed Brayton cycle. The
portant works about Brayton power or refrigeration cycles analysis considered all the irreversibilities associated with
applying finite-time thermodynamic theory have been pub- flnlte—tlme heat transfr processes. Chen et al. [8] apalyzed
lished in recent years. De Vos [2] investigated the efficiency the cooling load and:OR perfo_rmance of endoreversible re-
of some heat engines at maximum power conditions. Be- 9énerated Brayton refrigeraticycles coupled to constant-
jan [3] built the theory of heat transfer-irreversible refrig- anddvanablle—tden;]perature heat reservoirs. Checr;ghand Chen
eration plants. Wu [4] defined the endoreversible heat en—[g] et.ermme the maximum power °“tp‘%t and the corre-
gine and optimized the power output of an endoreversible sponding thermal gfﬂmency for an irreversible closed-cycle
Brayton heat engine. Sahin at. [5] analyzed the maxi- Brayton heat engine. Later, C_hgng and Chen [10] calcu-
mum power density of an irreversible Joule—Brayton en- !ated the maximum thermal efficiency and the correspond-
gine. Wu et al. [6] analyzed and optimized the cooling load ing power output for the same system. Chen et al. analyzed

: . . : the cooling load an€OP performance of irreversible sim-
f the endoreversible simple Br n refrigeration I ) .
of the endoreversible simple Brayton refrigeration cycles ple [11] and regenerated [12] Brayton refrigeration cycles

coupled to constant- and variable-temperature heat reser-
" Corresponding author. Tel.: +886 6 2686126, fax: +886 62342081, VOIrs. Sahin et al. [13] analyzed a comparative performance
E-mail address: ckchen@mail.ncku.edu.tw (C.-K. Chen). of irreversible regenerative reheating Joule—Brayton engines
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Nomenclature
A heat transferarea ....................... 2m  Greek symbols
C1—C16 coefficients € effectiveness of heat exchanger
(?1 heat transfer rate between reservoirs . .-KW* n efficiency
Cuw heat capacitance rate of working fluid . -M/t Subscriots
COP  coefficient of performance P _ .
E rate of Xergy ............cooeeeeeeninnn. w 0 typical environment
N number of transfer units ¢ compressor
of heat exchangers d :es;rrt:c_tg:]n

0 rate of heattransfer ...................... w Zx e):(zrg;ic

0} rate ofheatleak .................... ... .. V|\</ H hot side
T temperature ..... EEEEE R ERERETRTRRRRIRY HC process at hot side
U heat transfer coefficient of heat in input

' exchanger ..................... wW-2.K-1 L cold side
Win, net pet powgr input ......... EEEETERTRRTRIRTY W Lc process at cold side
y Isentropic temperature ratio max/opt maximum/optimum condition
z allocation factor out output

under maximum power density and maximum power condi- reservoirs. The cooling load density was defined as the ratio
tions. The performance of real regenerated air heat pumpsof cooling load to the maximum specific volume in the cycle.
was analyzed by Chen et al. [14]. Cheng and Chen [15] de- In recent years, the researchmbining exergy concept
termined the maximum ecological function, its correspond- and finite time thermodynamics is becoming increasingly
ing thermal efficiency and power output of an irreversible important. Yan and Chen [28] optimized the rate of exergy
Brayton heat engine. The ecological function of a heat en- output for an endoreversible Carnot refrigerator. Sahin et al.
gine was defined as the power output minus the loss power.[29] also determined the optimum values of design parame-
Chen et al. [16] analyzed the performance of a closed re- {ers of the cogeneration cycle at maximum exergy output.
generated Brayton heat pump with internal irreversibilities Y1Imaz [30] investigated theftects of design parameters on
via methods of entropy generation minimization. An exergy 1€ €xergetic performance for cogeneration systems with ex-
analysis based on an ecological optimization criterion was €nal irreversibilities. They carried out the optimum analy-
carried out for an irreversible Brayton engine with an ex- SIS on the pgrformance.gf exergy, .|ncorp0rat|ng time or rate
ternal heat source by Huang et al. [1]. Kodal et al. [17] constra}lnts n the conQ|t|ons d_efmmg the systgm. prever,
investigated the effects of internal irreversibility and heat the optimization of an ireversible Brayto_n ref_rlgeratlon Yy
leakage on the finite time thermoeconomic performance of cle based on the performance of exergetic efficiency has not

. - been investigated.
refngeratorg and heat.pumps.. Chen et al. [18] optimized the In this paper, exergetic efficiency optimization for an irre-
power density for an irreversible regenerated closed Bray- ve

e rsible Brayton refrigeration cycle is reported. The purpose
ton cycle. Chen etal. [19] anaded and optimized the power o is naner is to maximize the exergetic efficiency of the re-

density of an irreversible regenerated closed Brayton cycle ¢igeration system. The multi-irreversibilities considered are
coupled to variable-temperature heat reservoirs. Chen et alsinjte rate heat transfer, internal dissipation of the working
[20] optimized the power density of an irreversible closed fiyig and heat leak between heat reservoirs. The exergetic
Brayton cycle coupled to constant-temperature heat reser-fficiency optimization performed in this paper helps to bet-

voirs in the viewpoint of entropy generation minimization. ter understand the performance of the irreversible Brayton
Luo et al. [21] optimized cooling load ar€@OP performance refrigeration cycle.

of irreversible simple Brayton refrigeration cycle coupled to

constant-temperature heat reservoirs. Zhou et al. analyzed

and optimized cooling load density of the endoreversible 2. Theoretical model

simple Brayton refrigeration cycles coupled to constant-

[22] and variable- [23] temperature heat reservoirs, of the A steady-flow irreversible Brayton refrigeration cycle
irreversible simple Brayton refrigeration cycle coupled to coupled to two regions at a temperatufe and another
constant- [24] and variable- [25] temperature heat reservoirs, higher temperaturdy is shown in Fig. 1. The refrigera-
and of irreversible regenerated Brayton refrigeration cycles tion cycle consists of two isobaric processes (processes 2-3
coupled to constant- [26] and variable- [27] temperature heatand 4-1) and two non-isentropic processes (the compres-
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A . . .
r 28 2 law of thermodynamics, the net power input of the refriger-
ation cycle is

Win,net= QH - QL (5)
which equals the rate of exergy input. The rate of exergy
input is given as
Ein = Win,netz QH - QL (6)

To improve the performance of the refrigeration system,
the exergeti(; efficiencyey defined as the ratio of rate of ex-
ergy outputEy: to rate of exergy inpukj, is taken as the

objective index to be maximized. When Egs. (3) and (6) are
combined, the exergetic efficiency of the irreversible Bray-

SS

<

in,net

|

\aVAVAS

ton refrigeration cycle is obtained as
45 4 .
R OL(Th/TL — 1)
> Nex=———"—— (7
S On—0L
Fig. 1. The irreversible Brayton refrigeration cycle coupled to two reser- 10 further optimize the exergetic efficiency, it is nec-
voirs. essary to study the type of heat transfer occurring in the

system. It is often assumed that heat transfer obeys a linear

sion process 1-2 and the expansion process 3-4). The cycldaw. Employing the log mean temperature differences in the
1-2-3-4-1 is irreversible due to the internal dissipation of hot-side and cold-side heat exchangers, rates of heat transfer
the working fluid, the finite rate heat transfer, and the heat during the cycle can be given by the following
leak between the heat reservoirs, while 1-2S represents the

S ) ) . (T2 —Th) — (T3 — Th)
corresponding isentropic compression and 3-4S represent®yc = U4 AH
the corresponding isentropic expansion during a reversible IN[(T2 = Th)/(Ts — Tw)]
Brayton refrigeration cycle.

The infinite reservoir at temperatuf is set to be the .=, A, (TL—Ty) - (T~ T1)
typical environment for simplicity. It gives IN[(TL — Ta)/(TL — T1)]
To=To @ In the abovel/y andU_ are respectively the overall heat

transfer coefficients of the hot-side and the cold-side heat
where Ty is the temperature of the typical environment. exchangersAy and A are respectively the areas of the
Moreover, the influences of kinetic energy and potential en- hot-side and the cold-side heat exchangers, wdijlds the
ergy are assumed to be negligible. thermal capacitance rate of the working fluid. The heat ex-

The purpose of employing a refrigeration system is to ab- changer thermal conductance is defined as the heat transfer
sorb heat from a cold space. Thus, it increases the exergycoefficient-area produd A. Moreover, the heat leak rate
output while heat is absorbém the cold space to the re-  between the two heat reservoirs was first provided by Be-
frigeration cycle. The rate of exergy output of the system is jan [31]. It is given as

= Cy(T2 — T3)
(8)
=Cy(T1—Ta) (9)

iven as . .
J 01 =C/(Th—T0) (10)
Eout= OL <E — 1) — OH (E - 1) (2) whereC; is the heat transfer rate between the two reservoirs
s Ty per unit temperature difference.
o (TH From Eqgs. (8) and (9), the numbers of transfer units of
=0 (=-1 3)
T hot-side and cold-side heat exchangers are
It is also noted that the values of exergy output rates are .~ UHAH | o —TH 11
different for equivalent heat transfer rates at various bound- """ =~ ~ ¢ =in Ta— T (11)
Cuw 3 H
ary temperatures. and
When considering the interaction between the refrigera-
tion cycle and its surrounding, the rate of exergy destruction y, — UEAL _nfi-Ta (12)
is given as Cy Ii-T
) oL On The effectivenesses of hot-side and cold-side heat ex-
Eq= TO(T—L - T_H) (4) changers for counterflow heat exchangers are defined as [32]
where QL /Ti — On/ Ty also represents the rate of entropy €H = 1= €XP(—Nh) (13)

generation of the refrigeration system. According to the first e =1 — exp(—NL) (14)
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Combining Egs. (8), (9), (11)—(14) yields

3=eqTH+ (A —en)T> (15)
Ti=eTL+A—e )Ty (16)
and

Onc = Cy(T2 — T3) = Cyyen(T2 — Th) (17)
Oic = Cy(Ty — Ta) = CyeL (TL — Ta) (18)

C.-K. Chen, Y.-F. Su/ International Journal of Thermal Sciences 44 (2005) 303-310

where

Ci=Q—e )1 —ne)

Co=QQ—e)ne—nc/A—en) — (L—e)(X—nc) (L —ne)
C3=—n(l—e)1—nc)

Ca=—¢.TL

Cs=—euncTn/(L—en) +eL(l—n)TL

The heat transfer rates yielded by the hot reservoir and ~ To facilitate optimizing the exergetic efficiency by re-

the cold reservoir are
On = 0Onc— 0 (19)
OL=0ic— 0 (20)

where(, is also the cooling rate of the refrigeration cycle.
Moreover, the coefficient of performanc€Q@P) of the

refrigeration cycle can be given as

cop= 2 _ O _ Qc— O (21)
Winnet OH—0L Onc—0OLc

Combining Egs. (7), (10), (17)—(20) yields

e = LCweL L = T0) = Cr(Tu = TONTW/TL = D),y

Cwen(T2 — Tn) — CypeL (TL — Ta)

3. Optimization

For an irreversible Brayton refrigeration cycle, the isen-
tropic compressor efficiency and isentropic expansion effi-
ciency are introduced and defined as

_Ins—Th

= 23

Ne To— Ty (23)
T3 — Ty

o = 24

Ne Ts — Tus (24)

Applying the second law of thermodynamics to cycle 1-2S-
3-4S-1 gives
_Ds_Ts Tn
T Tus TL
wherey is the isentropic temperature ratio of the Brayton
refrigeration cycle.
Combining Egs. (16), (24) and (25) gives

(25)

Tas=Ta/ne + (1 —1/n)T3 (26)

Ta=1—ne+ne/y)T3 (27)

Ti=elTL + QA —e)(L—ne+n./9)T3 (28)
Combining Egs. (15) and (23) gives

Tos=ncTo+ (1 —nc)T1 (29)

To=T3/(1—en) —enTn/(1—en) (30)

Substitution of Egs. (28), (29) into Eq. (25) and combin-
ing Eqg. (30) yield
. C4y? + Csy
"~ C1y2+4 Cy+C3

13 (31)

garding the isentropic temperature rajicas a parameter,
Eq. (22) is rearranged as

_ CoTy+Cyro
CeT2+ C7T4+Csg
where

(32)

Nex

Ce = CuweH

C7=CypeL

Cg=—Cu(enTh +eLTL)

Co=—CyeL(Th/TL — 1)

C10=[CweLTL — Cr(Tv — TV (TH/TL — 1)
Combining Egs. (27), (30)—(32) gives

_ C14y?+ C15y 4 C16

~ C11y2+ C12y + C13

where

(33)

Nex

C11=C4C7(1 = ne) + C4Ce/(1 — &n)
+ C1[C8 — CoenTh/(1 — en) |
C12=CqC7ne + Cs5C7(L = 1n.) + C5Cp/ (1 — en)
+ C2[Cg — CoenTh/(1— en) |
C13= C5C7n, + C3[Cs — CoenTh/ (1 — &)
C14=C1C10+ C4Co(1 — 1)
C15=C2C10+ C4Cone + C5Co(1 — 1)
C16 = C3C10+ C5Cone
Maximizing nex by takinganeyx/dy = 0 yields
(C12C14 — C11C18)y? + 2(C13C14 — C11C10) Y
+ (C13C15— C12C16) =0 (34)

By solving Eq. (34), the optimum isentropic temperature
ratio yopt of the irreversible Brayton refrigeration cycle is
obtained as

yopt=[(C11C16 — C13C14) — [(C11C16 — C13C14)?

— (C12C14 — C11C15)(C13C15 — C12C16)]0'5]
x [C12C14 — C11C15] 7t (35)

The optimum exergetic efficienajx opt is then obtained by
substituting Eq. (35) into Eq. (33) as

C14ygpt+ C15yopt+ C16

Nexopt = (36)

Cllygpt+ C12yopt+ C13
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Moreover, substituting Eq. (35) into Eq. (31) yields the op-
timum cycle temperaturgs opt. Then, other optimum cycle
temperatureds opt, T1,0pt: @aNd 72,0pt Can be calculated by

The exergetic efficiencyjex Of an irreversible Brayton
refrigeration cycle is shown as a function of the isentropic
temperature ratioy in Fig. 2. It is clearly seen that the

Egs. (27), (28), and (30). The corresponding values, such asmaximum value of the exergetic efficiency occurs when the

optimum net power iNPuWin netopt, OPtimum cooling rate

0L opt: and optimum coefficient of performanC®Pgpt can
also be obtained.

In addition, the allocation of a fixed total thermal con-

isentropic temperature ratio is slightly greater than the tem-
perature ratio of two reservoifiy/ 7T . The exact solution of
the optimum isentropic temperature ratio can be determined
by Eqg. (35). Moreover, the maximum exergetic efficiency

ductance between the two heat exchangers is consideredthat can be reached by the refiation cycle increases when

Dividing the total thermal conductance Iy, is set to be
a fixed valueN, as in the following

_ UHAn+ULAL

N =Ny + N_ (37)

Cy
Let Ny and N be allocated by allocation facter and
they satisfy

the temperature ratio of the two reservditg/ 7, is raised.
The coefficient of performand€OP) of the refrigeration
system versus the isentropic temperature rai®presented
in Fig. 3. A maximum value o€OP similarly occurs as the
isentropic temperature ratip varies. However, the maxi-
mumCOP that is reachable is redad when the temperature
ratio of the two reservoir§y /7. increases. This phenom-

enon is opposite to that observed in Fig. 2. The reason is
Nn=2zN (38) that the qualities of equivalent heat transfer rates at various
NL=(1-2)N (39) temperatures are diﬁergnthﬁ differences can be explained
by exergy concept, which states that there is a greater rate
Substituting Egs. (38) and (39) into Egs. (13) and (14) gives of exergy output at lower temperature given equivalent cool-
ing rates. Therefore, given ancreasing temperature ratio
eH =1—exp(—zN) (40) Th/ Tp, the maximunCOP that is reachabldecreases while
s =1— eXp[(z — 1)N] (41) the maximum exergetic efficienepy reachable, conversely,
- ~increases. By a comparison of Figs. 2 and 3, it is evident that
Egs. (40) and (41) can be utilized to analyze the allocation {he exergetic efficiency provides a more appropriate descrip-
of a fixed total thermal conductance between two heat ex- i of the useful energy than the coefficient of performance
changers numerically. does.
To see the results of exergetic efficiency optimization for e relationship between the exergetic efficiengyand
an irreversible Brayton refrigeration cycle, some numerical cqefficient of performanc&OP is plotted in Fig. 4. Itis seen
examples are presented and discussed. In the following calhat they are linearly proportional under the same conditions.
culation, a temperature condition 6 = 7o = 29815K is It is also noted that the maximum exergetic efficiency cor-

assumed. responds to the maximum coefficient of performance when
0.12 0.80
.. copr
0.60 —
0.08 —
T 0.40 —
0.04 — ’
0.20 —
0.00 T T T T T T T T T 0.00 T T T T T T T T T
0.80 1.20 1.60 2.00 2.40 2.80 0.80 1.20 1.60 2.00 2.40 2.80
y y

Fig. 2. The exergetic efficiencyjex versus the isentropic temperature
ratio y with n. = 0.85, ., = 0.87, C;/Cy = 0.01, N = 6.0, and
NL/(Ny+ NL)=0.6.

Fig. 3. Coefficient of performanc€OP versus the isentropic tempera-
ture ratio y with n. = 0.85, 5. = 0.87, C;/Cy = 0.01, N = 6.0, and
NL/(Ny + NL) =0.6.
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0.12

0.08 —

0.04 —

0.00 0.20 0.40

Fig. 4. The exergetic efficiencyjex versus coefficient of performance
COP with 5. = 0.85, n, = 0.87, C;/Cy, = 0.01, N = 6.0, and

NL/(Ny + N.) =0.6.

copr

0.80

0.12
77(’/\'
0.08 —
0047 —o— T,=T,/I.1
= T, =T, /12
T —— T, =T,/13
0.00 : I ' I
0.00 40.00 80.00 s
o
¢

Fig. 5. The exergetic efficiencyjex versus the dimensionless cooling
rate Q| /Cy with n. = 0.85, n, = 0.87, C;/Cy = 0.01, N = 6.0, and

NL/(NH+ NL)=0.6.

the temperature ratio of the two reservoirs is fixed. The dif-

0.12
77&\'

0.08 —

0.04 —
- T,=T,/1.1
= 1,=T,/12
—— T1,=T,/13

0.00 . I r I r

0.00 100.00 200.00 . 300.00

in,net

C,
Fig. 6. The exergetic efficiencyex versus the dimensionless net power in-
put Win_net/ Cw With 5 = 0.85, 5. = 0.87, C;/Cyy = 0.01, N = 6.0, and
NL/(NHy+ NL) =0.6.

0.14
nex.max
012 —
0.10 —
0.08 —
i - (,/C,=0.02
%= (C,/C, =0.05
0.06 — . .
—+— ¢,/C, =0.07
0.04 T T T T T T T T T
1.00 1.20 1.40 1.60 1.80 2.00

Fig. 7. The maximum exergetic efficienepx max versus the temperature
ratio of two reservoirsly/ 7. with n. = 0.83, 5, = 0.87, Ny = 3.2, and
N =3.6.

ferences represented by Figs. 2 and 3 are revealed by thdo obtain the maximum exergetic efficiency when the tem-

various slopes of these lines.

perature ratidy/ 7, increases, the cooling rate is increased.

The exergetic efficiencies plotted against the dimension- However, in this case, the net power input must also be in-
less cooling rateQ /C,, and the dimensionless net power creased simultaneously.

input Win net/ C, respectively, are presented in Figs. 5 and 6.

The influences of the temperature ratio of two reservoirs

It is shown that there exists a maximum value of exergetic 74/7. on the maximum exergetic efficienyex max are
efficiency when either the dimensionless cooling rate or the shown in Fig. 7. It is seen that the maximum exergetic ef-
dimensionless net power input is varied. Moreover, in order ficiency varies according to the temperature ratigy 7y .
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0.08

and 9. When the isentropic temperature ratidgs chosen

to be a fixed value, there exists a maximum value of exer-
getic efficiency, as in Fig. 8. This phenomenon helps in al-
locating a fixed total thermal conductance between two heat
exchangers to obtain a greater, or even maximum exergetic
efficiency. Fig. 9 presents the maximum exergetic efficiency
that an irreversible Brayton refrigeration cycle can reach by
adjusting the allocation beten two heat exchangers, where
the isentropic temperature ratio is always chosen as the op-
timum value. Moreover, the exergetic efficiency can also be
optimized by searching the optimum allocation of the heat
transfer surface areas of the two heat exchangers for the fixed
total heat transfer surface area of the two heat exchangers.

4. Conclusion

0.20 040 0.60 0.80 1.00 Exergetic efficiency optimization for a steady-flow irre-
__ N versible Brayton refrigeration cycle by considering the isen-
Ny+N, tropic temperature ratio and the thermal conductance al-

Fig. 8. The exergetic efficiencynex versus the allocation factor location factor a_s parameters. has .b.een investigated in this
2= NL/(Ni + NL) With 50 = n = 0.87, (1 /Cop = 0.0L, Ty, = Th4/1.2 paper. T_he maximum exe_rgch _eff|C|ency occurs when the
andy—13. isentropic temperature ratio is slightly greater than the tem-
perature ratio of two reservoirs. The exact solution of the op-

0.14 timum isentropic temperature ratio can also be determined.
The corresponding values of the system performances can
. be employed as important criteria to design and evaluate an
irreversible Brayton refrigeration system. The influences of
some parameters such as heat leak between heat reservoirs
and temperature ratio of two reservoirs, on the maximum
exergetic efficiency are discussed. Moreover, when the isen-
tropic temperature ratio is chosen as either a fixed value or
just the optimum value, the optimum allocation of a fixed to-
tal thermal conductance between two heat exchangers can be
obtained by numerical calculations. The results show that the
method of exergetic efficiency optimization is more practical
and effective than those by traditional methods or objective
indices.

Uex,max

0.12 —

0.10 —

0.08 —
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