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Abstract

On the basis of an endoreversible absorption refrigeration cycle model with Newton’s heat transfer law, an irreversible four-heat
cycle model with another linear heat transfer law ofQ ∝ �(T −1) is built by taking account the heat leak and heat resistance losses
fundamental optimal relation between the coefficient of performance (COP) and the cooling load, the maximum COP and the corr
cooling load, as well as the maximum cooling load and the corresponding COP of the cycle with another linear heat transfer law c
constant-temperature heat reservoirs are derived by using finite-time thermodynamics. The optimal distribution relation of the he
surface areas is also obtained. Moreover, the effects of the cycle parameters on the COP and the cooling load of the cycle
by detailed numerical examples. The results obtained herein are of importance to the optimal design and performance improve
four-heat-reservoir absorption refrigeration cycle.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

The absorption refrigerators can be driven by ‘low-gra
heat energy such as waste heat in industries, solar en
and geothermal energy, and have a large potential for re
ing the heat pollution for the environment. Thus, absorp
refrigerators for industrial and domestic use are genera
renewed interest throughout the world. In the last ye
finite-time thermodynamics [1–6] was applied to the perf
mance study of absorption refrigerators [7–20], and a lo
results, which are different from those by using the cla
cal thermodynamics, have been obtained. Yan et al. [8–
Goktun [11], Bejan et al. [12,13] and Chen et al. [14] a
alyzed the performance of the three-heat-reservoir end
versible [8–10,12,13] and irreversible [11,14] absorption
frigeration cycles with Fourier’s heat transfer law [21]. Ch
et al. [15–17] studied the performance of the three-h
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reservoir endoreversible [15,16] and irreversible [17]
sorption refrigeration cycles with another linear heat tra
fer law, i.e., linear phenomenological heat transfer l
Q ∝ �(T −1). A three-heat-reservoir absorption refrigera
is a simplified model that the temperature of a condens
equal to that of an absorber, but a real absorption refrige
is not. Therefore, a four-heat-reservoir absorption refrig
tion cycle model is closer to a real absorption refrigera
The performance of the four-heat-reservoir absorption
frigeration cycle with Fourier’s heat transfer law was stud
by Chen [18], Shi et al. [19] and Zheng et al. [20]. On t
basis of these research work, a four-heat-reservoir abs
tion refrigeration cycle model with linear phenomenologi
heat transfer law, which included the heat leak from the he
sink to the cooled space and the finite-rate heat transfe
tween the working fluid and the external heat reservoirs
established in this paper. The fundamental optimal rela
between the COP and the cooling load, the maximum C
and the corresponding cooling load, as well as the maxim
cooling load and the corresponding COP of the cycle c
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Nomenclature

a distribution rate of the total heat reject quantity
between the condenser and the absorber

A total heat-transfer surface area of the heat
exchangers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

A1 heat-transfer surface area of the generator . . m2

A2 heat-transfer surface area of the evaporator . m2

A3 heat-transfer surface area of the condenser . m2

A4 heat-transfer surface area of the absorber . . m2

KL heat leak coefficient . . . . . . . . . . . . . . . . . . . kW·K
QL rate of heat leak. . . . . . . . . . . . . . . . . . . . . . . . . kW
Q1 rate of heat absorbed from heat source . . . . kW
Q2 rate of heat absorbed from cooled space . . . kW
Q3 rate of heat released from the condenser

to heat sink . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
Q4 rate of heat released from the absorber

to heat sink . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
R cooling load . . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
Rmax maximum cooling load . . . . . . . . . . . . . . . . . . kW
Rε cooling load at the maximum COP . . . . . . . kW
TH temperature of heat source. . . . . . . . . . . . . . . . . K
TM temperature of heat sink . . . . . . . . . . . . . . . . . . . K
TL temperature of cooled space . . . . . . . . . . . . . . . K
TO temperature of heat sink . . . . . . . . . . . . . . . . . . . K
T1 temperature of working fluid in the generator K

T2 temperature of working fluid in the
evaporator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K

T3 temperature of working fluid in the
condenser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K

T4 temperature of working fluid in the absorber K
U1 heat-transfer coefficients of the

generator. . . . . . . . . . . . . . . . . . . . . . . . kW·K·m−2

U2 heat-transfer coefficients of the
evaporator . . . . . . . . . . . . . . . . . . . . . . kW·K·m−2

U3 heat-transfer coefficients of the
condenser . . . . . . . . . . . . . . . . . . . . . . . kW·K·m−2

U4 heat-transfer coefficients of the
absorber . . . . . . . . . . . . . . . . . . . . . . . . kW·K·m−2

U total heat exchanger inventory . . . . . . . . . kW·K
Greek symbols

τ cycle period
τ1 ratio of the temperature of the condenser-side

heat sink and the evaporator-side heat source
τ2 ratio of the temperatures of the generator-side

heat source and the absorption-side heat sink
ε COP
εmax maximum COP
εR COP at the maximum cooling load
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pled to constant-temperature heat reservoirs are derived. Th
results can provide the theoretical bases for the optima
sign and operation of real absorption refrigeration opera
at four temperature levels.

2. Physical model

A four-heat-reservoir irreversible absorption refrigerat
cycle with linear phenomenological heat transfer law t
consists of a generator, an evaporator, an absorber a
condenser, is shown in Fig. 1. The flow of the worki
fluid in the cycle system is stable and the different pa
of the working fluid exchange heat with the heat reserv
at temperatureTH , TL, TO andTM during the full timeτ ,
whereas there are thermal resistances between the workin
fluid and the external heat reservoirs. Therefore, the co
sponding working fluid temperatures areT1, T2, T3 andT4,
respectively. The cooling load of absorption refrigerat
is always smaller thanQ2 because of the heat leak fro
the environmental reservoirto the cooled space. Work in
put required by the solution pump in the system is ne
gible relative to the energy input to the generator and
often neglected for the purpose of analysis. From the
law of thermodynamics and the second law of thermo
namics, one hasQ1/T1 + Q2/T2 − Q3/T3 − Q4/T4 = 0
andQ1 + Q2 − Q3 − Q4 = 0. It is assumed that the he
transfers between the working fluid in the heat exchange
a

and the external heat reservoirs are carried out under
nite temperature difference and obey linear phenomeno
cal heat transfer law, and these heat exchange process
isothermal and the equations of heat transfer may be wr
as

Q1 = U1A1
(
T −1

1 − T −1
H

)
τ

Q2 = U2A2
(
T −1

2 − T −1
L

)
τ

Q3 = U3A3
(
T −1

O − T −1
3

)
τ

Q4 = U4A4
(
T −1

M − T −1
4

)
τ

QL = KL

(
2T −1

L
− T −1

M
− T −1

O

)
τ (1)

whereU1, U2, U3 andU4 are, respectively, the overall hea
transfer coefficients of the generator, evaporator, conde
and absorber;KL is the heat leak coefficient, andA1, A2,
A3 andA4 are, respectively, the heat-transfer surface a
of the generator, evaporator, condenser and absorber. T
tal heat-transfer surface area is

A = A1 + A2 + A3 + A4 (2)

Defining the parametera (the distribution rate of the to
tal heat reject quantity between the condenser and the
sorber):

a = Q4/Q3 (3)
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Fig. 1. A four-heat-reservoir irreversible absorption cycle model.

3. Fundamental optimal relation

According to the standard definitions of the COPε)
and the cooling load(R) of an absorption refrigerator, on
obtains

ε = R

Q1
= Q2 − QL

Q1
= Q2

Q1

(
1− QL

Q2

)

= T −1
3 + aT −1

4 − (1+ a)T −1
1

(1+ a)T −1
2 − T −1

3 − aT −1
4

×
{

1− qL

A

{[
(1+ a)T −1

2 − T −1
3 − aT −1

4

]

× [
U1

(
T −1 − T −1)[T −1 + aT −1 − (1+ a)T −1]]−1
1 H 3 4 1
+ 1

U2(T
−1
2 − T −1

L )

+ T −1
2 − T −1

1

U3(T
+1
O − T −1

3 )[T −1
3 + aT −1

4 − (1+ a)T −1
1 ]

+ a(T −1
2 − T −1

1 )

U4(T
−1
M − T −1

4 )[T −1
3 + aT −1

4 − (1+ a)T −1
1 ]

}}

(4)

and

R = Q2 − QL

τ

= A

{
(1+ a)T −1

2 − T −1
3 − aT −1

4

U1(T
−1
1 − T −1

H )[T −1
3 + aT −1

4 − (1+ a)T −1
1 ]

+ 1

U2(T
−1
2 − T −1

L )

+ T −1
2 − T −1

1

U3(T
−1
O − T −1

3 )[T −1
3 + aT −1

4 − (1+ a)T −1
1 ]

+ a(T −1
2 − T −1

1 )

U4(T
−1
M − T −1

4 )[T −1
3 + aT −1

4 − (1+ a)T −1
1 ]

}−1

− qL (5)

whereqL = QL/τ . For the sake of convenience, letb1 =
T −1

3 , b2 = (1 + a)T −1
1 , b3 = (1 + a)T −1

2 , b4 = aT −1
4 ,

C = qL/A andC = qL/A. Then, Eqs. (4) and (5) may b
rewritten as

ε = b1 + b4 − b2

b3 − b1 − b4

×
{

1− C

[
b3 − b1 − b4

U1(
b2

1+a
− T −1

H )(b1 + b4 − b2)

+ 1

U2(
b3

1+a
− TL)

+ b3 − b2

U3(1+ a)(T −1
O − b1)(b1 + b4 − b2)

+ a(b3 − b2)

U4(T
−1
M − b4

a
)(b1 + b4 − b2)

]}
(6)

R = A

[
b3 − b1 − b4

U1(
b2

1+a
− T −1

H )(b1 + b4 − b2)
+ 1

U2(
b3

1+a
− TL)

+ b3 − b2

U3(1+ a)(T −1
O − b1)(b1 + b4 − b2)

+ a(b3 − b2)

U4(T
−1
M − b4

a
)(b1 + b4 − b2)

]−1

− qL (7)

3.1. The maximum COP and the corresponding cooling
load

Using Eq. (6) and the extremal conditions∂ε/∂b1 = 0,
∂ε/∂b2 = 0,∂ε/∂b3 = 0 and∂ε/∂b4 = 0, one can derive th
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temperatures of the working fluid in the generator, absor
condenser and evaporator which correspond the maxim
COPεmax as follows

T1 = T1ε = 1/
[
T −1

H + x
(
T −1

M − B
)]

T2 = T2ε = 1/
[
T −1

L + y
(
T −1

M − B
)]

T3 = T3ε = 1/
[
T −1

O − z
(
T −1

M − B
)]

T4 = T4ε = 1/B (8)

where

B = (1+ a)U4T
−1
M C−1 − [y(1+ a) + a + z] − √

B1

(1+ a)U4C−1

B1 = [
y(1+ a) + a + z

]2 − (1+ a)U4
(
aT −1

M + T −1
O

)
C−1

+ (1+ a)2U4T
−1
L C−1

x = (U4/U1)
1/2, y = (U4/U2)

1/2

z = (U4/U3)
1/2

Substituting Eq. (8) into Eqs. (4) and (5), one obtain
maximum COP

εmax= D1

D2

[
1− qL

A
× (1+ a)(xD2 + yD1) + (z + a)D3

(1+ a)D1U4(T
−1
M − B)

]

(9)

and the corresponding cooling load

Rε = A(1+ a)D1U4(T
−1
M − B)

(1+ a)(xD2 + yD1) + (z + a)D3
− qL (10)

where

D1 = aB + T −1
O − (1+ a)T −1

H − (
T −1

M − B
)[

z + (1+ a)x
]

D2 = (1+ a)T −1
L − aB − T −1

O + (
T −1

M − B
)[

y(1+ a) + z
]

D3 = D1 + D2

εmax and Rε are two important parameters of absorpt
refrigerators. They determine the upper bound of the C
and the lower bound of the cooling load.

Using Eqs. (1) and (8) one can obtain the optim
distribution relation of the heat-transfer surface areas
follows

A1

A2
= xD2

yD1
,

A3

A4
= z

a

A1 + A2

A3 + A4

= {
(1+ a)

(
xT −1

L − yT −1
H

)
+ (y − x)

[
T −1

O + aB − z
(
T −1

M − B
)]}

× {
(z + a)

[
T −1

L − T −1
H + (y − x)

(
T −1

M − B
)]}−1

(11)

From Eqs. (2) and (11), one can find the relations betw
the heat-transfer surface areas and the total heat-tra
surface areaA as follows
r

A1 = xD2A

×{
(1+ a)

(
xT −1

L − yT −1
H

) + (y − x)
(
T −1

O + aB
)

+ (z + a)
(
T −1

L − T −1
H

) + a(y − x)
(
T −1

M − B
)}−1

(12)

A2 = yD1A

× {
(1+ a)

(
xT −1

L − yT −1
H

) + (y − x)
(
T −1

O + aB
)

+ (z + a)
(
T −1

L − T −1
H

) + a(y − x)
(
T −1

M − B
)}−1

(13)

A3 = zD3A

× {
(1+ a)

[
(1+ a)

(
xT −1

L − yT −1
H

)
+ (y − x)

(
T −1

O + aB
)

+ (z + a)
(
T −1

L − T −1
H

) + a(y − x)
(
T −1

M − B
)]}−1

(14)

A4 = aD3A

× {
(1+ a)

[
(1+ a)

(
xT −1

L − yT −1
H

)
+ (y − x)

(
T −1

O + aB
)

+ (z + a)
(
T −1

L − T −1
H

) + a(y − x)
(
T −1

M − B
)]}−1

(15)

3.2. The maximum cooling load and the corresponding
COP

Using Eq. (7) and the extremal conditions∂R/∂b1 = 0,
∂R/∂b2 = 0, ∂R/∂b3 = 0 and∂R/∂b4 = 0, one can derive
the temperatures of the working fluid in the genera
absorber, condenser and evaporator which the maxim
Rmax as follows

T1 = T1R = 1/
[
T −1

H + x
(
T −1

M − E
)]

T2 = T2R = 1/
[
T −1

L + y
(
T −1

M − E
)]

T3 = T3R = 1/
[
T −1

O − z
(
T −1

M − E
)]

T4 = T4R = 1/E (16)

where

E = [x(1+ a) + a + 2z]T −1
M + (1+ a)T −1

H − T −1
O

2[x(1+ a) + a + z]
Substituting Eq. (16) into Eqs. (4) and (5) yields t
maximum cooling load

Rmax= A(1+ a)F1U4(T
−1
M − E)

(1+ a)(xF2 + yF1) + (z + a)F3
− qL (17)

and the corresponding COP

εR = F1

F2

[
1− qL

A
× (1+ a)(xF2 + yF1) + (z + a)F3

(1+ a)F1U4(T
−1
M − E)

]

(18)

where
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F1 = T −1
O − (1+ a)T −1

H + aE − [
(1+ a)x + z

](
T −1

M − E
)

F2 = (1+ a)T −1
L − T −1

O − aE + [
(1+ a)y + z

](
T −1

M − E
)

F3 = F1 + F2

Using Eqs. (1) and (16) one can obtain the optim
distribution relation of the heat-transfer surface areas
follows

A1

A2
= xF2

yF1
,

A3

A4
= z

a

A1 + A2

A3 + A4

= {
(1+ a)

(
xT −1

L − yT −1
H

)
+ (y − x)

[
T −1

O + aE − z
(
T −1

M − E
)]}

× {
(z + a)

[
T −1

L − T −1
H + (y − x)

(
T −1

M − E
)]}−1

(19)

From Eqs. (2) and (19), one can find the relations betw
the heat-transfer surface areas and the total heat-tra
surface areaA as follows

A1 = xF2A

× {
(1+ a)

(
xT −1

L − yT −1
H

) + (y − x)
(
T −1

O − aE
)

+ (z + a)
(
T −1

L − T −1
H

) + a(y − x)
(
T −1

M − E
)}−1

(20)

A2 = yF1A

× {
(1+ a)

(
xT −1

L − yT −1
H

) + (y − x)
(
T −1

O − aE
)

+ (z + a)
(
T −1

L − T −1
H

) + a(y − x)
(
T −1

M − E
)}−1

(21)

A3 = zF3A

× {
(1+ a)

[
(1+ a)

(
xT −1

L − yT −1
H

)
+ (y − x)

(
T −1

O − aE
)

+ (z + a)
(
T −1

L − T −1
H

) + a(y − x)
(
T −1

M − E
)]}−1

(22)

A4 = aF3A

× {
(1+ a)

[
(1+ a)

(
xT −1

L − yT −1
H

)
+ (y − x)

(
T −1

O − aE
)

+ (z + a)
(
T −1

L − T −1
H

) + a(y − x)
(
T −1

M − E
)]}−1

(23)

3.3. Fundamental optimal relation

Combining Eqs. (6), (7), and the extremal conditio
∂ε/∂b1 = 0, ∂ε/∂b2 = 0, ∂ε/∂b3 = 0, ∂ε/∂b4 = 0,
∂R/∂b1 = 0, ∂R/∂b2 = 0, ∂R/∂b3 = 0 and ∂R/∂b4 = 0
yields a general relation

U
1/2
1

[
b2/(1+ a) − T −1

H

] = U
1/2
2

[
b3/(1+ a) − T −1

L

]
= U

1/2(
T −1 − b1

) = U
1/2(

T −1 − b4/a
)

(24)
3 O 4 M
r

One can prove further that Eq. (24) also holds for ot
optimum states of absorption refrigerators. Substituting
solutions of Eq. (24) into Eqs. (4) and (5) yields

ε = T −1
O − (1+ a)T −1

H + b4 − [(1+ a)x + z](T −1
M − b4/a)

(1+ a)T −1
L − T −1

O − b4 + [(1+ a)y + z](T −1
M − b4/a)

× R

R + qL

(25)

R = {
U4A(1+ a)

(
T −1

M − b4/a
){

T −1
O − (1+ a)T −1

H

+ b4 − [
(1+ a)x + z

](
T −1

M − b4/a
)}}

× {
(1+ a)

(
xT −1

L − yT −1
H

) + (y − x)
(
T −1

O − b4
)

+ (z + a)
(
T −1

L − T −1
H

) + (y − x)
(
aT −1

M − b4
)}−1

− qL (26)

Eliminating b4 from Eqs. (25) and (26) yields a fund
mental optimum relation of an irreversible absorption refr
erator, which can be used directly to analyze the influenc
major irreversibilities on the performance of an irreversi
absorption refrigerator and to plot the characteristic curv
an irreversible absorption refrigerator with linear pheno
enological heat transfer law, as shown by curve a in Fig
It exhibits a loop-shaped one. The characteristic curve
an endoreversible absorption refrigerator with the sole i
versibility of heat resistance is also illustrated, see curve
Fig. 2. It is similar to a parabola. Fig. 2 shows the differen
of the characteristic curves between an irreversible absorp
tion refrigerator with heat resistance and heat leak losses a
an endoreversible one with heat resistance loss. In the
culation,A = 1100 m2, TO = 303 K, TH = 403 K, TM =
305 K, TL = 273 K, a = 1.5, U1 = 682.223 kW·K·m−2,
U2 = 458.167 kW·K·m−2 U3 = 1622.5 kW·K·m−2, U4 =
1452.06 kW·K·m−2, KL = 104.284 kW·K are set [7,22].

Fig. 2. The optimal COPε versus the cooling loadR.
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4. Results and discussion

4.1. It is seen from Fig. 2 that theR−ε characteristic
curve of an irreversible absorption refrigerator with line
phenomenological heat transfer law is divided into th
parts by the three operating states ofε = 0, ε = εR and
ε = εmax. When the absorption refrigerator is operated
those parts of theR−ε curve that have a positive slope, t
COP decreases as the cooling load decreases. These r
are not the optimal operating regions. The optimal opera
region of an absorption refrigerator should be situated in
part of theR−ε curve that has a negative slope. In suc
case, the COP will increase as the cooling load decrea
and vice versa. Thus, the COP and cooling load should
respectively, constrained by

εR � ε � εmax, Rmax � R � Rε (27)

According to Eq. (27), one can determine that the opti
regions of the temperatures of the working fluid in the h
exchangers are

Fig. 3. The influence ofτ1 on the maximum COPεmax versusa.

Fig. 4. The influence ofτ1 on the cooling loadRε versusa.
ns

,

T1ε � T1 � T1R, T2ε � T2 � T2R

T3R � T3 � T3ε, T4R � T4 � T4ε (28)

4.2. In order to discuss the optimal performance, defin
the ratioτ1 = TO/TL of the temperature of the condens
and the evaporator, and the ratioτ2 = TH/TM of the
temperature of the generator and the absorption. One
analyze the performance numerically. In the calculation, the
cycle parameters are set as same as stated above.

The influences ofτ1 on the maximum COPεmax and
the corresponding cooling loadRε, the maximum cooling
loadRmax and the corresponding COPεR of the four-heat-
reservoir irreversible absorption refrigeration cycle w
linear phenomenological heat transfer law versusa with
TH = 403 K is shown in Figs. 3–6. Figs. 3–6 show th
for a fixed a, εmax, Rε , Rmax and εR decrease with the
increase ofτ1. Whena is larger than one value, the influen
of τ1 on εmax, Rε, Rmax and εR are less. For a fixeda,

Fig. 5. The influence ofτ1 on the maximum cooling loadRmax versusa.

Fig. 6. The influence ofτ1 on the COPεR versusa.
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there is an extremal point atτ1 = 1.1172 for the cycle.
Whenτ1 < 1.1172,εmax� 0.6708,Rε � 12.3,Rmax� 22.8,
εR � 0.3802 andεmax, Rε, Rmax and εR decrease with
the increase ofa; and whenτ1 > 1.1172,εmax < 0.6708,
Rε < 12.3, Rmax < 22.8, εR < 0.3802 andεmax, Rε, Rmax
and εR increase with the increase ofa. These imply that
they will reach their asymptotic values, i.e.,εmax→ 0.6708,
Rε → 12.3, Rmax → 22.8, εR → 0.3802 whena tend to
infinity.

The influences ofτ2 on the maximum COPεmax and
the corresponding cooling loadRε , the maximum cooling
loadRmax and the corresponding COPεR of the four-heat-
reservoir irreversible absorption refrigeration cycle w
linear phenomenological heat transfer law versusa with
TO = 313 K is shown in Figs. 7–10. Figs. 7–10 show that
a fixeda, εmax, Rε, RmaxandεR increase with the increase
τ2. Hereτ1 > 1.1172 holds,εmax, Rε, Rmax andεR increase
with the increase ofa.

4.3. The performance optimization can be carried
by optimizing the distribution of the heat exchanger to

Fig. 7. The influence ofτ2 on the maximum COPεmax versusa.

Fig. 8. The influence ofτ2 on the cooling loadRε versusa.
inventory [12]. If one useUA = U1A1 + U2A2 + U3A3 +
U4A4 to replaceA = A1 + A2 + A3 + A4, i.e., using
the distribution of the heat conductance to replace
distribution of the heat-transfer surface areas, one can obta
the optimal distribution relation of the heat conductance
follows

U1A1

U2A2
= T −1

O − (1+ a)T −1
H + b4 − (2+ a)

(
T −1

M − b4

a

)

U3A3

U4A4
= 1

a

U1A1 + U2A2 = U3A3 + U4A4 = UA

2
(29)

and the cooling load and the COP are

ε = T −1
O − (1+ a)T −1

H + b4 − (2+ a)(T −1
M − b4/a)

(1+ a)T −1
L − T −1

O − b4 + (2+ a)(T −1
M − b4/a)

× R

R + qL

(30)

Fig. 9. The influence ofτ2 on the maximum cooling loadRmax versusa.

Fig. 10. The influence ofτ2 on the COPεR versusa.
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R = {
UA

(
T −1

M − b4/a
)[

T −1
O − (1+ a)T −1

H + b4

− (2+ a)
(
T −1

M − b4/a
)]}

× {
2
(
T −1

L − T −1
H

)}−1 − qL (31)

Eliminating b4 from Eqs. (30) and (31) yields a fund
mental optimum relation of an irreversible absorption refr
erator.

4.4. When KL = 0, the four-heat-reservoir irreversib
absorption refrigeration cycle with linear phenomenolo
cal heat transfer law becomes the four-heat-reservoir end
versible absorption refrigeration cycle with linear pheno
enological heat transfer law.From the calculation, theR−ε

characteristic curve of an endoreversible absorption refri
ator is a parabola curve, i.e., there are the maximum coo
load and the corresponding COP, and whenε attains a maxi-
mum value, the corresponding cooling load is zero, as sh
by curve b in Fig. 2. On the contrary, theR−ε characteris-
tic curve exhibits a loop-shape with heat leak, i.e., there
the maximum COPεmax and the corresponding cooling loa
Rε , the maximum cooling loadRmax and the correspondin
COP εR . Thus, heat leak has changed theR−ε character-
istic. TheR−ε characteristic of real absorption refrigerator
curve exhibits a loop-shape, as shown in Ref. [7], theref
it is necessary to consider the influence of heat leak on
performance besides the heat resistance loss.

4.5. The results of this paper include the optimal perf
mance of the three-heat-reservoir irreversible refrigera
cycle with linear phenomenological heat transfer law wh
included heat resistance and heat leak losses, the two-hea
reservoir irreversible refrigeration cycle which included h
resistance and heat leak losses, the four-heat-reservo
doreversible refrigeration cycle, the three-heat-reservoir
doreversible refrigeration cycle and the two-heat-reser
endoreversible refrigeration cycle.

Case 1. KL = 0.

If there is only heat resistance loss, i.e.,KL = 0, elimi-
natingb4 from Eqs. (25) and (26) yields a fundamental op
mum relation of an endoreversible absorption refrigerato
follows

R = {
AU4(1+ a)

[(
1+ ε−1)(aT −1

M + T −1
O

)
− (1+ a)

(
T −1

L + T −1
H ε−1)]}

× [
(1+ a)

(
y + xε−1) + (

1+ ε−1)(z + a)
]−2 (32)

The four-heat-reservoir irreversible refrigeration cycle w
heat resistance and heat leak losses becomes the four
reservoir endoreversible absorption refrigeration cycle w
heat resistance loss.

Case 2. a = 1, TM = TO andU3 = U4.
-

-

t-

When a = 1, TM = TO and U3 = U4, the four-heat-
reservoir irreversible refrigeration cycle becomes the th
heat-reservoir irreversible refrigeration cycle with line
phenomenological heat transfer law which included h
resistance and heat leak losses,and the cooling load and th
COP are

ε = (x + 1)b4 − T −1
H − xT −1

M

T −1
L + yT −1

M − (y + 1)b4
× R

R + qL

(33)

R = 2U4A(T −1
M − b4)[(x + 1)b4 − T −1

H − xT −1
M ]

[(1+ x)T −1
L − (1+ y)T −1

H ] + (y − x)(T −1
M − b4)

− qL (34)

Eliminating b4 from Eqs. (33) and (34) yields a fun
damental optimum relation of an irreversible three-he
reservoir absorption refrigerator.

If TH → ∞ further, the four-heat-reservoir irreversib
refrigeration cycle becomes the two-heat-reservoir i
versible refrigeration cycle with another linear heat tra
fer law which included heat resistance and heat leak lo
[23,24].

Case 3. a = 1, TM = TO , U3 = U4 andKL = 0.

If a = 1, TM = TO andU3 = U4, the four-heat-reservo
irreversible refrigeration cycle becomes the three-heat-re
endoreversible refrigeration cycle with linear phenome
logical heat transfer law which included the only loss of h
resistance [17]. The fundamental optimum relation of t
refrigeration cycle is given by

R = AU4[(1+ ε−1)(T −1
M + T −1

O ) − (T −1
L + T −1

H ε−1)]
2[(y + xε−1) + (1+ ε−1)]2 (35)

If TH → ∞ further, the four-heat-reservoir irreversib
refrigeration cycle becomes the two-heat-reservoir end
versible refrigeration cycle with linear phenomenologi
heat transfer law which included the only loss of heat
sistance [25].

5. Conclusion

The performance of the four-heat-reservoir irrevers
absorption refrigeration cycle with linear phenomenolo
cal heat transfer law, which included the heat leak fr
the heat sink to the cooled space and the finite-rate
transfer, are analyzed and optimized by using finite-time
thermodynamics in this paper. Moreover, the effects of
cycle parameters on the COP and the cooling load
the cycle are studied by detailed numerical examples.
ranges of the selection for the practice parameters the
heat-reservoir irreversible absorption refrigeration cycle
derived. The results of this paper have quite commo
significance, and include theoptimal performance of al
most all kinds of the refrigeration cycles with linear ph
nomenological heat transfer law (the three-heat-rese
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irreversible refrigeration cycle, the two-heat-reservoir
reversible refrigeration cycle, the four-heat-reservoir
doreversible refrigeration cycle, the three-heat-reservoir
doreversible refrigeration cycle and the two-heat-reser
endoreversible refrigeration cycle, see Section 4.5). T
the results obtain herein have realistic significance
may provide some new theoretical guidance for the
timal design and performance improvement of refrige
tors.
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