Chin. Phys. B  Vol. 25, No. 6 (2016) 060507
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In this paper, based on the generalized heat transfer law, an air conditioning system is analyzed with the entropy
generation minimization and the entransy theory. Taking the coefficient of performance (denoted as COP) and heat flow
rate Qoye Which is released into the room as the optimization objectives, we discuss the applicabilities of the entropy
generation minimization and entransy theory to the optimizations. Five numerical cases are presented. Combining the
numerical results and theoretical analyses, we can conclude that the optimization applicabilities of the two theories are
conditional. If Qg is the optimization objective, larger entransy increase rate always leads to larger Qqy, While smaller
entropy generation rate does not. If we take COP as the optimization objective, neither the entropy generation minimization
nor the concept of entransy increase is always applicable. Furthermore, we find that the concept of entransy dissipation is

not applicable for the discussed cases.
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1. Introduction

Air conditioning systems are widely used in many build-
ings. The analyses and optimizations of air conditioning sys-
tems have attracted more and more attention because they
are very important for energy conservation and the reduc-
tion of cost.['~1%1 In order to improve the system performance
and increase the energy utilization, some optimization the-
ories have been developed, such as the entropy generation
minimization!''! and the entransy theory.®!

The entropy generation minimization has been widely
used in the analyses and optimizations of thermal
systems.!2=171 In air conditioning systems, this theory has also
been applied.!'®!°] However, some researchers further found
that the entropy generation minimization does not always lead
to the optimal performances for different optimization objec-
tives. For example, when the refrigeration capacity is not
fixed, Klein and Reind1™®"! found that minimizing the entropy
generation rate does not always result in the same design as
maximizing the system performance, and when larger heat
flow into the high temperature heat source is the objective,
the entropy generation minimization is not always applicable,
either. (%]

The entransy theory was proposed by Guo et al.!*! for
heat transfer and it has been widely applied to analyzing heat
transfer processes.!?!3?] This theory has also been extended
to the analyses of thermodynamic processes.*3—3¢) Cheng and

Liang?3! defined a new concept of entransy loss rate. For the
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discussed systems, it was shown that the entransy loss rate
maximum results in the output power maximum.

For the heat pump system, Chen ez al.!'®) applied the en-
tropy concept to its optimization. But Klein and Reindl!?!
found that the entropy generation rate minimum does not al-
ways result in the best system performance. So the discussion
of the applicability of the entropy generation minimization to
the heat pump systems is still necessary. Recently, Cheng and
Liang 810191 used the entransy theory to analyze air condition-
ing systems. They found that the concept of entransy increase
is applicable for the analyses of the heat flow into the high
temperature heat source. However, there are not many papers
on the analyses of air conditioning systems with the entransy
theory. Further investigations are still necessary.

In this paper, based on the generalized heat transfer law,
an air conditioning system is analyzed with the entransy the-
ory and the entropy generation minimization. The coefficient
of performance (denoted as COP) and the heat flow rate Qgy
which is released into the high temperature heat source are
taken as the optimization objectives, and the applicabilities of
the entropy generation minimization and the entransy theory
to the optimizations are also discussed.

2. Entransy theory and entropy generation min-
imization
In the analogy between the electrical and heat conduc-

tions, Guo et al.>!! noted that the thermal system lacks the
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parameter corresponding to the electrical potential energy.
With this consideration, they proposed the concept of entransy,

which can be expressed as36-37]
G= L ur 1)
=S UT.

where U is the internal energy and 7 is the temperature. It
is shown that this concept can describe the potential energy of
heat in an object, and reflect the thermal energy of thermomass
for the object.[*”] In practical heat transfer, it was proved that
there always exists entransy dissipation.?*-38] With the con-
cepts of entransy, entransy flow and entransy dissipation, the
principle of least action and the entransy balance equation in
heat transfer can be obtained.*”! Then, the extremum entransy
dissipation principle and the minimum entransy dissipation
based thermal resistance principle for heat transfer were de-
veloped and applied to the analyses and optimizations of many
heat transfer processes.[?1-32-36-441

Furthermore, Cheng and Liang®¥ and Cheng et al.3*
proposed the concept of work entransy, with which the en-
transy balance equation for thermodynamic cycles can be set
up. Then, the concept of entransy loss was developed.* For
a thermodynamic system, it was shown that entransy loss is the
difference between the entransy flows that get into and out of
the system, and the consumed entransy.?*371 When there is no
work done in the thermodynamic system, the thermodynamic
system becomes a heat transfer system, and the entransy loss
equals the entransy dissipation.3”! Cheng and Liang!33! found
that larger entransy loss leads to larger output work when some
conditions are satisfied. In some application cases, the concept
of entransy loss was found to be effective for the analyses and
optimizations of some thermodynamic systems. [33-37:43-481

However, some researchers**>% thought that the en-
transy theory was a copy of the entropy generation minimiza-
tion, or gave the same optimization results as those of the en-
tropy generation minimization. In heat transfer and thermody-
namic cycles, many comparisons showed that the two theories
are different.[22-2433:3437] We also did some work on the anal-
yses of an endoreversible Carnot heat engine with the entransy
theory and the entropy generation minimization.®!l The re-
sults showed that the two theories are not the same, and the
major problems in Ref. [51] were pointed out. In the present
work, this issue will also be discussed in the analyses of an air

conditioning system.

3. The discussed air conditioning system

The discussed air conditioning system is shown in
Fig. 1.[8
In this system, the heat flow rate Qj,, which is from

the environment at temperature 7p, flows into the Carnot heat

pump, which works between temperatures 71 and 7,. During
the cycle, the input power is P, and the heat flow rate Qg
is released to the room at temperature 7y;. The heat leak rate
Ol eak between the environment and the room is considered.

Ty room
Knuf Qout
KLeak QLcak
heat leak
AN
Ty
Kin Qin
L A4

Ty environment

Fig. 1. (color online) An air conditioning system.
We assume that the heat transfer processes satisfy the gen-

eralized heat transfer law,2-35! there are

Qin = I(in (Ton - Tln)m ; (2)
Qout = Kout (Tzn - Tﬁ)m ) (3)
OLeak = KLeax (Tl—rll - Ton)m ) @

where m and n are constants, Kj, is the product of the heat
transfer area and the corresponding heat transfer coefficient
between the environment and the working fluid of the reverse
Carnot cycle, Ko is the product of the heat transfer area and
the corresponding heat transfer coefficient between the work-
ing fluid of the reverse Carnot cycle and the room, and K ¢ax 1S
the product of the heat transfer area and the corresponding heat
transfer coefficient between the room and the environment.

Considering the energy conservation, there is

Qout = Qin+Rn~ (5)

According to the Carnot theorem, we have

Qout — E (6)
Qin T
The system COP is
Qout Qin
COP = =14+—=—. 7
B 3 )

The entropy generation rate Sy of this system isl*7!
Qout - QLeak . Qin - QLeak
Tu Ty
1 1 1 QLeak QLea.k
_ (L o\ i tp Clek (g
<TO TH)Q1n+ Tn in Tn + T 8)

According to the definition of entransy increase rate Gipc, we

Se

can obtain!®!

Ginc = (Qout - QLeak) TH - (Qin - QLeak) TO
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= (Tu —To) Qin + TuPn + ToOLeak — TuOLeak-  (9)

The entransy dissipation rate Gg;, is°!

Gis = Oin (To — T1) + Qout (o — Tit) + Oreak (T — To) . (10)

4. Numerical examples and discussion

Taking COP and Q. as the optimization objectives, we
analyze the relationships of COP, Qout, Sg, Ginc, and Ggis be-
low. Five cases will be calculated numerically.

In the first case, we assume that 7y = 300 K, 7o =275 K,
and Qj, = 200 W. When m = n = 1, the heat transfer law
is the Newton heat transfer law. With this law, we assume
Kieak = 0.8 W/K and Kj, + Koue = 30 W/K. As Kjeax, Kin, and
Kout are the products of the heat transfer areas and the corre-
sponding heat transfer coefficients, their values depend on the
size of the heat pump and the corresponding heat transfer per-
formance. So, the values may be different for different heat
pumps. In this paper, the data are set to be close to those in
Ref. [8]. With Egs. (2)—(10), the variations of COP, Qout, S,
Ginc, and Ggis with Kj, can be shown in Fig. 2.
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Fig. 2. Variations of COP, Qout, Sg» Gine» and Gg;s with K, when Oy, is
fixedandm=n=1.
It can be seen that COP reaches its maximum value for
Kin = 15.0 W/K, while Qoui, Sg, and Gipe reach their min-
However, Ggjs reaches neither its minimum
Further-
more, we can calculate two more heat transfer laws. When
we assume that m = 1.2, n. = 1.5, Kjeak = 1 x 1072 W/K'3,
and Kin + Kow = 2 W/K!8, the variations of COP, Qou, Se,
Ginc, and Ggjs with Kj, can be shown in Fig. 3. When we
assume that m = 1, n = 5, Kieak = 0.8 x 10710 W/K?, and
Kin + Kout = 3 x 1072 W/K?3, the variations of COP, Qoy, Se,
Ginc, and Ggis with Kj, can be shown in Fig. 4. From Figs. 2—

imum values.

value nor its maximum value at the same point.

4, we can find that the variation tendencies of COP, Qo Sg,
Ginc, and Ggjs in Figs. 3 and 4 are the same as those in Fig. 2.
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Fig. 3. Variations of COP, Qout, Sy, Ginc, and Gg;s with K, when Qj, is
fixed, m=12and n=1.5.
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Fig. 4. Variations of COP, Qout, Sg» Ginc, and Gg;s with Kj, when Qj, is
fixed, m=1andn=>5.

In this case, Qin, T, To, and Oy ¢,k are all given. We can
find that the variation tendencies of Qout, Sg, and Gipc are the
same as that of P, in Egs. (5), (8), and (9). Furthermore, equa-
tion (7) shows that COP and P, have opposite variation ten-
dencies, with Qj, fixed. These are the reasons why the curves
behave in the way shown in Figs. 2-4 when Qi,, Ty, Tp, and
Ol eak are prescribed.

As above, we show that both the entropy generation min-
imization and the entransy increase minimization lead to the
maximum COP in this case. On the other hand, if larger Qoy
is our objective, larger entransy increase rate leads to larger
Qout, While smaller entropy generation rate does not. This con-
clusion is consistent with that obtained by Cheng and Liang!®!
when they analyzed a heat pump system with the concepts of
entropy generation and entransy increase. Furthermore, our
results show that the concept of entransy dissipation is not ap-
plicable for the optimizations, and this conclusion is consistent
with that obtained by Cheng et al.373>1 when they reviewed
the entransy theory.
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In the second case, we assume that 7y = 300 K, Ty =
275 K, and P;, = 300 W. With Eq. (6), we can find that COP is
proportional to Qoyt, With P, fixed, which means that the vari-
ation tendencies of COP and Q,, are the same. So, we will not
calculate Qo below. Considering that the heat transfer laws
may be different, the three heat transfer laws discussed in the
first case are also analyzed here. When m = n = 1, we assume
that Kj eax = 1 W/K and Ki, + Kot = 25 W/K. With Egs. (2)—
(10), the variations of COP, Sg, Ginc, and Gg;s with K;, can be
shown in Fig. 5, which shows that COP and Gj,. both reach
their maximum values for K, = 12.6 W/K, while S, arrives at

its minimum value. At the same point, Ggis reaches neither its

of COP, Qout, Sg, Gine, and Ggis in Figs. 6 and 7 are the same
as those in Fig. 5. For different heat transfer laws, our results
show that both the entropy generation minimization and the
entransy increase maximization lead to the maximum values
of Qoue and COP. In this case, the concept of entransy dissipa-
tion is not applicable.
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Fig. 5. Variations of COP, Sy, Ginc, and Ggis with K;, when Py, is fixed
andm=n=1.

P Gdis/Gdis—max

Ginc/Gim‘,AmaX) Gdis/GdiSAmax
o
ot

Qout/QoutAma)ca COP/COPmaxa Sg/SgAmaxv

Lo S 3 1
% S 0.3 . N R
% og . * +*
g 7 : +T
e L 0.8} 1 I et 1
[ +t ":_",'.
50 O 1+t
n O HAN 0.1 R . . . . ) ) ) )
R ; 5 7 9 11 13 15
w2 0.6} —— COP/COPyax .
S ot S/ S i Kin/(W/K)
g ?é """ Gin(:/Gin(:fmax s . o N . i
A 0.4} s | Fig. 8. Variations of COP, Qout, Sg, Ginc, and Gg;s with Kj, when Ty is
o T Gais/ Gais—max K fixedandm=n=1.
% ~o02r e 1 In the third case, we assume that Ty = 300 K, Ty =
© G b e i 275 K, and T = 265 K. The three heat transfer laws are
oL - . : : also discussed here. We assume that Kje,x = 0.5 W/K and
0 0.5 1.0 1.5 2.0 2.5 72 18
K/ (W /K1) Kin+Kout =20 W/Kform=n=1, Kjeax =5 x 107~ W/K"
m

Fig. 6. Variations of COP, Sy, Ginc, and Gg;s with Kj, when P, is fixed,
m=12andn=1.5.

When m = 1.2 and n = 1.5, we assume that K =
1 x 1072 W/K'8 and Ki, + Kour = 2.5 W/K!'8. When m = 1
and n = 5, we assume that Kjey = 1 x 10719 W/K? and
Ky + Koyt = 2.5 % 10~2 W/K>. For these two heat transfer
laws, the variations of COP, Sg, Giye, and Gg;s with Kj, are

shown in Figs. 6 and 7, respectively. The variation tendencies

and Kip + Kowe = 2 W/K!'8 for m = 1.2 and n = 1.5, and
Kieak =5 x 107" W/K? and Kip, + Kout = 2 x 1072 W/K? for
m =1 and n = 5, respectively. For the three heat transfer laws,
the variations of COP, Qout, Sg, Gine> and Ggis with Kj, can be
shown in Figs. 8-10, respectively. The numerical results show
that the variation tendencies of Qou, Sg, Gine, and Gg;s are
the same, and they all increase monotonically with increasing
Kin, while COP decreases monotonically. For this case, if we

take Qg as the optimization objective, the numerical results
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show that larger values of entransy increase rate and entransy
dissipation rate lead to the larger Qoy, While smaller entropy
generation rate does not. If we take COP as the optimization
objective, we can find that the entropy generation minimiza-
tion, entransy increase minimization and entransy dissipation

minimization all lead to a maximal COP.
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Fig. 9. Variations of COP, Qout, Sg, Gine, and Ggis with K, when Ty is
fixed, m=1.2andn=1.5.
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Fig. 10. Variations of COP, Qout, Sg. Ginc, and Ggis with K, when 77 is
fixed, m=1andn=>5.

In the fourth case, we assume that 7y = 300 K, Ty =
275 K and T, = 325 K. For the three heat transfer laws, we
assume that Kje,x = 1 W/K and K, + Ko = 20 W/K when
m=n=1, Kieax = 0.1 W/K'® and K, + Koue = 2 W/K!-8
when m = 1.2 and n = 1.5, and Kiex = 1 x 10710 W/K?
and Kip + Kout = 2 x 1072 W/K> when m = 1 and n = 5, re-
spectively. The variations of COP, Qqu, Sg, Gine, and Gi;s
with Kj, are also shown in Figs. 11-13, respectively. The re-
sults show that there is a maximum value for Gy, but there
are no extremum values for COP, Qout, Sg, and Gine. Qout.
Sg, and Gijpcall decrease monotonically with increasing Kjy,
while COP increases monotonically. Therefore, if COP is our

optimization objective, the entropy generation minimization

and entransy increase minimization both lead to the maximum
COP. If larger Qo is our objective, only larger entransy in-
crease rate results in larger Qoy, while smaller entropy gener-
ation rate does not. The concept of entransy dissipation is not

applicable for the analyses for this case, either.
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Fig. 11. Variations of COP, Qout, Sg» Ginc, and Ggis with Ki, when 7 is
fixedandm=n=1.
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Fig. 12. Variations of COP, Qout, Sg» Ginc» and Ggis with Ki, when 7 is
fixed, m=12and n=1.5.
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In the fifth case, we assume that 7Ty = 300 K, T, = 265 K,
T1 =263 K, and 7> = 320 K. According to Egs. (5) and (6),

we can obtain

Qout:Qin+I:>in: 1 &:E (11)
Qin Qin Qin Tl
Then, we have
P, T-T
o2 1 (12)
O T
Therefore, with Egs. (7) and (12), there is
Qout Qin Tl
COP = =l+==1+ . (13)
Pm Pin T2 - Tl
It can be seen that COP is constant in this case. For the

three heat transfer laws, we assume that Kj c,x = 2 W/K when
m=n=1, KLeaxk = 6 x 1072 W/K!® when m = 1.2 and
n=1.5,and Kjeax = 1.7 x 10719 W/K?> whenm =1 andn =5,
respectively. The variations of COP, Qout, Sg, Gine, and Gyis
with Kj, can be shown in Figs. 14-16, respectively.

1.0t ++++++++++++++++++++++++++++++++++++

5

g

mlo

~ & 09 1
a7

5 08} ]
<9

S orf .
£

8 ‘E 06 r Qout/Qout—max 7
> 4+ COP/COPys

£ Q 0.5 4% Sg/ Sg—max 1
% é g e Ginc/Giuc—max

Og U 04¢.* T G(lis/Gdisfma‘x B
~

S

100 120 140 160 180 200 220 240
Ki!l/(w/K)
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T, are fixedandm=n=1.
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Fig. 15. Variations of COP, Qout, Sg, Ginc, and Ggis with Ki, when 77 and
T, are fixed, m = 1.2 and n = 1.5.

The results show that Qout, Sg, Gine, and Ggis all increase

monotonically with increasing Kj,. Therefore, larger entransy

dissipation rate, larger entropy generation rate, and larger en-
transy increase rate all lead to larger Qqy¢. For the analyses of
COP, none of the concepts of entransy dissipation, entransy

increase and entropy generation are applicable.
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Fig. 16. Variations of COP, Qout, Sg, Ginc, and Ggis with Ki, when 77 and
T, are fixed, m =1andn=>5.

5. Conclusions

In this paper, the applicabilities of the entropy generation
minimization and the entransy theory to the optimization anal-
ysis of an air conditioning system are discussed. Three differ-
ent heat transfer laws and five cases are analyzed numerically.

The applicabilities of the entransy theory and the entropy
generation minimization to the discussed air conditioning sys-
tem are conditional. If larger Qo is the objective, larger Gjnc
always leads to larger Qoy, While smaller entropy generation
does not. If COP is taken as the optimization objective, neither
the entropy generation minimization, nor the entransy increase
minimization (or maximization) nor the entransy dissipation
minimization (or maximization) always leads to the maximum
COP.

For the five discussed cases, the concept of entransy dissi-
pation is not applicable for the optimizations of COP nor Qgy.
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