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Entransy analysis of open thermodynamic systems
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The concept of entransy developed in recent years can describe the heat transport ability. This paper extends this concept to the
open thermodynamic system and defines the concept of enthalpy entransy. The entransy balance equation of steady open thermo-
dynamic systems, as well as the concept of entransy loss, is developed. The entransy balance equation is applied to analyzing and
discussing the air standard cycle. It is found that the entransy loss rate can describe the change in net power output from the cycle
but the entropy generation rate cannot when the heat absorbed by the working medium is from the combustion reaction of the gas
fuel. When the working medium is heated by a high temperature stream, both the maximum entransy loss rate and the minimum
entropy generation rate correspond to the maximum net power output from the cycle. Hence, the concept of entransy loss is an

appropriate figure of merit that describes the cycle performance.
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As nearly 80% of the total energy consumption is related to
heat [1], the optimization design of heat transfer and heat-
work conversion has become one of important research topics
under the increasing requirements on reducing energy con-
sumption. For instance, the design optimization could im-
prove the performance of heat exchangers and increase heat
transfer rate [1]. Optimizing the thermal conductance dis-
tribution of the heat exchanger groups could also increase
the work output in heat-work conversion [2]. Several theo-
ries have been developed for the optimal design of heat
transfer and heat-work conversion in recent years [1-7].
Bejan [4-6] developed the constructal theory and ther-
modynamic optimizations for heat transfer processes. In
heat conduction optimization of the Volume-to-Point prob-
lem, Bejan [4] developed the constructal theory, in which
the basic, imagined structure of the high conductivity mate-
rial is given, and the aspect ratio of the structure is optimized
through theoretical derivation and numerical simulation to
decrease the highest temperature of the heated domain. The
sub-structure, third degree structure, etc. are evolved to
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cover the whole domain. The constructal theory was found
to be effective for heat conduction optimization and was ex-
tended to heat convection optimizations [8—10]. Furthermore,
Bejan [4-6] related the optimal heat transfer to the mini-
mum production of entropy generation and extended this
idea into other systems. Researchers have done many inves-
tigations on heat transfer optimization based on the mini-
mum principle of entropy generation [11,12]. As the objec-
tive of this kind of optimization method is to minimize the
entropy generation, it is called thermodynamic optimization.

However, there are arguments on the constructal theory
and thermodynamic optimization in heat transfer [6,13—17].
Ghodoossi [13,14] applied the constructal theory to analyzing
the effect of the complexity levels of the tree network of
conducting paths and found that the heat flow performance
does not essentially improve if the internal complexity of
the heat generating area increases. In heat convection, Escher
et al. [16] showed that the parallel channel network achieves
a more than fivefold higher performance coefficient than the
bifurcating tree-like network with a constant flow rate, while
almost four times more heat can be removed for a constant
pressure gradient across the networks. For the minimum
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principle of entropy generation, it was noted that the heat
exchanger effectiveness does not always increase with de-
creasing entropy generation when the concept of entropy
generation is used to analyze heat exchangers [6]. Instead, it
may become smaller under some conditions. Shah and
Skiepko [17] also observed that the heat exchanger effec-
tiveness can be maximum, intermediate or minimum at the
maximum entropy generation in their discussion of 18 kinds
of heat exchangers. Therefore, the minimum entropy gener-
ation principle is not always appropriate to heat transfer
optimization.

In the last decade, Guo et al. [7] introduced a new physi-
cal parameter, entransy, which describes the heat transport
ability. The new concept was proposed by the analogy be-
tween heat and electrical conductions [7]. Heat flow corre-
sponds to electrical current, thermal resistance to electrical
resistance, temperature to electric voltage, and heat capacity
to capacitance. Entransy is actually the potential energy of
the heat in a body, corresponding to the electrical energy in
a capacitor. For an object whose internal energy is U and
temperature is 7, its entransy is defined as [7]

1
G=-UT. 1
5 (D

When heat is transferred from a high temperature object to a
low temperature one, it was proved that entransy dissipation
will always be produced [7,18]. So, the concept of entransy
could describe the irreversibility of heat transfer [7,18-20].
Furthermore, Cheng et al. [18,21,22] set up the thermal
equilibrium criteria based on the concept of entransy, de-
veloped a microscopic expression of entransy for a mona-
tomic ideal gas system, related the entransy to the micros-
tate number, indicated the microscopic physical meaning of
entransy to some extent, and extended the entransy theory to
generalized flows. Xu [23] discussed entransy and entransy
dissipation from the thermodynamic viewpoint. Based on
the concept of entransy and entransy dissipation, Guo et al.
[7] derived the minimum entransy dissipation principle for
prescribed heat flux boundary conditions and the maximum
entransy dissipation principle for prescribed temperature
boundary conditions. These principles are named as the ex-
tremum entransy dissipation principle. They further defined
the entransy-dissipation-based thermal resistance. Then, the
extremum entransy dissipation principle is evolved into the
minimum thermal resistance principle that is much easier
for understanding.

The principles based on the concept of entransy were al-
so used to optimize the Volume-to-Point problem [7]. For
this problem, a Lagrange function was formed based on the
extremum entransy dissipation principle with the limitation
of finite high conductivity material. By pursing the extre-
mum value of this Lagrange function, a rule of uniform dis-
tribution of temperature gradient was obtained mathemati-
cally. By putting the high conductivity materials at the place
where the temperature gradient is highest, the construct of
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high conductivity materials was formed step by step and the
average temperature of the volume was reduced effectively.
It has been shown that the average temperature of the heated
domain thus obtained is lower than that by the constructal
theory [7,24]. Chen et al. [25] compared the entransy theory
with the minimum principle of entropy generation, and
showed that the entransy theory could lead to a lower aver-
age temperature of the volume than the minimum principle
of entropy generation. Other researches also indicate that
the entransy theory is suitable for the optimizations of heat
conduction [26,27], heat convection [28], thermal radiation
[29,30] and heat exchangers [1,31-34]. In addition, there is
no paradox similar to the entropy generation when the en-
transy theory is used to analyze heat exchanger [1,32].

For heat-work conversion, the concept of entropy has
been widely used [2,3,35-39]. Entropy was first defined
based on the reversible cycle of the Carnot engine in 1854
[40]. In any irreversible process, entropy generation exists.
During a physical process, the more entropy generation is,
the more the system loses the ability of doing work [40].
With this consideration, entropy generation has been used to
optimize thermodynamic processes so as to decrease the
ability loss of doing work and to increase the work output
[2]. For instance, Chen et al. [2] revealed that the minimum
entropy generation always corresponds to the maximum
work output in the optimization of thermodynamic process
with heat exchanger groups. When analyzing an absorption
chiller, Myat et al. [39] showed that the minimization of
entropy generation in absorption cycle leads to the maximi-
zation of the COP.

On the other hand, the applicability of the entransy theo-
ry on the optimization of the thermodynamic processes with
work was also discussed from different viewpoints [2,41].
Chen et al. [2] thought that the concept of entransy dissipa-
tion could not be used to optimize heat-work conversion in
closed thermodynamic systems. Wu [41] defined the con-
version entransy and used the definition to optimize closed
thermodynamic cycles.

From above discussion, it could be found that the en-
transy theory is effective in heat transfer optimization, while
the concept of entropy is not always. In heat-work conver-
sion, the concept of entropy is widely used. However, there
are still no definite conclusions for the applicability of the
entransy theory because researchers have different opinions
[2,41]. The existing reports on the applicability of the en-
transy theory to heat-work conversion are all about closed
systems. It is worth of making an investigation on the open
thermodynamic systems. This paper explores the applicabil-
ity of entransy theory to the open systems with heat-work
conversion.

1 Enthalpy entransy

For any thermodynamic process, the first law of thermody-
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namics gives

80 =dU +5W, )

where 0Q is the absorbed heat, dU is the change of the in-
ternal energy and 6W is the output work. Multiplying eq. (2)
by the working medium temperature, 7, leads to

T80 =TdU +TSW , 3)

where the left term is the heat entransy flow as it is associ-
ated with heat 5Q, and the second term on the right hand is
called work entransy flow as it is associated with work 6W.
Considering an ideal gas system with constant specific heat
capacity at constant volume, cy, the first term on the right
hand could be expressed as

TdU =Td(c,mT) = d(%cvazj = d(%UT) =dG, 4

where m is the mass. The first term on the right hand of eq.
(3) indicates the change of entransy.

The entransy associated with work, heat flow and inter-
nal energy are all defined in eq. (3). However, there is no
definition for entransy change related to enthalpy though it
is a very important parameter in thermodynamics. We will
define the enthalpy entransy below.

For a thermodynamic system, the definition of enthalpy
is

H=U+pV, (5)

where p is the pressure and V is the volume of the system.
Based on eq. (5), the differentiation of the enthalpy is

dH =d(U +pV)=dU +d(pV). (6)
Multiplying eq. (6) by temperature results in
TdH =TdU +Td(pV), (7)

where the left part of eq. (7) could be defined as the change
of enthalpy entransy as it is associated with enthalpy dH.
For an ideal gas system, we have

TdH =Td(c,mT)+Td(mRT)

:dB(cV +R)mT2}

:d(lc mszzd[lHTj, ¥
27 2

where m is the gas mass, R is the gas constant, and c,, is the
specific heat capacity at constant pressure. The integration
of eq. (8) yields

J'OHTdH:f:dGHT):%HT. 9)

Based on eq. (5), the enthalpy entransy of the ideal gas
system could be defined as
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G, :%HT. (10)

The entransy balance equation of open ideal gas systems
is set up in the following section based on egs. (8) and (10).

2 Entransy balance equation of open systems

A steady open system is shown in Figure 1. According to
the first law of thermodynamics, there is [42]

5Q =dU +3W, +3W,,,, (11)

where 8Q is the absorbed heat, dU is the change in the in-
ternal energy of the working medium, W, is the net output
work, and dW; is the change in the flow work whose ex-
pression is

W, =d(pV). (12)
Eq. (11) can be expressed as [42]
80 =dU +d(pV)+38W,, =dH +3W,,. (13)
Multiplying eq. (13) by temperature, we have
T6Q =TdH +ToW,_, . (14)

Substituting egs. (8) and (10) into eq. (14) yields

SGQ =dG, +38G, .., (15)

where
3G, =T3Q, (16)
8G,, .. =TW_,, (17)

3Gy, is the entransy flow due to heat exchange, dGy is the
change in the enthalpy entransy, and 3Gy, is the net work
entransy flow of the working medium. It could be found
that part of the absorbed heat entransy flow goes into the
working medium, making the enthalpy entransy increase,
while the rest is used to do work. Eq. (15) is the entransy
balance for steady open systems.

T
e 1

s W

—

ﬁwne:

Figure 1 Sketch of an open thermodynamic system.
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3 Analyses of the air standard cycle

The air standard cycle is widely used in engineering. As
shown in Figure 2, the working medium is compressed
through an isentropic process, increasing its temperature
from 77 to T,. Then, it absorbs heat during an isobaric pro-
cess, and its temperature gets to 75. After that, it does work
during the second isentropic process and its temperature
decreases to Ty. Finally, the used working medium is dis-
charged into the environment, making its temperature back
to the initial value after a cycle. The working medium in the
cycle is the gas mixture after the combustion reaction of the
gas fuel. The working medium can still be treated as the air
because about 80% of the air is nitrogen which does not
take part in the combustion reaction. Then, the heat gener-
ated from the combustion reaction could be treated as that
absorbed from an inner heat source.

Assume that the air could be treated as the ideal gas. As
the working medium gets back to the initial state after a
cycle, its enthalpy will not change. From energy conserva-
tion, the output power is

L _%z. T,-T,
Wnel _Q Q() _Q[l Q] Q[l 7.,3 —’TZJ’ (18)

where Q is the heat generation rate from the combustion

reaction, and Q'0 is the heat rate released to the environ-

ment by the used working medium. In the air standard cycle,
there is [42]

L _L_L-h (19)
Tz Tz T3_T2

Therefore
W, =0(1-T,/T,). (20)

On the other hand, the cycle in Figure 2 can be analyzed
from the entransy point of view. The cycle system is com-
posed of the working medium and the environment. The
enthalpy entransy of the working medium will not change
when a cycle is finished. According to eq. (15), the net work

Figure 2 Sketch of the air standard cycle.
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entransy flow rate of the cycle is

Gy = GQ - GQ() > 2D

where GQ is the absorbed heat entransy flow rate, and

Gy

When the used working medium is discharged into the
environment, it is cooled and its temperature decreases to
the initial value. This process is a heat transfer process dur-
ing which entransy dissipation is produced [7,18]. The en-
transy dissipation rate is

is that gets out of the working medium.

=G,, -G,

Gdis 00 Yoe>

(22)

where G'Q7e is the heat entransy flow that gets into the en-
vironment.

For the whole system, it could be found that some of GQ
is used to do work, some is dissipated during the cooling
process of the used working medium, and the rest is re-

leased into the environment. Therefore, the entransy loss
rate of the system is defined as

Gy =Gy oo +Gy, =G, —Gyy + G,y =G, =G, -G, .(23)

loss
Considering the processes in Figure 2,

1 1

. 1 . 2 2
G, =EH3T% _EHsz =Ec,;m<T3 =T, )v (24)

where m is the working medium circulation rate. As there
is no work during the heat transfer process between the used

working medium and the environment, according to eq.
(15),

GQ—e = GH—e = QO’I] ’ (25)

where G, , is the increase rate in the environment enthal-

py entransy. Therefore, from eq. (19), we have

Gloss = %Cpi’i’l(T; _TZZ ) - QOTI

c,m
N2 2
-2 +QT2( —T—j (26)
2¢,m T,

Eq. (20) indicates that the net power output increases
with increasing Q and T or with decreasing of T;. At the
same time, the entransy loss rate also increases with increasing
Q and T, or with decreasing T;. Therefore, the entransy

loss rate could describe the change of the net power for the
air standard cycle.
Let us analyze the entropy change rate in the air standard
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cycle. The entropy generation rate induced by dumping the
used working medium into the environment should be con-
sidered as indicated by [43]. The entropy generation rate
can be calculated by

%

T,
S =c, mln—+c mln , 27
> E |

where the first term on the right hand is the entropy increase
rate when the working medium absorbs heat, the second
term is the entropy decrease rate when the working medium
releases heat into the environment, and the last term is the
entropy increase rate of the environment. From eqs. (18)
and (19), eq. (27) reduces to

S =c, mln Q" :2. (28)

2T4TT

1 2

Eq. (28) tells that the entropy generation rate declines with
increasing 7,. However, the entropy generation rate will

increase with increasing QO . When O and T are prescribed,

the entropy generation rate will not change with T;. Consid-
ering the variation tendency of the net power, one could
find that the entropy generation rate cannot describe the
change of the net power in the air standard cycle.

As shown in Figure 3, we consider another case in which
the heat absorbed by the working medium is not from the
combustion reaction but from a high temperature stream
through a counter flow heat exchanger. The heat capacity
flow rate, the inlet and the outlet temperatures of the high
temperature stream are Cy, Ty, and Ty oy, respectively. The
heat rate from the high temperature stream is [44]

Q CHmm( Hln_n)gH
1-exp[-NTU(1—C“j]
1-C" exp -NTU(1-C")]

= CH-min (TH-in _Tz) , (29)

where NTU is the number of the heat transfer unit of the
heat exchanger, Cy.,;, is the smaller one between Cy and

TH-DUI

T

—
—
__.-—-""
—

Figure 3 Sketch of the air standard cycle when the working medium is
heated by a high temperature stream.

T

Chin Sci Bull

August (2012) Vol.57 No.22

c prh , €y 1s the effectiveness, and
cH = min(CH,cpnh)/max(CH,cpﬁo . (30)

Based on eq. (29), the net power can be calculated by eq. (20).
Let us analyze the cycle from the entransy viewpoint. As
the used high temperature stream and the used working me-
dium are to be discharged into the environment, the entransy
dissipation rate produced in the discharging process should
be considered. According to eq. (15), some of the heat entransy
flow rate from the high temperature stream is dissipated
during the heat transfer process between the stream and the
working medium and in the discharging processes of the
used high temperature stream and the used working medium,
some is used for doing work, and the rest is released into the
environment. Therefore,
G =G, +G,

dis W -net

+G

e 31)

where G,, is the heat entransy flow rate from the high

temperature stream, which is expressed as

G, = ;c(mm—T). (32)

GQ_e is calculated by

Gy = QeTl = (Qall _Wna>T1 = |:CH (TH—in _Tl)_Wnet:|T1 . (33)

where Q. is the total heat rate released to the environment,
including the heat released by the used high temperature
stream; and O, is the total heat from the high temperature

stream. It could be found that some entransy flow rate is lost
in heat transfer, while some other is lost when the working
medium does work. Therefore,

G, =G, +G

loss dis W -net

= Gf—h - GQ—e
1

) 5 Cy (THZm _le)_[cﬁ (TH—in _Tl)_an]E

:lCH (T

L€, (T 1) VT, 64)

net

The entransy loss rate increases monotonously with in-
creasing net power when Cy, Ty and T are prescribed. The
maximum entransy loss rate corresponds to the maximum
net power output from the cycle.

If the concept of entropy is used to analyze the cycle,
there is

: T, 0,-W
Sg — CH ln 1 + Qall net
H-in 71
T Cy(T =T)-W
— CH ln 1 + H ( H-in 1) net , (35)
H-in 71
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where the first term on right hand expresses the entropy
decrease rate of the high temperature stream, and the second
term is the entropy increase rate of the environment. It could
be found that the entropy generation rate reduces monoto-
nously with increasing net power output. Therefore, the
minimum entropy generation rate corresponds to the maxi-
mum net power of the cycle.

A numerical example is shown below. Assume that Cy=2
WIK, ¢, =1000 J/(kg K), m=0.001 kg/s, NTU=2, T;,=
420 K and T,=300 K. In this case, temperature 7, should be
optimized to increase the net power output from the cycle as
much as possible. The variations of the net power output,
the entransy loss rate and the entropy generation rate with
T, are calculated by egs. (20), (34) and (35). The results are
shown in Figure 4. The net power output and the entransy
loss rate both reach to the maximum value when T is 355.2
K, while the entropy generation rate reaches the minimum
value at the same time. The numerical results are in agree-
ment with the above analyses.

4 Conclusion

In this paper, the concept of enthalpy entransy is defined.
Based on the definition, the entransy balance equation for
steady, open thermodynamic system is developed. It is
found that part of the absorbed heat entransy flow runs into
the working medium and makes its enthalpy entransy in-
crease, while the rest is used to do work. The entransy of the
steady, open thermodynamic processes is in balance.

The air standard cycle is analyzed and discussed based
on the entransy balance equation. When the heat absorbed
by the working medium is from the combustion reaction of
the gas fuel, the entransy loss rate could describe the change
in the net power output from the cycle, but the entropy gen-
eration rate cannot. When the heat absorbed by the working
medium is from a high temperature stream, both the maximum

1.1 v T ™ T v T
1.0 == - __
09} ___________________ R 4

0.8 .

0.7 . .
——— Wye/max(Wpe,)

Wiadmax(W,), Gioss/max(Gyse), Sy/max(S,)

0.6 =77 Gioss/Max(Gigss)
------- Sy/max(S,)
0.5
0.4 | 1 1
320 340 360 380 400
T, (K)

Figure 4 Variations of the net power output, the entransy loss rate and
the entropy generation rate with 7.
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entransy loss rate and the minimum entropy generation rate
correspond to the maximum net power output from the cy-
cle. On the whole, the entransy loss can describe the cycle
performance.
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