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Abstract: Based on the concept of the entransy which characterizes heat transfer ability, a new Atkinson cycle
performance evaluation criterion termed the entransy loss is established. Our analysis shows that the maximum
entransy loss leads to the maximum output work, which is the maximum principle of entransy loss in
thermodynamic processes. At the same time, it is found that minimum entropy generation alone could not
describe change of the output work for the Atkinson cycle. The operation parameters are optimized for
evaluating the maximum output work of Atkinson cycle by incorporating maximum entransy loss and minimum
entropy generation when both, entransy loss and entropy generation, are induced by dumping the used streams
into the environment is considered.
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I.  Introduction

The Atkinson cycle is named after its inventor James Atkinson in 1882 [1]. As nearly 80% of the total energy
consumption is related to heat, the optimization design of heat transfer and heat-work conversion has become
one of important research topics under the increasing requirements on reducing energy consumption. The
analyses of the heat transfer processes are very important for the optimization design of Atkinson cycle. In the
last decades, some theories have been developed and applied to analyzing and optimizing these processes [2, 3].
For heat transfer, it is irreversible in the view of thermodynamic, so entropy generation will produce during any
heat transfer process. Bejan [3] applied the entropy generation minimization method to analyzing and
optimizing heat transfer processes. The minimum principle of entropy generation is also an important criterion
in process optimization. Because of its general features, the entropy concept has been extended to many other
fields, such as thermodynamic optimization, quantum theory, and information theory by Shannon et al. [4] in
1948. These extended applications have already lead to great advancements, but doubts have arisen. For
example, in the optimization of heating or cooling devices, minimum entropy generation does not always
correspond to best performance [5, 6]. For the minimum principle of entropy generation, it was noted that the
heat exchanger effectiveness does not always increase with decreasing entropy generation when the concept of
entropy generation is used to analyze heat exchangers [7]. Instead, it may become smaller under some
conditions. Shah and Skiepko [8] also observed that the heat exchanger effectiveness can be maximum,
intermediate or minimum at the maximum entropy generation in their discussion of 18 kinds of heat exchangers.
Therefore, the minimum entropy generation principle is not always appropriate to heat transfer optimization.

In the last decade, Guo et al. [9] introduced a new physical parameter, entransy, which describes the heat
transport ability. The new concept was proposed by the analogy between heat and electrical conductions [9].
Heat flow corresponds 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 E, and temperature
is T, its entransy is defined as [9]

1
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Entransy dissipation is always produced when heat is transfer from a high temperature body to low temperature
by Chen et al. [10] in 2011. Guo et al. [9] derived the extremum entransy dissipation principle for heat transfer
optimization. The maximum entransy dissipation corresponds to the maximum heat transfer rate for prescribed
heat transfer temperature difference, while the minimum entransy dissipation corresponds to the minimum heat
transfer temperature difference for prescribed the heat transfer rate. Furthermore, the extremum values of
entransy dissipation always correspond to the minimum value of entransy —dissipation —based thermal
resistance. Then, the extremum entransy dissipation principle is equivalent to the minimum thermal resistance
principle. The principle of entransy theory are used to optimize heat conduction [11, 12], heat convection [13],
thermal radiation [14, 15] and the optimization design of heat exchangers and heat exchangers network [16,
17],and are proved to be appropriate in heat transfer optimization.
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For thermodynamic cycles, the concept of entropy generation is used to describe the loss of the ability of doing
work [18]. During a thermodynamic process, the more entropy generation is, the more the system would lose the
ability of doing work by Ust et al. [19] in 2011. With this consideration, the concept of entropy generation has
been widely used to optimize or analyze thermodynamic processes for performance improvement [20, 21]. Myat
et al. [22] showed that the minimization of entropy generation in absorption cycle leads to the maximization of
the COP when they analyzed an absorption chiller. However, there are also limitations on the entropy generation
minimization in the optimization of thermodynamic cycles.

From above discussion, it could be found that the entransy theory is effective in heat transfer optimization, while
the concept of entropy is not always.

The above introduction shows that there are limitation on application of entropy generation optimization of heat
transfer processes and thermodynamic cycles. For the concept of entransy, it is appropriate in heat transfer
optimization, but there are still different views when it is used to optimization thermodynamic cycles. On other
hand, there are few reports on the applicability of entransy theory to the optimization design of thermodynamic
cycles. Therefore, it is worth of making a further investigation on the optimization principles of thermodynamic
cycles.

1. Thermodynamic analysis of the Atkinson cycle

The Atkinson cycle with irreversible processes is shown in Fig. 1, we consider the heat absorbed by the working
medium @y is not from the combustion reaction but from a high temperature stream through a counter flow heat
exchanger whose number of heat transfer units is NTUy, and Q, is the heat rate released to the environment by
the used working medium and the output work isW. For the working fluid, the heat capacity flow rate at
constant volume is C;, and the heat capacity flow rate at constant pressure is Cp. The temperature of the working
fluid is T;at state 1 and it gets increased to T, at state 2 by isentropic compression. The working fluid is heated
by the high temperature stream from state 2 to 3 under constant volume and its temperature gets increased to T;.
The next process is the second isentropic process during which the mechanical work output is obtained and
subsequently the temperature of the working fluid decreases to T, at state 4. Finally, the working fluid is cooled
by the low temperature fluid from state 4 to 1 under constant pressure and returns to its initial state.

T " Cu Thuin
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S

Figure 1: Sketch of the Atkinson cycle when the working medium is heated by a high temperature stream.

For the irreversible Atkinson cycle as shown in Fig. 1, the heat transfer rate (Qy) between the working fluid and
the high temperature stream is given as [23].

QH = CH (TH—in - TH—out) = CH—min (TH—in - TZ)SH .
_c T . 1 — expi[-NTU, (1 - )]
T vHmmin RMH=in - T27 _ CHY expi-NTU, (1 — CHY)]’

(2)
Where, Cy;_i, is the smaller one between €, and Cy, ¢ is the effectiveness, and C"" is the capacity ratio of

the high temperature stream. One can write the expression of C*as:

_ min(Cy, Cy)
B max(Cy, Cy)’

H*

3)
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The heat rate (Qo) released to the environment by the used working medium is

Qo =Cp(T,—Ty), 4)
Where Cp is the heat capacity flow rate at constant pressure,

Based equation (2), one can get:

=T, + 2, )
G,

The output work (W)can be written as:

W=0Qy—0o, (6)
For the thermodynamic states 3 and 4, one can write:

Tyv3' = Tyv, 71, (7)
Equation (9) can be rearranged as:

Ty =Tyr,' 7, 3

Where, 7, is the expansion ratio = v4/v3 and y is reversible adiabatic index = CP/CV

Similarly for thermodynamic states 1 and 2, one can write:
Tiv '™ = Tov" ! €)

Equation (10) can be rearranged as:

Tl = Tk}’—l ] (10)
Where, ;. is the compression ratio = ¢! /1,2
On combining equation (10) and (12), one can get:
E (11)
And consequently,

Te
T4 = Tl *—, (12)

Tk
2.1 Entropy generation when used stream is dumped into the Environment

The total entropy generation rate (S, ) when used stream is dumped into the environment can be written as:

T, +
1 + Qe QO’

S,
H—in Tl

g

e = CH ln

(13)

Where Q, is the heat exchange between the used streams and the environment and Q,, is the heat rate released to
the environment by the used working medium:
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Where,

Qe = CH(TH—out - Tl): (14')

Using Equation (14) in equation (13), one can get:

T Cy(Ty_oue —T1) + Qo

Sge = Cyln T + T (15)
By using Esqg. (2), one can get:
Th—out = Th-in _C_H' (16)
H

Using Equation (16) in Equation (15), one can get:

T, Cu (TH—in - (g'_: - T1) + Qo
Sge = Cyln T + T, , a7
Equation (17) can be rearranged as:

i Cy(Tyoin —T1) — (Qu — Qo)
Sge = Cyln oo + T, ) (18)
Using Equation (6) in Equation (18), one can get:

T: Cy(Ty_y —Ty) =W
Sg,e — CHlTL 1 + H( H—in 1) ) (19)

TH—in Tl
2.2 Entransy loss when used stream is dumped into the Environment
Let us analyze the cycle from the entransy viewpoint. As the used high temperature stream and the used working
medium are to be discharged into the environment, the entransy dissipation rate produced in the discharging
process should be considered. 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 [24]

Gf—h = Gdis + Gw—net + GQ—e* (20)

Where Gg;, is the entransy dissipation, G,, _,. is the net work entransy flow rate of the cycle and G,_, is the
heat entransy flow that gets into the environment.

Where G;_j, is the heat entransy flow rate from the high temperature stream, which is expressed as

1
Gf—h = 2 Cu (Tlg—in - T12): 21

Gg—. lscalculated by

Go—e = (Q. + Qp)Ty, (22)

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 [24]

Gloss = Gdis + Gw—net = Gf—h - GQ—e' (23)
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Using Equation (21) and (22) in equation (23), one can get:

1
Gloss = ECH (Tlg—in - le) - (Qe + QO)Tl; (24')

Using Equation (14) in equation (24), one can get:

1
Gloss = 5 Co(Ti_in = TE) = [Ct (Ty—oue —T1) + QolT, (25)

Using Equation (16) in equation (25), one can get:

— 1 2 2 Qn
Gloss = ECH (Ti—in = T1) = [Cy \ Ti—in — T T )+ QT (26)
Equation (26) can be rearranged as:
1 2 2
Gloss = ECH (T—in — T1) = Cy Ty (Ty—in — T1) + (Qy — Qo)Th, (27)

Using Equation (6) in Equation (27), one can get:

1
Gloss = 5 Cy(Tfi_in = TE) = CyTy(Ty_sn — T1) + WT, (28)

I11.  Results and discussion
The derived expressions above are used and plotted in order to compare performance parameters of the
Atkinson cycle with T, . For the numerical calculations in the present work, the following values are used.
Cy=2W/K, ¢,=1000 J (kg K), m=0.001kg/s, y=14, 1n,=8, Ty_, =420K, T, =300K,
NTUy = 2.
Variations of the normalised output work, normalised entropy generation and normalised entransy loss with
different values of T, , when the entropy generation and the entransy loss induced by dumping the used stream
into the environment is considered, are shown in Fig.2. As can be seen from the figure, values of normalised
output work W/max (W) goes on increasing with T, and attains its maximum value at T,= 347K. On the other
hand, values of normalised entropy generation Sy /max (Sq, ¢) goes on decreasing and normalised entransy loss
Gioss’max (Gioss) goes on increasing with T,. The normalised entropy generation Sy J/max (Sq ¢) attains its
minimum value at temperature T, = 347 K while normalised entransy loss Gj,ss/max (Gyoss) has its maximum
value at T,=347 K. The above observations can also be drawn by evaluating Equations (6), (24) and (33).Hence,
the minimum entropy generation and the maximum entransy loss both correspond to the maximum output work
when dumping the used stream into the environment is considered.
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Fig. 2: Variations of the output work, the entropy generation and the entransy loss with T, when the entropy
generation and the entransy loss induced by dumping the used stream into the environment are considered.

V. Conclusion

In this paper, the entransy and entropy optimization are applied to the Atkinson cycle. For any thermodynamic
process, it is found that some of the net entransy flow from the heat sources is dissipated during the heating and
the cooling processes of the working fluid, while the rest is lost in the process of doing work. The concept of
entransy loss could be used to describe the performance of thermodynamic processes. With the maximum
principle of entransy loss and the minimum principle of entropy generation, the thermodynamic optimization
design of the Atkinson cycle are analyzed and discussed. It is found that the operation parameters could be
optimized to get the maximum output work by calculating the maximum entransy loss and the minimum entropy
generation when the entropy generation and the entransy loss induced by dumping the used stream into the
environment are considered.

Nomenclature

C heat capacity flow rate (WK™)
Cp heat capacity flow rate at constant pressure (WK™)
Cy heat capacity flow rate at constant volume (WK™)
Gloss entransy loss induced by environment (WK)
Q heat transfer rate (W)
Sg.e entropy generation induced by environment (WK™)
T temperature (K)
w output work (W)
Greek symbols
€ effectiveness of heat exchanger
y reversible adiabatic index
Subscripts
H hot fluid
in inlet
max maximum
min minimum
out outlet
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