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Abstract. The Split-Heating Split-Expansion Supercritical CO2 (S-COz) Bray-
ton cycle finds application for the recovery of flue gas waste heat from gas tur-
bines. In this paper, the Split-Heating Split-Expansion S-CO2 Brayton cycle
with finite temperature difference heat transfer, irreversible compression, irre-
versible expansion and other irreversible factors is studied. Subsequently,
adopted the idea of finite time thermodynamics to study the cyclic ecological
function and exergy efficiency under the conditions of mass flow rate, pressure
ratio, shitter coefficient, current divider coefficient, distribution ratio of thermal
conductivity, turbine efficiency and compressor efficiency changes. The results
indicate that there is an optimal pressure ratio which maximizes the cyclic eco-
logical function and exergy efficiency at different mass flow rates, compressor
efficiencies, turbine efficiencies and discharge coefficients. The distribution ra-
tio of thermal conductivity interacts to influence the cyclic ecological function
and exergy efficiency.

Keywords: finite-time thermodynamics, Supercritical carbon dioxide Brayton
cycle, Ecological function, Exergic efficiency.

1 Introduction

Currently, fossil fuel is heavily consumed in countries around the world, and prob-
lems such as energy crisis and environmental pollution are becoming increasingly
serious [1]. With the enhancement of environmental protection awareness and the
continuous growth of energy demand, the research and development of new and envi-
ronmentally friendly energy conversion technology has become the common concern
of all countries in the world. As part of its efforts to achieve carbon neutrality and
carbon compliance, the Chinese government is proactively adjusting its industrial
structure and developing new energy industry technologies [2-5]. Supercritical Car-
bon Dioxide (S-CO») can achieve supercritical status at room temperature because of
its chemical properties, non-activity, non-flammable, safety, and low price [6]. Gas
turbines, characterized by high efficiency, light weight and small size, are commonly
used as driving engines for civil ships and warships. However, much energy is wasted
due to the high waste heat temperature of the gas turbine flue gas, whereas the ideal
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heat source temperature of S-CO, matches the gas turbine exhaust temperature [7],
making S-CO; promising in the field of gas turbine waste heat recovery [8-9].

The supercritical carbon dioxide Brayton cycle is of great potential to develop in
new energy conversion system[10]. It can be applied to waste heat, renewable energy,
and fossil fuels. Brayton cycle performance can be greatly enhanced by combining S-
CO» with it. This combination also features such advantages as low operating noise,
simplified design, compactness, and high system efficiency. Compared with the con-
ventional steam Rankine cycle, the efficiency of S-CO, power cycle is noticeably
higher. Yang et al. [11] calculated and examined the thermal efficiency of regenera-
tive Brayton cycle and recompressed Brayton cycle; the findings of the study indicat-
ed that the inlet pressure and temperature of the compressor are the main factors in
determining the thermal efficiency of the cycle. Matteo et al. [12] compared the cur-
rent more advanced thermodynamic cycles, outlined the problems of the above cycles,
and reviewed the research achievements of supercritical carbon dioxide cycles for
three major applications, namely fuel cells, internal combustion engines and gas tur-
bines. In this paper, Split-Heating Split-Expansion (SHSE) configuration was selected
as the research object. The cycle aimed to improve the utilization rate of waste heat
energy and reduce exergy loss in the heat exchanger. Finite time thermodynamics
theory was adopted [13-16]. This is followed by analyses of exergy efficiency and
cyclic ecological function were analyzed. Finite-time thermodynamics is a significant
subfield of contemporary thermodynamic theory, which focuses on analysis and op-
timization under "finite time" or "finite scale" conditions. It realizes the fusion of
numerous disciplines, including fluid mechanics, chemical reactions, heat transfer,
and thermodynamics. In this paper, the performance of an irreversible SHSE S-CO»
Brayton cycle, heat transfer between the accumulator and the working fluid, irreversi-
ble compression, irreversible expansion and other irreversible losses under a finite
temperature difference were analyzed by applying the theory of finite time thermody-
namics based on the literature [12].

2 Physical model of SHSE S-CO:2 Brayton cycle

Figure 1 and Figure 2 present the flow chart and 7-s diagram of SHSE type S-CO,
Brayton cycle device, respectively. The major components of the SHSE type S-CO»
Brayton cycle include the compressor, heater, turbine, cooler, regenerator, and addi-
tional equipment.
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Fig. 1. Flow chart of SHSE S-CO:z Brayton cycle device
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Fig. 2. T-s diagram of SHSE S-CO: Brayton cycle

In Figure 2, Process 1-2s is the ideal reversible adiabatic compression process in
the compressor; Process 1-2 indicates the actual irreversible adiabatic compression
process in the compressor, and the working medium is divided into 2 points.

The first working fluid:2-3-4-7. Process 2-3 is the isobaric heating process in the
low temperature regenerator (the heat exchange is equivalent to Process 7-8). Process
3-4 is the constant pressure heating process in the high temperature regenerator (the
heat exchange is equivalent to Process 6-7). Process 4-7 is the ideal reversible adia-
batic expansion process in turbine 2, and Process 4-7 represents the actual irreversible
adiabatic expansion process in turbine 2.

The second working medium 2:2-5-6-7. Process 2-5 is the isobaric heating process
in the heat exchanger. Process 5-6s is an ideal reversible adiabatic expansion process
in turbine 1. Process 5-6 represent the actual irreversible adiabatic expansion process
in turbine 1. Process 6-7 is the isobaric cooling process in the high-temperature re-
generator (the heat exchange is equal to the 3-4 process).
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The two streams converge at point 7 in the diagram. Process 7-8 is the isobaric
cooling process in the low temperature regenerator (the heat exchange is equivalent to
Process 2-3). The Process 8-1 is the isobaric cooling process in the cooler.

Define the ratio as the shunt coefficient, then there is the following formula:

Mt 1 =Xpe Mt (1)
Myt a=(1-Xp)emwt (2)

The efficiency of the compressor can be expressed as follows:
ny=(ha,s= h1)/ (ha- hi) 3)

Where 7, is the isentropic efficiency of the compressor.
The efficiency of the turbine can be expressed as follows:

nu=(hs- he)/ (hs- hes) 4
ne=(ha- h7)/ (ha- hzs) )

Where 71 is the isentropic efficiency of turbine 1, and 7 is the isentropic efficien-
cy of turbine 2.
Cycle heat absorption rate:

[(Tt,in-T5)~(Tr.ou-T2)]

= Un Tt ey P Tt oue Trin} = (hs-h) ©)

Where Oy is the total heat absorption in the heat exchanger during the process of 2-
5, Un is the thermal conductivity in the heat exchanger, 71, is the inlet temperature
of the heat exchanger, Ty ou is the outlet temperature of the heat exchanger. cpn is the

isobaric specific heat of the heat exchanger, in unit kJ- (kg- K)fl. my is the mass flow

rate of the heat exchanger, and the unit is kg-s™\. x;, is the split ratio of 2-5-7. myris the
mass flow rate of the working medium, and the unit is kg-s™'.
rate of heat release:

[(Ts-T1,0ut)~(T1-T1in)]

0= In[(Ts-Toou)/(T1-Tiin)] =cpLmi(Tioue Tuin)=mw (hs-h) 7

Where QO is the heat discharge in the cooler, Uy is the thermal conductivity in the
cooler. Tijn and T o are the inlet temperature and outlet temperature of the cooler
respectively. cpr is the isobaric specific heat of the cooler in unit kJ-(kg: K)ﬁl. my
denotes the mass flow rate of the cooler, expressed in kg-s™.

regeneration rate:

[(T6-Ta)-(T7-T3)]

O =URt g~ (re=hoy=(1-xp)mus. (he-hy) (8)
T7-T3)-(Ts-T>
Ory=Uro gt = (hr-hs)=(1-xp . (hs-h) ©)
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Where QOri and QOro are the heat transfer in the high temperature regenerator and
the low temperature regenerator respectively, Ur; and Ug: signify the thermal conduc-
tivity in the high temperature regenerator and the low temperature regenerator respec-
tively.

UT:UH+UL+URI+UR2 (10)

Where Uy is the total thermal conductivity.
The net power can be expressed as follows:

Wie=Xpmwte (hs-he)H(1-xp)em. (ha-h7) -mws. (ho-hi) (an

The ecological function is used as a thermodynamic performance index to charac-
terize the trade-off between the cyclic output power and the entropy production rate,
which is modified by Yan Zijun [17]. The cyclic entropy production rate and ecologi-
cal function E could be seen as follows:

T ouf Ty ,in
Sg=my .coi-In( TLL’,mt Y-miecpeln( T:M ) (12)
E=We-ToSq (13)

And the exergy efficiency could be defined as:
ﬂcx: Wnet/eH (14)

In this paper, a finite time force thermodynamic analysis and optimization program
for the new supercritical carbon dioxide cycle was written by MATLAB software.
Using the given boundary conditions (T;in , Tiin» U, Uri » Ur2 , UL 0 Jie ,7p), @
fsolve function was applied to solve the temperature and specific enthalpy at each
state point, and then the cycle performance was calculated based on the specific en-
thalpy.

3 Numerical examples and discussion

One of the main applications of the model is the waste heat recovery of LM-2500PE
G4 gas turbine. According to literature [ 18], the heat source is set to be the high tem-
perature flue gas emitted by gas turbines (N2:78.12%, 02:20.96%, Ar: 0.92%), and the
cold source is cold water. Using REFPROP in MATLAB, one can determine the spe-
cific heat capacity of both the heat source and the cold supply at constant pressure.
Table 1 displays the initial design point parameters.
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Table 1. Initial design parameters

Parameter Symbol Value
Heat source inlet temperature TH,in 805.15 K
Cold source inlet temperature TLin 298.15 K
Mass flow rate of flue gas my 89.9 kg-s!
Cooling water mass flow rate mL 1 000 kg-s™!
Mass ﬂox;vn :(1;&:1 ;orf working - 120 kg5
current divider coefficient Xp 0.6
Minimum circulating pressure Pmin 7.7 MPa
Maximum circulating pressure Pmax 20 MPa
Turbine 1 efficiency i 0.89
Turbine 2 efficiency 72 0.89
Compressor efficiency np 0.89
Thermal conductivity of high Uni 1050 KW-K-!

temperature regenerator
Thermal conductivity of heater Un 450 kW-K!

Thermal conductivity of low

Ur2 750 kW-K-!
temperature regenerator
Thermal conductivity of cooler UL 750 kW-K!
Cooli'ng water specific heat o 41813 KJ- (ke K)!
capacity at constant pressure
Specific heat capacity of flue oo 1103.7 kJ- (ke K)!

gas at constant pressure

The relationship between the cyclic £ and the pressure ratio (z) is presented in Fig-
ure 3 for a shunt coefficient of 0.5 and a mass flow rate myr in the range of 80kg-s™!-
110kg-s™'. For each given myf, there is an optimal 7 that maximizes E, and the E de-
creases as the x increases. This is because z, as an important index affecting the cycle
performance, directly or indirectly affects the size of £, and changes with the change
of mys, and it also contributes to specifying the E value. In practical engineering ap-
plications, an appropriate 7 can be selected to achieve the optimal value of E.

Figure 4 shows the change of 7.x with 7 when the shunt coefficient is 0.5 and the
mass flow rate myr is in the range of 80kg-s'-110kg-s'. As can be seen in the figure,
the cyclic 7.x versus z does not vary linearly with myr. For each given myy, there is an
optimal 7 to maximize 7., and the maximum value of 7.« decreases with the increase
of myr. When 7 is small, 7.« increases with the increase of myr and when = is large, 7ex
decreases with increasing mr.
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Fig. 3. Effect of mwron E-z relation Fig. 4. Effect of mwron #ex-7 relation

The relationship between cycle E and n for compressor and turbine efficiencies in
the 0.8-1.0 range is graphically illustrated in Figure 5. Under the same =, £ gradually
increases with the increase of 71, 712 and 7,. Figure 6 shows the change of exergy with
7 when the shunt coefficient is 0.4 and #:1, 712, and 7, are in the range of 0.8-1.0. Un-
der the same 7, with the increase of #u, 5o and 7, #7ex gradually increases. This is
because 7, 7712 and 7, reflect the irreversibility inside the turbine in the cycle, and the
larger the 74, ne and #,, the lower the irreversibility of the turbine and compressor,
the less energy loss, the greater the E; for each given nu, #¢, and #,, there is a critical
7 that maximizes 7jex.

x100
-4 T 0.35
A1 =N Np=1.0
6 ] 0.30
-8 Shi0.95 0.25 S
2 -10 209 | L 0.20 /
o 1712Tp0.85] £ 015t/ 17209

172 =08

-14 nu=mz:np=0.8‘ 0.10 /
-6¢ - - i =na-np=08 |
- - ' 0.00 ; : ;
1 2 3 4 3 1 2 3 4 5
T T

Fig. 5. Effect of #p, #t1, 12 on E-x relation Fig. 6. Effect of #p, 71, 72 on nex-m rela-

tion

The 3D plot of the variation of cyclic £ with myr in the range of 0.35-0.60 mys is
presented in Figure 7. It can be seen from the figure that when the myr is a constant
value, the cyclic £ gradually decreases with the increase of the x,. When the diversion
coefficient is constant, £ decreases with the increase of mys. Figure 8 shows a three-
dimensional diagram of 7¢c changing with mass flow rate in the range of 0.4-0.6.
When the mass flow rate was constant, the 7. increases with decreasing shunt coeffi-
cient.

The effect of varying the circulation shunt coefficient on £ for 7 between 1 and 6 is
demonstrated in Figure 9. It can be seen from the figure that for a certain mass flow
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rate, there exists an optimal z that maximises £. x is the characteristic parameter cor-

responding to the operation of the device, and the interaction of the shunt coefficient
affects the cycle performance.

Fig. 7. Effect of xpon E--mwrrelation Fig. 8. Effect of xpon #nex-mwr relation

Figure 10 reveals the influence of 7.x with the change of circulation shunt coeffi-
cient in the range of 7 ranges from 1 to 6. As can be seen from the figure, 7.x shows a
three-dimensional parabolic shape, and when 7 is fixed, there is an optimal shillage
coefficient that leads to the optimal value of 7cx.

Fig. 9. Effect of xp on E— relation Fig. 10. Effect of xp on #7ex— relation

Figure 11 exhibits the effect of changes in the high-temperature regenerator and
heater on £. The figure illustrates that when the thermal conductivity distribution ratio
of the heater is kept constant, £ tends to increase and then decrease as the thermal
conductivity distribution ratio of the high temperature regenerator grows. Figure 12
shows the impact of 7. of high-temperature regenerator and heater in the range of
0.1-0.45. It can be seen that 7. first increased and then decreased with the increase of
thermal conductivity of heater and thermal conductivity distribution ratio of high-
temperature regenerator.
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Fig. 11. Effect of yn on E—yri relation Fig. 12. Effect of yn on yex—r1 relation

4 Conclusion

In this paper, an irreversible SHSE type supercritical carbon dioxide Brayton dynamic
cycle model is established under the condition of variable temperature heat source by
using the finite time thermodynamics theory. The influences of ms, xp, 7, #11, 2 and
np on E and 7 are analyzed and the results can be seen as follows:

1. For different mwr, xp, 7, #u1, 2 and #p, there exists an optimal z, that can maxim-
ize the cyclic E and 7cx.

2. When the shitter coefficient is small, the 7 and mywr can be increased to increase
the cyclic £ and 5.x. When the thermal conductivity distribution of the high tempera-
ture regenerator is relatively small, £ and 7.« can be improved by increasing the ther-
mal conductivity distribution ratio of heater.

From the analysis, it can be concluded that each parameter in the cycle contributes
to the cyclic interactions and the cyclic performance can be improved by subsequent
optimization.
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