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Abstract: Performance of a two-stage multi-inter-cooling trans-critical CO2 

refrigeration cycle containing internal heat exchanger, two intercoolers, ejector, 

and separator, has been analyzed after modification. In the present study, an 

internal heat exchanger has been included within this cycle for possible 

improvement in its cooling performance. The impacts of operational parameters 

such as gas cooler and evaporator temperatures and gas-cooler pressure, on cycle 

performance have been investigated. Results are validated against those available 

in the literature. Comparisons of the results show that there is excellent agreement 

between them. Obtained results showed that modified cycle improved the 

maximum coefficient of performance (COP max), by 20.58% compared to the 

internal heat exchanger two-stage TRCC cycle and 23.2% compared to multi-inter-

cooling two-stage TRCC cycle with ejector expansion device. Also, the total 

exergy destruction rate of the improved cycle is between its rates of two original 

cycles. 
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1 INTRODUCTION 

Due to global environmental concerns, the usage of 

natural working fluid is becoming more interesting 

theme to be discussed. Trans-critical CO2 cycle is 

recently considered as one of the most influential 

refrigerant for its characteristics such as non-

flammability and non-toxicity despite the drawback of 

high working pressure. For years, authors studied the 

application of trans-critical CO2 cycle for refrigeration. 

The American Alexander Twining was the first 

researcher who suggested the use of carbon dioxide as 

a refrigerant for vapor compression system in his study 

in 1850. During the expansion of a refrigerant in a 

throttling process, much friction heat is dissipated to 

the refrigerant due to the large kinetic energy increases 

as the refrigerant pressure decreases. In a CO2 trans-

critical vapor compression refrigeration cycle, the 

throttling loss is greater than with conventional 

refrigerants owing to the higher pressure change during 

the expansion. Various devices and techniques have 

been exploited in order to reduce this loss like ejector 

that is a type of pump that uses the venture effect of a 

converging-diverging nozzle to convert the pressure 

energy of a motive fluid to velocity energy which 

creates a low pressure zone that draws in and entrains a 

suction fluid. After passing through the throat of the 

ejector, the mixed fluid expands and the velocity is 

reduced which results in recompressing the mixed 

fluids by converting velocity energy back into pressure 

energy. 

Denso Corporation [1] stated that the coefficient of 

performance of a CO2 trans-critical automotive air 

conditioning with an ejector was 25% better than the 

cooling COP of a convention vapor compression 

refrigeration cycle in their experiments. Kornhauser [2] 

investigated the thermodynamic performance of the 

ejector expansion refrigeration cycle using R-12 as a 

refrigerant. He found that a theoretical COP could be 

improved up to 21% over the standard cycle under 

ideal conditions and constant mixing pressure in the 

ejector. Domanski [3] realized that ejector efficiency 

significantly influences the cooling COP of the ejector 

expansion refrigeration cycle. Fan and Wu [4] 

investigated the modified ejector expansion 

refrigeration cycle with two heat sources. Disawas and 

Wongwises [5] experimentally investigated the 

performance of the ejector expansion refrigeration 

cycle without the expansion valve upstream of the 

evaporator. Their result showed an improved cooling 

COP at law heat sink temperatures relative to the 

convention cycle with R-13a as the refrigerant. Deng et 

al [6] describe a theoretical analysis of a trans-critical 

CO2 ejector expansion refrigeration cycle, which uses 

an ejector as the main expansion device instead of an 

expansion valve. For the working conditions studied in 

their study the maximum cooling COP is up to 18.6% 

better than the internal heat exchanger cycle and 22% 

better than the conventional vapor compression 

refrigeration cycle. Yari [7] proposed a new two-stage 

configuration of ejector-expansion trans-critical CO2 

refrigeration cycle. He uses an internal heat exchanger 

and inter-cooler to enhance the performance of the 

cycle. He showed that the COP and second law 

efficiency values of the new cycle are on average 8.6% 

and 8.15% higher than that of the conventional ejector-

vapor compression refrigeration cycle with R12 as 

refrigerant. Eskandari and Yavari [8] investigated a 

new two-stage multi inter-cooling trans-critical CO2 

refrigeration cycle. At their study, the first intercooler 

cooled with external coolant and the second one with 

cycle refrigerant. They found that the maximum COP 

value of the new cycle in the surveyed high-side 

pressure interval is 15.3% and 19.6% higher than 

CERC and IHEEC the internal heat exchanger ejector 

refrigeration cycle respectively. In this paper, in order 

to improve the COP of the cycle we present a modified 

two-stage trans-critical CO2 refrigeration cycle with an 

ejector, internal heat exchanger and two intercoolers. 

The new idea in the modified cycle is that first 

intercooler is cooled with external coolant and second 

one is cooled with cycle refrigerant, which is a portion 

of saturated vapor coming out of vapor-liquid 

separator. Also, an internal heat exchanger is added to 

the cycle. The performance of the new cycle was 

compared with the internal heat exchanger two-stage 

TRCC cycle (IHEC) and multi-inter-cooling two-stage 

TRCC cycle with ejector expansion device (MIERC) 

that are illustrated in Fig. 1 and Fig. 2, respectively.  

 

 

Fig. 1 Schematic of internal heat exchanger two-stage 

TRCC cycle (IHEC) 

http://en.wikipedia.org/wiki/Pump
http://en.wikipedia.org/wiki/Venturi_effect
http://en.wikipedia.org/wiki/De_Laval_nozzle
http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Velocity
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Fig. 2 Schematic of multi-inter-cooling two-stage TRCC 

cycle with ejector expansion device (MIERC) 
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Fig. 3 Schematic of new multi-inter-cooling two-stage 

TRCC cycle with ejector and internal heat exchanger 

2 CYCLES DEFINATION 

The basic elements of a paper are listed below. In Figs. 

3 and 4, a schematic and the corresponding P-h 

diagram of the new two-stage multi-inter-cooling trans-

critical CO2 refrigeration cycle with ejector and internal 

heat exchanger are shown. In the new cycle all 

procedures were performed according to similar 

procedures in reference No. 7. The difference is that the 

saturated vapor outlet from separator is divided in two 

streams; one of them goes to the internal heat 

exchanger and the other one enters the second 

intercooler with mass flow rate (x). The cooling vapor 

fed to the intercooler, returns to separator. 
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Fig. 4 P-h diagram of new multi-inter-cooling two-stage 

TRCC cycle with ejector and internal heat exchanger 

3 THERMODYNAMIC ANALYSIS 

3.1. Energy analysis 

The following assumptions were taken in modeling the 

system. 

(1) The systems are simulated under steady state 

conditions. 

(2) The pressure losses in all pipes and heat exchangers 

are negligible. 

(3) Adiabatic compressor and ejector, 

(4) The refrigerant leaving evaporator is in saturated 

vapor state. 

(5) Kinetic energies of the refrigerant at the ejector 

inlet and outlet are negligible. 

(6) The flow inside the ejector is one-dimensional. 

(7) The mixture pressure in the ejector is equal to the 

evaporator pressure. 

(8) The cooling flow rate at intercooler (x) is set to 

0.4 5gm , 

(9) The temperature of the cooling flow at the second 

intercooler increases 5˚C. 

The mass flow rate inside the ejector is set to unite and 

the rate of cooling flow in intercooler is equal to x. 

From this consideration, we can conclude that flow rate 

inside gas cooler and compressors is 
5( )gm x  and 

outlet flow rate from ejector is (1-x). The basic 

equations obtained from the conservation law for 

energy are written as follows. 
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Compressors: 

The compressor first stage power consumption per unit 

mixture mass flow rate is, 

 

1 2 1 5( )( )c a gw h h m x                                             (1) 

The adiabatic compressor 1 efficiency is [9], 
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                                                          (3) 

 

The compressor second stage power consumption per 

unite mixture mass flow rate is, 

 

2 2 3 5( )( )c a gw h h m x                                            (4) 

 

The adiabatic compressor 2 efficiency is [9], 
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Intercooler, 

The optimum intermediate pressure is almost equal to 

the geometric mean of gas cooler and evaporator 

pressure: 

 

1 2IP PP                                                                    (7) 

 

It is assumed that saturated vapor flow is superheated 

by 5˚C within the inter-cooler [10]. Therefore; 

 

3 5 5bT T                                                                 (8) 

 

Applying the first law of thermodynamics for second 

intercooler gives, 

 

5 2 3 3 5( )( ) ( )g b a b gm x h h x h h                          (9) 

 

Internal heat exchanger: 

The energy balance equation for the internal heat 

exchanger is, 

 

3 1 5( ) ( )gc gh h h h                                              (10) 

 

The effectiveness of the internal heat exchanger is [11], 
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Ejector: 

The motive stream enters the ejector and expands to 

evaporator pressure Pe with a nozzle efficiency defined 

as, 

3 3
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n

s

h h
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                                                         (12) 

 The energy balance between state (3) and (3' ) is, 
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The following equation can be written from the 

momentum conservation in mixing section,
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                                             (14) 

 

The mixing efficiency is given as [12], 
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Where,

 

'4
u  is the corrected form of

4u , in order to 

account for mixing section losses. The energy balance 

equation between state (4) and (5) is, 
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The energy balance for the ejector reveals that, 

 

5 5 3 5 7(1 ) ( ) ( )g lx h m x h m h                           (17) 

 

The refrigerant mixture recovers pressure in the ejector 

diffuser with a given efficiency of,
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Separator: 

The conservation law of energy for separator is 

expressed as,

 

 

 

3 5 5 5 5 5(1 ) ( ) ( )b g g l lxh x h m h m h                   (19) 
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Expansion valve, 

 

5 6lh h                                                                     (20) 

 

Evaporator:

 

 

The cooling capacity per unit mixture mass flow rate is, 

 

7 6 5( )e lq h h m                                                     (21) 

The system performance is evaluated by coefficient of 

performance COP, which is the ratio of the cooling 

capacity to the power absorbed by compressors, 
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                                                  (22) 

 

3.2. Exergy analysis 

Entropy generation rate for a fixed control volume is 

given by the following equation [13].
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The exergy destruction rate can be evaluated as [14]. 

 

0 genI T s                                                                 (24) 

 

Based on the above analysis, a steady state simulation 

program for new two-stage multi-inter-cooling trans-

critical CO2 refrigeration cycle with ejector and internal 

heat exchanger was developed.  

 
Table 1 Input parameters used in simulation 

Parameters Value 

ambT  27 oC 

eT  -30 to 5 oC 

gcT  35-55 oC 

0T  300K 

rT  ( 5)eT K  

gcP  75-140 bar 

HEX  80% 

d  80% 

m  95% 

n  80% 

Table 1, summarizes the basic assumptions and input 

parameters of the system simulation and analysis. We 

consider the working conditions of the present cycle 

similar to the cycle which was studied by Yari [7].  It 

should also be noted that in multi-inter cooling TRCC 

cycle [8], the cooling flow rate at second inter cooler is 

set 0.3 kg/s but in this study, it’s rate is intended 40% 

of outlet saturated vapor from separator. Note that the 

mass flow rate of outlet saturated vapor from separator 

change with changing the parameters of the cycle. 

4 RESULTS AND DISCUSSION 

The validation of the present numerical model is done 

with the theoretical results for two-stage trans-critical 

CO2 refrigeration cycle with ejector and internal heat 

exchanger [7]. As seen from Fig. 5, there is a good 

agreement between the two groups of results. 
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Fig. 5 Comparison of the present simulation result with 

the Yari [7] Results. 
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Fig. 6   The COP value of three cycles versus gas cooler 

pressure 
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Figure 6 shows the change of COP value of the three 

cycles versus the high-side pressure at a given 

evaporator and gas cooler outlet temperatures. Each 

cycle has an optimum high-side pressure corresponding 

to a maximum COP value. Also, as shown in this figure 

the modified cycle improved the maximum coefficient 

of performance, COP max, by 20.58% compared to the 

internal heat exchanger two-stage TRCC cycle and 

23.2% compared to multi-inter-cooling two-stage 

TRCC cycle with ejector expansion device. 

 

 

Fig. 7   The COP value of three cycles versus evaporator 

outlet temperature 
 

Figure 7 Shows the variation of the COP value of three 

cycles with evaporator temperature at a given high-side 

pressure and an evaporator outlet temperature. As the 

evaporative temperature increases the COP increases 

too. The reason for increasing COP is that by 

increasing the evaporative temperature as it can be 

observed from Fig. 8., both the cooling capacity and 

compressor power decrease. But the rate of reduction 

of the compressor work is higher, (For example as the 

evaporator outlet temperature increases from -25˚C     

to -15˚C cooling capacity decreases about 3kj/kg while 

compressor power or the actual work of the cycle 

decreases about 14kj/kg). Thus, the overall result will 

be the increasing in the COP.  
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Fig. 8   The cooling capacity and actual work of the cycle 

value of the new cycle versus evaporator outlet temperature 

The variation of the COP with the gas cooler pressure 

of the new cycle for different evaporator outlet 

temperatures is shown in Fig. 9. As can be seen for 

each case there is an optimum high-side pressure (94 

bar) corresponding to a maximum COP value and also 

COP value increases with increasing the evaporator 

outlet temperature. 
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Fig. 9   The COP value of the new cycle versus gas cooler 

pressure under different evaporator outlet temperature 

 

 

 

Fig. 10   Exergy destruction rate in each component of the 

new cycle 
 

Figure 10, shows the exergy destruction rate in each 

component of the new cycle at a given evaporator and 

gas cooler outlet temperature and a high-side pressure. 

Also it is found that the highest exergy destruction rate 

in the new cycle, occurs in the compressors, about 31% 

of the total of it. 

Figure 11 shows the variation of the total exergy 

destruction rate of the three cycles versus the gas cooler 

pressure. This figure surprisingly shows that the total 

exergy destruction rate of the improved cycle is 

between the total exergy destruction rates of two 

original cycles. Adding an internal heat exchanger to 

the multi-inter-cooling two-stage TRCC cycle increases 

the refrigerant temperature at the first compressor inlet. 

It imposes higher heat load to the compression process 
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and consequently increases exergy destruction rate in 

the components of compression process. Internal heat 

exchanger causes excess exergy destruction by itself. 

Nevertheless, internal heat exchanger decreases the 

refrigerant temperature at the inlet of expansion system. 

Hence, it is expected to decrease the exergy destruction 

rate within the components of expansion system. 
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Fig. 11   Exergy destruction rate value of three cycles versus 

gas cooler pressure 

5 CONCLUSION 

Performance of the new two-stage trans-critical CO2 

refrigeration cycle with ejector was discussed 

theoretically based on the first and second laws of 

thermodynamics in this paper. In addition, the results of 

the new cycle performance were compared with the 

internal heat exchanger two-stage TRCC cycle and 

multi-inter-cooling two-stage TRCC cycle with ejector 

expansion device. The main conclusions from this 

study are as follows: 

1. It is observed that the performance of the new cycle 

can be significantly improved in all cases that studied 

the effect of evaporator and gas cooler outlet 

temperature and high-side pressure on COP. 

2. In a high-side pressure, the COP value of the cycles 

increases with increasing the evaporator temperature. 

3. For each evaporator and gas cooler outlet 

temperature, there is an optimum high-side pressure 

and mass rate of the saturated vapor from separator 

corresponding to a maximum COP value. 

4. The highest exergy destruction rate in the new cycle 

occurs in the compressors, about 31% of the total of it. 

5. Although internal heat exchanger can improve COP 

of the cycle at this range of gas cooler pressure, it 

increases the total exergy destruction rate compared to 

multi-inter-cooling two-stage TRCC cycle at the same 

time.  

Nomenclature 
Specific enthalpy (Kj/Kg) h 

Exergy destruction rate (Kj/Kg) I 

Mass flow rate (Kg/s) m 

Pressure (bar) P 

Specific heat transfer rate (Kj/Kg) q 

Specific entropy (Kj/Kg-K) s 

Temperature ( ) T 

Velocity (m/s) u 

Specific work (Kj/Kg) w 

Mass flow rate of cooling stream in 

intercooler (Kg/s) x 

 

Symbols 

Efficiency (%)    

Intercooler effectiveness (%)    

 

Subscriptions 

Reference environment 0 

Cycle locations 1,2,2a,… 

Compressor c 

Diffuser d 

Evaporator e 

Ejector ej 

Expansion valve ev 

Saturated vapor g 

Gas cooler gc 

Generation gen 

Intermediate I 

Intercooler IC 

Saturated liquid L 

Mixing mix 

Nozzle n 

Refrigerated object r 

Reversible process rev 

Isentropic process s 

Total t 
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