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Abstract: A mixed refrigerant ejector refrigeration cycle operating with two-stage vapor-liquid separators 

(MRERC2) is proposed to obtain refrigeration temperature at -40°C. The thermodynamic investigations on per-

formance of MRERC2 using zeotropic mixture refrigerant R23/R134a are performed, and the comparisons of cy-

cle performance between MRERC2 and MRERC1 (MRERC with one-stage vapor-liquid separator) are conducted. 

The results show that MRERC2 can achieve refrigeration temperature varying between -23.9°C and -42.0°C 

when ejector pressure ratio ranges from 1.6 to 2.3 at the generation temperature of 57.3-84.9°C. The parametric 

analysis indicates that increasing condensing temperature decreases coefficient of performance (COP) of 

MRERC2, and increasing ejector pressure ratio and mass fraction of the low boiling point component in the 

mixed refrigerant can improve COP of MRERC2. The MRERC2 shows its potential in utilizing low grade ther-

mal energy as driving power to obtain low refrigeration temperature for the ejector refrigeration cycle. 
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1. Introduction 

Ejector refrigeration cycle (ERC) has gained increas-
ing attention for energy-saving and environment-friendly 
purposes due to its potential of utilizing low grade ther-
mal energy sources over a span of temperatures from 
50°C to 100°C, such as solar energy, geothermal energy 
and industrial waste heat. However, the primary disad-
vantage of conventional ERC is that its COP is relatively 
low compared to other types of refrigeration cycles, 
which has greatly limited its widespread application. 
Therefore, in order to promote the application of ERC, 
much research work has been carried out to improve its 

performance, mainly focusing on refrigerant selection, 
ejector modeling and cycle optimization. Firstly, the per-
formance of ERC is dependent on thermodynamic prop-
erties of the working fluid [1]. Considerable efforts have 
been concentrated on the performance of ERC using 
various refrigerants. Sun [2] compared the performance 
of ERC using eleven refrigerants and found that the cycle 
using R152a as refrigerant had better performance. Sel-
varaju et al. [3] compared the ejector performance using 
the environmentally friendly working fluids R290, R134a, 
R152a, R600a and R717. They found that R134a had a 
better performance in comparison with other refrigerants. 
Alexis et al. [4] simulated the performance of an ejector  
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Nomenclature   

COP coefficient of performance d diffuser 

f1 

the ratio of the mass flow rate of the refrigerant 
flowing through the throttling valve 1 to that of 
the refrigerant coming from the bottom of the 
vapor-liquid separator 1 

e evaporator 

fm 

the main stream ratio, i.e. the ratio of the mass 
flow rate of the refrigerant passing through the 
evaporator to that of the refrigerant passing 
through the condenser 

eo outlet of evaporator  

h enthalpy, kJ/kg g generator 
m mass flow rate, kg/s m  mixing section 
p pressure, MPa mf mixed flow 
PR the pressure ratio of ejector min the minimum value 
Q heat or cooling capacity, kW n nozzle 
t temperature, °C n1 inlet of the nozzle 
t temperature difference, °C n2 outlet of the nozzle 
u velocity, m/s p circulation pump 
W power consumption of pump, kW pf primary flow 

z mass fraction of the volatile (low boiling point) 
component of the mixed refrigerant r1 recuperator 1 

Greek symbols r2 recuperator 2 
 isentropic efficiency s isentropic process 
 entrainment ratio of the ejector 1, 2, …,14 numbers for the states 

Subscripts 1b 
number for the state of the primary flow 
at the isentropic expansion at the nozzle 
exit of the ejector 

c condenser 2m 
number for the state of the mixed flow 
at the constant pressure mixing in the 
mixing section of the ejector 

 
cooling system driven by solar energy using R134a as 
working fluid and found that the COP of ejector refrige-
ration cycle varied from 0.035 to 0.199 with the evapo-
rator temperature increasing from -10 to 0°C. Roman et 
al. [5] investigated the theoretical behavior of an ejector 
cooling system, using working fluids propane, butane, 
isobutane, R152a and R134a. The results showed that the 
system using propane had the highest COP. Chen et al. [6] 
selected various refrigerants (R134a, R152a, R290, 
R430a, R245fa, R600, R600a, R1234ze and R436B) and 
compared their performances and applicabilities in an 
ejector refrigeration system. The comparison results in-
dicated that R600 was a good candidate for the ejector 
refrigeration system due to a relatively high COP and its 
low environmental impact. These studies all indicate that 
the appropriate working fluid can yield good perfor-
mance for ERC under the selected operating conditions. 
Secondly, since the ejector performance is critical to the 
performance, capability, size and cost of the whole ERC, 
constructing valid mathematical models of the ejector has 
become the key subject of many studies [7,8]. Huang et 

al. [9] carried out a 1-D analysis for the prediction of 
ejector performance at critical-mode operation and re-
ported that the 1-D analysis using the empirical coeffi-
cients could accurately predict the performance of the 
ejectors. Ouzzane and Aidoun [10] developed the model 
and computer programs of ejectors for the optimal ejector 
design and detailed simulation of ERC. Cizungu et al. [11] 
established a one-dimensional compressible flow model 
to simulate and optimize one and two-phase ejectors un-
der steady-state operation condition based on the control 
volume approach. Zhu and Li [12] proposed a novel 
ejector model for the performance evaluation on ejectors 
at critical operating mode and found that the model had a 
good performance in predicting the mass flow rate and 
the entrainment ratio for ejectors. In order to take account 
of both ideal and real gases, Cardemil and Colle [13] 
developed an ejector model for the evaluation of vapor 
ejector performance and found that the proposed model 
provided reliable estimations in terms of ejector perfor-
mance (entrainment ratio and critical back-pressure). 
Chen et al. [14] proposed a new model to predict ejector 
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performance over both critical and sub-critical operation 
modes. All these mathematical models have been con-
structed to analyze and predict ejector performance as 
well as optimize design parameters. Thirdly, the perfor-
mance enhancement of ERC is possibly attained through 
cycle optimization, and many advanced cycles have been 
proposed. Zhang and Shen [15] proposed a new bi-ejec-
tor refrigeration cycle, in which a vapor-liquid ejector 
replaced the mechanical pump to convey the condensate 
back to the generator. Thus, no electricity consumption 
was required. Yu et al. [16] proposed a novel ejector re-
frigeration cycle, in which an additional jet pump was 
used in ERC to decrease the ejector pressure ratio for the 
improvement of cycle performance. Sokolov and Hersh-
gal [17] proposed the booster assisted ejector cycle. In 
this cycle, the low-pressure ratio mechanical-driven 
compressor was placed between the evaporator outlet and 
ejector suction line to increase the ejector suction pres-
sure, causing an increase of the cycle performance. Sun 
[18] studied a combined ejector-vapor compression cycle 
and the results showed that the combined cycle could 
improve COP by more than 50% over the conventional 
cycles. Chesi et al. [19] also analyzed a complex system 
in which the solar powered ejection machine was used to 
increase the efficiency of a traditional vapor compression 
machine by subtracting heat from the condenser and 
evaluated the potential advantages of the hybrid system. 
Obviously, these advanced cycles either introduced an 
additional ejector into the conventional ERC, or adopted 
a combination of thermal and mechanical energy to en-
hance the performance of ERC. Although these advanced 
cycles can greatly enhance the performance of ERC, the 
additional components make the proposed cycles more 
complicated in practical applications and the enhance-
ment of performance is attained at the cost of additional 
mechanical energy consumption for the hybrid compres-
sor and ejector refrigeration cycles.  

Previous researches have demonstrated that the ap-
propriate choice of refrigerants, the valid mathematical 
model of ejector and the improved cycle configuration 
can significantly improve the performance of ERC. 
However, the conventional ERC using pure substance as 
refrigerant cannot obtain low refrigeration temperature, 
and its refrigeration temperature is always above -10°C 
in practical applications. The reason is that high pressure 
ratio risk appears for the ejector with refrigeration tem-
perature reduction and the corresponding entrainment 
ratio of ejector and COP of conventional ERC decrease 
dramatically. Therefore, there are few studies on the ERC 
for low refrigeration temperature application. However, 
in many production processes, such as food industry, 
pharmaceutical industry and chemical engineering, there 
is not only a lot of available waste heat but also a great 
deal of cooling and freezing demands in low tempera-

tures [20], so it is of practical significance to develop a 
novel ERC for low temperature applications.  

As is known, zeotropic mixture refrigerant with com-
position shift at vapor-liquid equilibrium state can be 
used to obtain a lower refrigeration temperature with a 
moderate pressure ratio in simple mechanical compres-
sion refrigeration cycle [22-25]. Therefore, if the ther-
modynamic property of zeotropic mixture is employed in 
heat-driven ERC, it perhaps contributes to obtaining 
lower refrigeration temperature in ERC. Based on the 
principle, a mixed refrigerant ERC operating with one 
vapor-liquid separator (MRERC1) is proposed and the 
cycle performance is investigated theoretically [26]. The 
results indicate that the MRERC1 can achieve the refri-
geration temperature of -30°C, while the ejector pressure 
ratio is at least 3.0. However, it is still difficult for the 
ejector to operate under the working condition of such 
high pressure ratio in practical applications. Therefore, a 
mixed refrigerant ERC operating with two vapor-liquid 
separators (MRERC2) is proposed in this paper. The 
thermodynamic performance characteristics of MRERC2 
are investigated theoretically.  

2. Cycle description 

In order to obtain lower refrigeration temperature in 
heat-driven ERC, MRERC2 is proposed as shown in Fig. 
1(a). The corresponding cycle pressure enthalpy diagram 
is demonstrated in Fig. 1(b). The proposed MRERC2 
consists of an ejector, a generator, a condenser, an eva-
porator, a circulation pump, two recuperators, two va-
por-liquid separators and three throttling valves. The 
principle of multi-stage separation, condensation and 
purification of vapor-liquid two-phase mixtures with 
descending boiling point component is applied to the 
MRERC2. In this cycle, the vapor-liquid separator di-
vides a high pressure zeotropic mixture into two fractions: 
a liquid fraction enriched with the high-boiling compo-
nent and a vapor fraction enriched with the low-boiling 
component. The liquid fraction passes through a throt-
tling valve to provide refrigeration for precooling the 
separated vapor fraction. The vapor fraction then goes 
down to provide refrigeration at lower temperature level 
[27]. This character of zeotropic mixture refrigerant of-
fers the possibility to obtain low refrigeration tempera-
ture with a heat-driven ejector that can only provide rela-
tively low pressure ratio. 

The mixture R23/R134a is widely used zeotropic 
mixture refrigerant. The normal boiling point of R134a is 
-26.07°C, and the normal boiling point of R23 is 
-82.06°C. The boiling points and boiling point gaps of 
R134a and R23 (55.99°C) both are satisfactory for high 
boiling component and low boiling component separation 
[27, 28]. Thus, the zeotropic mixture R23/R134a is used 
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as the refrigerant of MRERC2 in this paper, and R23 is 
the low boiling component of the mixed refrigerant.  

The main working principle of MRERC2 using zeo-
tropic mixture R23/R134a is described as follows: The 
R134a-rich vapor coming from the generator firstly en-
ters the nozzle of ejector as primary flow to entrain the 
secondary flow from the low pressure passage of the re-
cuperator 1, then it mixes with the secondary flow in the 
mixing section of ejector and recovers a pressure lift in 
the diffuser of the ejector. The refrigerant mixture vapor 
discharged from the ejector goes through the condenser 
and is partially condensed. Then it flows into the va-
por–liquid separator 1 where the vapor and liquid phases 
of the mixed refrigerant are separated. The vapor, which 
is rich in R23, flows from the top of vapor–liquid sepa-
rator 1, while the liquid rich in R134a flows out of the 
bottom of vapor–liquid separator 1. The vapor refrigerant 
then flows into the high pressure passage of recuperator 1 
and partially condenses. As the vapor-liquid mixture 
from the recuperator 1 enters the vapor-liquid separator 2, 
it undergoes phase separation as well in the vapor-liquid 
separator 2. After the R23-rich vapor from the top of the 
vapor-liquid separator 2 flows through the high pressure 
passage of recuperator 2 and condenses, it passes through 
the throttling valve 3, throttling and expanding to the 
vapor-liquid refrigerant of lower temperature. It then 
enters the evaporator and vaporizes to realize the refrige-
ration effect, leaving as the saturated vapor. The 
R134a-rich liquid out of the bottom of the vapor–liquid 
separator 2 enters the throttling valve 2, expanding into 
the low temperature state, and then mixes with the lower 
temperature vapor from the evaporator. This low temper-
ature vapor-liquid mixture flows into the low pressure 
passage of recuperator 2 to condense the vapor from the 
top of the vapor-liquid separator 2. The R134a-rich satu-
rated liquid from the bottom of the vapor–liquid separa-
tor1 is separated into two streams. One stream passes 
through the throttling valve 1, expanding to the low-   
temperature refrigerant. Then it mixes with the refrige-
rant from the low pressure passage of recuperator 2, and 
the mixed refrigerant flows into the low pressure passage 
of the recuperator 1 to condense the vapor refrigerant 
from the top of vapor-liquid separator 1, leaving as 
slightly superheated vapor and entering the ejector as 
secondary flow. The other stream returns back to the cir-
culation pump and then enters the generator, leaving as 
the saturated or superheated vapor. Then it enters the 
ejector as the primary flow. The cycle is completed. 

The schematic diagram of MRERC1 is shown in Fig.2. 
The difference between MRERC1 and MRERC2 is that 
MRERC2 operates with two vapor-liquid separators, 
while MRERC1 operates with one vapor-liquid separator. 
The introduced two vapor-liquid separators in MRERC2 
have the advantage of increasing the mass fraction of the 

low boiling component in zeotropic refrigerant mixture 
that enters the evaporator, lowering the ejector pressure 
ratio at the same refrigeration temperature. Thus, the 
proposed MRERC2 helps obtain lower refrigeration 
temperature and provide low pressure ratio operating 
condition for the ejector, which can greatly boost the 
practical application potential of MRERC. 

 

 
 

Fig. 1  Schematic diagrams (a) and pressure-enthalpy diagram 
(b) of mixed refrigerant ERC operating with two va-
por–liquid separators. 

 

 
 

Fig. 2  Schematic diagram of mixed refrigerant ERC operating 
with one vapor-liquid separator 

3. Mathematical model 

3.1 Ejector model 

Ejector is the key component in the novel cycle, and 
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COP of the cycle depends strongly on the performance of 
the ejector. In the present study, the ejector performance 
simulation is carried out based on the one-dimensional 
constant pressure flow model [9, 29, 30].  

To simulate the ejector, the following assumptions are 
made. 

1. The flow inside the ejector is in steady state and 
one-dimensional. 

2. Velocities of streams at the inlet and outlet of the 
ejector could be negligible. 

3. The effects of frictional and mixing losses in the 
nozzle, mixing section and diffuser of ejector are taken 
into account by using the nozzle efficiency n, the mixing 
efficiency m, and the diffuser efficiency d. 

4. Mixing process in the mixing section of the ejector 
occurs at constant pressure and complies with the con-
servation of energy and momentum. 

5. The flow process in the ejector is assumed adiabatic.  
Based on mass, energy and momentum conservation 

can be derived as  

, 1 , 2, , , ,( ) /( ) 1n m d pf n pf n s mf d s mf mh h h h       (1) 

Where , 1pf nh is inlet enthalpy of primary flow, , 2,pf n sh  

is the ideal exit enthalpy of the primary flow under the 
isentropic expansion, , ,mf d sh is the ideal exit enthalpy of 

the mixed flow under the isentropic compression, ,mf mh is 

the enthalpy of mixed flow and n is the nozzle efficiency, 
d is the diffuser efficiency, m is the mixing efficiency. 

3.2 Cycle model 

The mathematical models are developed to analyze the 
performance of the novel cycle. For the cycle simulation, 
the following assumptions are also made. 

1. The cycle reaches a steady state, and heat loss to the 
environment is neglected.  

2. The flow across the throttling valves is isenthalpic. 
3. The evaporator outlet state is saturated vapor. 
4. The vapor streams from the top of the vapor-liquid 

separators are saturated vapor and the liquid streams 
from the bottom of vapor-liquid separator are saturated 
liquid. The vapor stream coming from the generator is 
saturated vapor. 

5. The minimum temperature differences in the recu-
perators 1 and 2 are specified as 1.r mint  and 2.r mint  

which occur at the hot end of recuperator 1 and the cold 
end of recuperator 2, respectively. 

6. The pressure losses in the cycle are neglected ex-
cept in the throttling valves. 

For the energy analysis of the novel cycle, the basic 
models for all the components are set up by applying the 
principles of mass conservation and energy conservation. 
The basic equations of each component are given respec-
tively as follows. 

For evaporator: 

5 7 6( )eQ m h h                (2) 

For generator:   

1 1 14( )gQ m h h               (3) 

For condenser: 

2 2 3( )cQ m h h                (4) 

For recuperator 1:    

1 4 31 4 12 13 12( ) ( )rQ m h h m h h          (5) 

For recuperator 2: 

2 5 41 5 9 10 9( ) ( )rQ m h h m h h           (6) 

For the circulation pump:  

 1 14, 32( ) /s pW m h h  
           

(7) 

Where, p is the pump efficiency. 
The mixed refrigerant from the condenser undergoes 

twice phase separations in the vapor-liquid separator 1 
and 2. Hence: 

3 4 5 2/mf x x m m               (8) 

Where, fm is the main stream ratio, i.e. the ratio of the 
mass flow rate of the refrigerant passing through the 
evaporator to that of the refrigerant passing through the 
condenser, x3 and x4 are the quality of mixed refrigerant at 
states 3 and 4. 

The COP of the cycle can be defined as the ratio of the 
cooling capacity to the sum of the heat input of the gene-
rator and the power input of the circulation pump. It is 
written as follows: 

/( )e gCOP Q Q W             (9) 

The ejector entrainment ratio is defined as the ratio of 
the ejector secondary mass flow rate (state 13) to the 
primary mass flow rate (state 1). Therefore, 

13 3 3 1

1 3 1

(1 )

(1 ) (1 )

m x x f
m x f

     
           

(10) 

Where f1 is the ratio of the mass flow rate of the refrige-
rant passing through the throttling valve 1 to that of the 
refrigerant coming from the bottom of the vapor-liquid 
separator 1. 

Using the equations described above, calculations can 
be carried out to determine the entrainment ratio, gene-
rating temperature and COP of the new cycle under the 
given operating conditions. It should be noted that in the 
simulation procedure, the entrainment ratio of the ejector 
must satisfy a mass balance for steady-state operation of 
the cycle, i.e., at the same time, under the given operating 
conditions, the entrainment ratio of the ejector can be 
determined by the primary flow and secondary flow as 
well as the ejector outlet pressure [31]. In this case, under 
the condition that the secondary flow and ejector outlet 
pressure are known, by adjusting the generation temper-
ature, the solution converges to the ejector entrainment 
ratio () required by the steady-state operation of the 
cycle. The procedure of the numerical computation is 



TAN Yingying et al.  Analysis of a Mixed Refrigerant Ejector Refrigeration Cycle with Two Vapor-liquid Separators 235 

 

shown in Fig. 3. Based on the flowchart for the simula-
tion, the calculation program is written with FORTRAN 
language. And thermodynamic properties of refrigerant 
mixture are calculated based on data from the NIST 
REFPROP database [32]. In the next section, the perfor-
mance characteristic of the cycle and the effects of some 
parameters on the cycle performance are investigated. 

 

 
  

Fig. 3  Flow chart for the calculation of MRERC2 

4. Results and discussion 

4.1 Effects of ejector pressure ratio  

To evaluate the effects of ejector pressure ratio on 

MRERC2, the performance of MRERC2 is simulated 
under the following operation condition, the ejector 
pressure ratio (PR) ranging from 1.6 to 2.3, the initial 
charge mass fraction of R23 z3 = 0.20, the condenser 
outlet temperature tc = 20°C, the condensation pressure pc 
= 1.2 MPa and the mass flow rate of refrigerant through 
the condenser is 1 kg·s-1. 

Fig. 4 shows the variation of evaporation pressure (pe) 
and evaporator inlet temperature (te) with the ejector 
pressure ratio (PR). It can be seen that the evaporation 
pressure and evaporator inlet temperature decrease as the 
ejector pressure ratio increases. The reason is that the 
evaporation pressure decreases when the ejector pressure 
ratio increases at the constant condensation pressure, 
resulting in a decreasing evaporator inlet temperature. It 
should be noted that the evaporator inlet temperature 
ranges from -23.9°C to -42.0°C at the ejector pressure 
ratio varying from 1.6 to 2.3 under the given operating 
conditions. When the ejector pressure ratio is 2.3, the 
evaporator inlet temperature can reach -42.0°C. Through 
theoretical calculation, Alexis et al. [4, 33] obtained a 
refrigerating temperature of -10°C in conventional ERC 
using R134a and methanol as its refrigerant, which was 
the lowest refrigeration temperature obtained by the ERC 
in earlier work. It is obvious that the lowest refrigerating 
temperature obtained by the proposed MRERC2 is much 
lower than that obtained by the conventional ERC in the 
literatures up to now. 

 

 
 

Fig. 4  Variation of pe and te with PR 
 

Fig.5 shows the variation of the ratio of the mass flow 
rate of the refrigerant passing through the throttling valve 
1 to that of the refrigerant coming from the bottom of the 
vapor-liquid separator 1 (f1) the ejector entrainment ratio 
() and the generation temperature (tg) with the ejector 
pressure ratio (PR). It could be observed that the ejector 
entrainment ratio and generation temperature increase as 
the ejector pressure ratio increasing. The reason is that 
the heat exchange capacity of recuperator 2 can be in-
creased by a decrease of the evaporator outlet tempera-
ture and then the refrigerant mass flow rate through the 
throttling valve 1 increases to ensure the minimum tem-
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perature differences at the hot end of the recuperators 1, 
resulting in an increase of f1. Thus, according to Eq. (10), 
the ejector entrainment ratio will increase to maintain the 
stable operating condition of the new cycle. The increase 
of both entrainment ratio and the ejector pressure ratio 
cause an increase of generation temperature. Under the 
given conditions, the ejector entrainment ratio and gener-
ation temperature range from 0.162 to 0.188 and from 
57.3°C to 84.9°C at the ejector pressure ratio varying 
from 1.6 to 2.3, respectively. 

Fig. 6 shows the variation of the refrigeration capacity 
(Qe), the heating capacity of generator (Qg) and the COP 
of the proposed cycle with the ejector pressure ratio (PR). 
It could be found that the refrigeration capacity increases 
as the ejector pressure ratio increasing. As the ejector 
pressure ratio rises, the refrigeration capacity per unit 
mass flow rate increases for the increasing inlet subcool-
ing of throttling valve 3. With the fixed refrigerant mass 
flow rate through the evaporator, the refrigeration capac-
ity increases. It could also be observed that the heating 
capacity of generator decreases with the increasing ejec-
tor pressure ratio. On the one hand, the heating capacity 
per unit mass flow rate decreases as generation tempera-
ture increases. On the other hand, the refrigerant mass 
flow rate through the generator decreases with the in-
crease of the refrigerant mass flow rate through the  

 

 
 

Fig. 5  Variation of f1,  and tg with PR 
 

 
 

Fig. 6  Variation of Qe, Qg and COP with PR 

throttling valve 1. The decrease of mass flow rate and the 
decrease of heating capacity of unit mass flow rate to-
gether make the heating capacity of generator decrease. It 
is concluded that the COP of the new cycle increases 
with the increasing ejector pressure ratio. Under the giv-
en conditions, the COP of new cycle ranges from 0.014 
to 0.041 at the ejector pressure ratio varying from 1.6 to 
2.3. 

4.2 Effects of condenser outlet temperature  

To evaluate the effects of condenser outlet temperature 
on MRERC2, the performance of MRERC2 is simulated 
under the following operation condition, condenser outlet 
temperature (tc) ranging from 18°C to 24°C, the pressure 
ratio of ejector is 2.3, the refrigerant steam quality at the 
condenser outlet is 0.13, the initial charge mass fraction 
of R23 and the mass flow rate of refrigerant through the 
condenser is 1 kg·s-1. 

Fig. 7 shows the variation of the mass fraction of R23 
at point 41 (z41), evaporation pressure (pe) and evaporator 
inlet temperature (te) with condenser outlet temperature 
(tc) under the given condition. It could be observed that 
the mass fraction of R23 at state 41, the evaporation 
pressure and evaporator inlet temperature increase as 
increasing condenser outlet temperature. For the fixed 
refrigerant steam quality at the condenser outlet, the 
condensation pressure increases with increasing the con-
denser outlet temperature, resulting in the increasing 
evaporation pressure. Due to the increasing condensation 
pressure and constant temperature at state point 4, the 
mass fraction of R23 at state 41 increases. The evapora-
tor inlet temperature is not only influenced by evapora-
tion pressure but also the mass fraction of R23 at state 41, 
and the former is more important in this case. Thus, the 
evaporator inlet temperature increases. Under the given 
conditions, the evaporation pressure and evaporator inlet 
temperature range from 0.496 MPa to 0.578 MPa and 
from -42.7°C to -40.4°C as the condenser outlet temper-
ature varies from 18°C to 24°C. 

Fig. 8 shows the variation of the ratio of the mass flow 
rate of the refrigerant passing through the throttling valve 
1 to that of the refrigerant coming from the bottom of the 
vapor-liquid separator 1 (f1), the ejector entrainment ratio 
(μ) and the generation temperature (tg) with condenser 
outlet temperature (tc). It could be seen that the ejector 
entrainment ratio and generation temperature both de-
crease with increasing condenser outlet temperature. The 
reason is that as the condenser outlet temperature in-
creases, the condensation pressure increases, resulting in 
a decreasing refrigerant quality of state 4. Thus, the main 
stream ratio (fm) decreases. The heat exchange capacity 
of recuperator 2 drops with a decreasing main stream 
ratio and then the refrigerant mass flow rate through the 
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throttling valve 1 decreases to ensure the minimum tem-
perature differences at the hot end of the recuperators 1, 
resulting in a decrease of f1. Thus, according to Eq. (10), 
the ejector entrainment ratio will decrease to maintain the 
stable operation of the new cycle. For the fixed ejector 
pressure ratio, the decrease of ejector entrainment ratio 
causes a decrease of generation temperature. Under the 
given operating conditions, the ejector entrainment ratio 
and generation temperature range from 0.204 to 0.153 
and from 85.5°C to 82.7°C at the condenser outlet tem-
perature varying from 18°C to 24°C, respectively. 

 

 
 

Fig. 7  Variation of pe, z41 and te with tc 

 

 
 

Fig. 8  Variation of f1, μ and tg with tc 

 
Fig. 9 shows the variation of the refrigeration capacity 

(Qe), the heating capacity of generator (Qg) and the COP 
of the cycle with condenser outlet temperature (tc). It is 
shown that the refrigeration capacity decreases and the 
heating capacity of generator increases as the condenser 
outlet temperature increases. The refrigeration capacity 
decreases for the decreasing mass flow rate through the 
evaporator, and the heating capacity of generator in-
creases because of the increasing mass flow rate through 
the generator. Due to the combined effects of the refrige-
ration capacity and heating capacity of generator, the 
COP of the new cycle decreases with increasing con-

denser outlet temperature. Under the given conditions, 
the COP of new cycle ranges from 0.054 to 0.011 as the 
condenser outlet temperature varies from 18°C to 24°C. 
Thus, the results show that the decrease of condenser 
outlet temperature can significantly improve the cycle 
performance. 

 

 
 

Fig. 9  Variation of Qe, Qg and COP with tc 

4.3 Effects of refrigerant mixture composition 

To evaluate the effects of refrigerant mixture composi-
tion on MRERC2, the performance of MRERC2 is simu-
lated under the following operation condition, the initial 
charge mass fraction of R23 (z3) ranging from 0.10 to 
0.22, the pressure ratio of ejector is 2.2, the refrigerant 
steam quality at the condenser outlet is 0.13, the con-
denser outlet temperature tc is 20°C and the mass flow 
rate of refrigerant through condenser is 1 kg·s-1. 

Fig. 10 shows the variation of evaporation pressure 
(pe), the mass fraction of R23 at state 41 (z41) and evapo-
rator inlet temperature (te) with the initial charge mass 
fraction of R23 (z3). It is shown that the evaporation 
pressure and the mass fraction of R23 at state 41 both 
increase as the initial charge mass fraction of R23 in-
creases. The reason is that as the initial charge mass frac-
tion of R23 increases, the condensation pressure increas-
es, resulting in an increasing evaporation pressure. For 
the fixed temperature of state 4, the increase of conden-
sation pressure causes an increase of mass fraction of 
R23 at state 41. It can also be seen that the evaporator 
inlet temperature fluctuates with the increase of initial 
charge mass fraction of R23. As the evaporation pressure 
increases, the evaporator inlet temperature increases. On 
the other hand, as the mass fraction of R23 at state 41 
increases, the evaporator inlet temperature decreases. 
Thus, the increase of evaporation pressure and the in-
crease of mass fraction of R23 at state 41 have the oppo-
site effect on the evaporator inlet temperature, resulting 
in the evaporator inlet temperature fluctuation. Under the 
given conditions, the evaporator inlet temperature ranges 
between -38°C to -40.8°C at the initial charge mass frac-
tion of R23 varying from 0.10 to 0.22. 
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Fig. 10  Variation of pe, z41 and te with z3 
 

Fig. 11 shows the variation of the ratio of the mass 
flow rate of the refrigerant passing through the throttling 
valve 1 to that of the refrigerant coming from the bottom 
of the vapor-liquid separator 1 (f1), the ejector entrain-
ment ratio (μ) and the generation temperature (tg) with 
the initial charge mass fraction of R23 (z3). It could be 
seen that the ejector entrainment ratio and generation 
temperature both increase with the increasing initial 
charge mass fraction of R23.The condensation pressure 
increases with increasing the initial charge mass fraction 
of R23, resulting in an increase of refrigerant quality at 
the inlet of vapor-liquid separator 2. Thus, the main 
stream ratio increases. The heat exchange capacity of 
recuperator 2 increases subsequently, which causes an 
increase of the refrigerant mass flow rate through the 
throttling valve 1, resulting in an increase of f1. Thus, 
according to Eq. (10), the ejector entrainment ratio in-
creases to ensure the stable operating condition of the 
new cycle. For the fixed ejector pressure ratio, the in-
crease of ejector entrainment ratio causes an increase of 
generation temperature. Under the given conditions, the 
ejector entrainment ratio and generation temperature 
range from 0.159 to 0.188 and from 68°C to 82.3°C at 
the initial charge mass fraction of R23 varying from 0.10 
to 0.22, respectively. 

 

 
 

Fig. 11  Variation of f1, μ and tg with z3 

Fig. 12 shows the variation of the refrigeration capac-
ity (Qe), the heating capacity of generator (Qg) and the 
COP of the cycle with initial charge mass fraction of R23 
(z3). It could be observed that the refrigeration capacity 
increases and the heating capacity of generator decreases 
as the initial charge mass fraction of R23 increases. The 
refrigeration capacity increases owing to the increasing 
mass flow rate through the evaporator, and the heating 
capacity of generator decreases because of the decreasing 
mass flow rate through the generator. Due to the com-
bined effects of the refrigeration capacity and heating 
capacity of the generator, the COP of the new cycle in-
creases with the increasing initial charge mass fraction of 
R23. Under the given conditions, the COP of new cycle 
ranges from 0.013 to 0.041 while the initial charge mass 
fraction of R23 varies from 0.10 to 0.22. 

 

 
 

Fig. 12  Variation of Qe, Qg and COP with z3 

4.4 Comparison of MRERC and ERC 

The cycle performance of the proposed MRERC2 is 
compared with that of conventional ERC and that of 
MRERC1 using mixed refrigerant R134a+R23 as their 
working fluids, and the key results are illustrated in Fig. 
13 and Fig. 14. 

In this calculation, the initial charge mass fraction of 
R23 (z3) is 0.2, the condensation pressure is 1.2 MPa, the 
condenser outlet temperature is 20°C and the mass flow 
rate of refrigerant through condenser is 1 kg·s-1. The 
evaporator outlet temperature teo is kept in a range of 
-22°C to -15°C.  

Fig.13 shows the effect of the evaporator outlet tem-
perature (teo) on the ejector pressure ratio (PR) of 
MRERC1, MRERC 2 and ERC. It can be found that as 
the evaporator outlet temperature increases, the ejector 
pressure ratios of the proposed MRERC 2, MCERC 1 
and the conventional ERC decrease. The ejector pressure 
ratio in ERC varies in a range 8.29-6.15 and that in 
MRERC 1 varies in a range 4.63-3.45, which are unat-
tainable for the ejector, while the ejector pressure ratio in 
MRERC 2 varies in a range 2.29-1.73, which is attaina-
ble for the ejector, when the evaporator outlet tempera-
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ture ranges from -22°C to -15°C. It is shown that the 
ejector pressure ratios in ERC and MRERC1 are ob-
viously much larger than that in MRERC 2, leading to 
high pressure ratio risk for ejector in ERC and MRERC1. 

 

 
 

Fig. 13  Variation of PR with teo 
 

Fig.14 shows the effect of the evaporator outlet tem-
perature (teo) on the refrigeration capacity (Qe) and COP 
of MRERC 1, MRERC 2 and ERC. It is observed that as 
the evaporator outlet temperature varies from -22°C to 
-15°C, the refrigeration capacity and COP of ERC and 
MRERC 1 are equal to zero. That is because the ejector 
cannot work at all under the condition of such high pres-
sure ratios. That is, the conventional ERC and MRERC 1 
cannot achieve such low refrigeration temperature under 
the same working condition. On the contrary, the refrige-
ration capacity of MRERC 2 varies from 6.18 kW to 2.99 
kW, and COP of MRERC2 varies from 0.040 to 0.018, as 
the evaporator outlet temperature varies from -22°C to 
-15°C. 

 

 
 

Fig. 14  Variation of Qe and COP with teo 

5. Conclusions 

A mixed ejector refrigeration cycle operating with two 
vapor-liquid separators is proposed, which can achieve 
refrigeration temperature at -40°C temperature range 
under the low pressure ratio operating conditions of 

ejector. The performances of the proposed cycle are 
theoretically investigated based on the developed ma-
thematical model, and then compared with that of the 
conventional ejector refrigeration cycle and that of the 
mixed refrigerant ejector refrigeration cycle operating 
with one vapor-liquid separator. The main conclusions of 
this study are summarized as follows: 

The novel cycle can significantly decrease the refrige-
ration temperature without increasing the ejector pressure 
ratio. The cycle can achieve the lowest refrigeration 
temperature of -42.0°C when the pressure ratio of ejector 
is 2.3, the generation temperature is 84.9°C and the con-
denser outlet temperature is 20°C. Such low refrigeration 
temperature cannot be obtained by conventional ejector 
refrigeration cycle and mixed refrigerant ejector refrige-
ration cycle operating with one vapor-liquid separator 
under the same operating conditions. 

Condenser outlet temperature, pressure ratio of the 
ejector and the refrigerant mixture composition have sig-
nificant effects on the refrigeration temperature, the 
ejector entrainment ratio, generation temperature, refri-
geration capacity, heating capacity of generator and COP 
of the proposed cycle. 

The ejector pressure ratio in MRERC2 is obviously 
much lower than that in ERC and MRERC1, and it is 
feasible for MRERC2 to be applied to practical engi-
neering projects because of lower pressure ratio for the 
ejector. 

And it is also noted that additional studies, especially 
experimental studies are being carried out in our lab to 
verify the feasibility of the proposed cycle. 
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