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ABSTRACT 

This study presents a novel domestic refrigerator-freezer refrigeration cycle (NRFC), in which two ejectors 
and an internal heat exchanger are employed to enhance the refrigeration performance. The theoretical 
investigation using environmental friendly refrigerant R600a has been carried out, the simulation results 
show that the NRFC exhibits higher coefficient of performance (COP) and larger cooling capacity than the 
conventional refrigerator-freezer cycle (CRFC) and single ejector enhanced refrigerator-freezer cycle 
(ERFC). Under the given operation conditions, it is found that the COP and refrigeration capacity could be 
improved by 22.1% and 32.0% over the conventional refrigerator-freezer cycle, respectively. The 
performance characteristics of the novel cycle show its potential practical advantages in domestic 
refrigerator-freezer systems. 
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1. INTRODUCTION 

Currently, domestic refrigerator-freezers have became more and more popular in commercial and residential 
appliances due to its wide range of cooling effect and lower cost (Radermacher and Kim, 1996). Thus, the 
energy saving technology of household refrigerator-freezers plays a significant role on social energy saving 
actions and CO2 emission reductions. In the past decades, various energy saving technologies for 
refrigerator-freezers have been developed to enhance the system performance, and cycle configuration 
optimization is one of these advanced methods. Nowadays, a common domestic refrigerator-freezer cycle is 
the vapor-compression dual-circuit cycle with parallel evaporators, which yields lower irreversible losses due 
to the smaller temperature difference between refrigerant and air in the refrigerator (Yoon et al., 2011). 
However, two-circuit cycle with parallel evaporators still has relatively low system performance due to large 
amount of throttling losses. Therefore, proper modification for two-circuit cycle with parallel evaporators 
should be explored to overcome these shortcomings. 
 
According to the throttling losses in a refrigerator-freezer refrigeration cycle, an ejector has been proposed as 
an expansion device to replace conventional expansion devices, since it has simple structure, lower cost, no 
rotating parts and outstanding pressure energy recovering effect (Chunnanond and Aphornratana, 2004). 
Elakdhar et al. (2007) proposed an ejector enhanced cycle for domestic refrigerator-freezer, which utilizes 
the vapor fluid from refrigerating evaporator to entrain the vapor fluid from freezing evaporator. Sarkar 
(2010) performed two new layouts of ejector enhanced multi-evaporator transcritical CO2 refrigeration 
system. Kairouani et al. (2009) proposed a three-circuit refrigeration cycle employing two cascade ejectors. 
Zhou et al. (2013) proposed a novel dual-nozzle ejector for dual-circuit refrigerator-freezer cycle and 
obtained 22.9~50.8% higher COP improvement. Liu et al. (2010) measured the energy consumption of three 
types of ejector refrigerator-freezer and indicated that the energy consumption could be reduced by 7.75%.  
 
In addition, internal heat exchanger (IHX) can also be used in ejector-expansion refrigeration cycle to 
enhance system performance. Yari and Sirousazar (2008) presented a novel transcritical CO2 refrigeration 
cycle with combination of ejector and internal heat exchanger. It was found that the novel cycle could obtain 
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up to 26% higher COP over conventional ejector refrigeration cycle. Nakagawa et al.( 2011a, 2011b) found 
that the transctitical CO2 ejector refrigeration cycle with appropriate lengths of internal heat exchanger and 
ejector mixing section could obtain up to 26% COP improvement over the conventional system. Therefore, 
proper hybrid of internal heat exchanger and ejector in refrigeration cycle could also effectively increase 
system performance. However, from the literatures mentioned above, we can see that little attention has be 
paid on the combination of two ejectors and an internal heat exchanger in refrigerator-freezer applications.     

 
In present paper, we proposed a novel refrigerator-freezer cycle with hybrid of two ejectors and internal heat 
exchanger (NRFC). The main advantages of this cycle is that the two ejectors and internal heat exchanger 
could fully recover the throttling losses and increase refrigeration capacity, respectively. The purpose of this 
study is to theoretically investigate the system operating characteristics of the NRFC and confirm the 
possibility of its application in domestic refrigerator-freezers.

2. SYSTEM DESCRIPTION  

The layouts of conventional refrigerator-freezer cycle (CRFC) and the NRFC are shown in Figure 1. The 
NRFC system consists of a compressor, a condenser (CN), a separator, two expansion valves (EP), a 
refrigerating evaporator (RE), a freezing evaporator (FR), an internal heat exchanger (IHX), and two ejectors. 
It can be seen that the cycle structure differences between the NRFC and CRFC are evident, i.e. the two 
ejectors and an internal heat exchanger are employed in the novel cycle, which aims to lift the suction 
pressure of the compressor and increase the cooling capacity of system, respectively.  
 
The detail working principle of the novel cycle is as follows: The fluid leaving the compressor (state 2) 
enters the condenser where it rejects heat to the surroundings. The fluid leaving condenser (state 3) is split 
into two streams: one stream enters the IHX to get further subcooled and then enters the refrigerating 
evaporator after a pressure reduction through expansion valve 2, where it gives refrigerating effect; The other 
stream as the primary flow directly enters the nozzle of ejector 1 to entrain the vapor from freezing 
evaporator (state 12), and then the mixed flow exiting the ejector 1 (state 14) enters the separator. The liquid 
flow (state 10) produced by separator enters freezing evaporator after a pressure reduction through expansion 
valve 1. And the vapor leaving the separator (state 9) is entrained by the vapor from refrigerating evaporator 
(state 6) and then the mixed flow exiting ejector 2 (state 8) enters the IHX to be superheated by refrigerating 
stream from the condenser. Then the superheated flow (state 1) reenters the compressor. In this way, the 
novel cycle is completed. 

 
Figure 1(a). CRFC                       Figure 1(b). NRFC 

Figure 1. The schematic diagrams of CRFC and NRFC 
 

3. MATHEMATICAL MODEL AND SIMULATION 

3.1.  Ejector Modeling 
Ejectors play significant roles on the operating performance of the ejector enhanced refrigeration cycles. The 
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commonly used constant mixing pressure model is applied in this study for the ejector performance modeling. 
In order to simplify the modeling process, some assumptions are made as follows (Zhou et al., 2013): 
(1) The ejector is considered to be adiabatic to the surroundings. 
(2) The flow inside the ejector is steady state and one-dimensional.  
(3) The velocities at the inlet and outlet of the ejector are neglected. 
(4) The efficiencies of the working processes in the nozzle, mixing and diffuser section are assumed to be 
constant. 
(5) Mixing process in the mixing section occurs at a constant pressure and complies with the conservations 
of mass, momentum and energy. 
 
The ejector cycle performance closely relates to the ejector performance and can be assessed somewhat by 
the entrainment ratio  , which is defined as the mass flow rate ratio of the secondary fluid to the primary 
fluid. In this case, the entrainment ratio of each ejector in the NRFC cycle can be expressed as,                       

1 s1 p1m m  , 2 s2 p2m m                                                               (1) 

Based on the conservations of mass, momentum and energy of the working process in the ejector, the ejector 

modeling processes are presented as follows (Chen et al., 2011): 

Neglecting the inlet velocity of the primary flow and considering the irreversibility loss of the primary flow 

through the nozzle, the leaving velocity of the primary fluid at the nozzle is given as: 

n.o n n.i n.is.o
2 ( ) 1000u h h  

                                                                (2) 
where hn.i is the inlet specific enthalpy of the primary fluid, hn.is.o is the ideal exit specific enthalpy through an 
isentropic expansion in the nozzle and n  is the nozzle isentropic efficiency, which is defined as, 

n n.i n.o n.i n.is.o=( ) ( )h h h h  
                                                              (3)

Neglecting the inlet velocity of secondary fluid, the ideal velocity of the mixed fluid can be derived by 
applying momentum conservation and mixing efficiency mh  in the mixing process,  

m m n.o (1 )u u                                                                       (4) 

By applying energy conservation in the diffuser section, the specific enthalpies of the mixed fluid entering and 
leaving the diffuser can be expressed as follows, respectively. 

2
d.i n.i s.i m

1
( ) (1 ) ( ) /1000

2
h h h u                                                   (5)

2
d.o d.i m

1
( ) /1000
2

h h u                                                                 (6) 

where s.ih  is the inlet specific enthalpy of the secondary fluid. And then, applying the definition of the 

isentropic efficiency of the diffuser d , the specific enthalpy of the mixed fluid leaving diffuser can be 

expressed as, 

d.o d.i d.is.o d.i d( ) /h h h h                                                                    (7)
where hd.is.o is the ideal exit specific enthalpy of the mixed flow under the isentropic compression in the 
diffuser. 
By employing the mass conservation principle under the steady operating condition, the entrainment ratio of 
each ejector can be expressed as, 

 1 14 14= 1-x x , 2 p1 p2=m m                                                               (8)

The pressure lift ratio of the two ejectors configuration and each ejector can be expressed as follows, 

respectively. 

Pt 1 12r P P , P1 14 12r P P , P2 1 14r P P                                                        (9) 

3.2.  NRFC System Energetic Model
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In order to simplify the simulation of the novel cycle and analyze the system thermodynamic characteristics, 
the system energetic model based on the first law of thermodynamics is established under the following 
assumptions (Chen et al., 2011; Yu et al., 2013):

 (1) The system is under the steady operation condition.  
(2) The heat losses and pressure drops of the refrigerant through the heat exchanger and pipes are 
negligible. 
(3) The compression process is adiabatic and non-isentropic, and the isentropic efficiency associated with 
the compression ratio is applied.   
(4) The throttling processes in expansion devices are isenthalpic process. 
(5) The fluids from the separator and the evaporators are saturated fluids. 
For evaporators, the refrigerating and freezing capacities are expressed as,                 

RE p2 6 5( )Q m h h= -                                                                      (10)

FE s1 12 11( )Q m h h= -                                                                     (11)
The refrigeration capacity ratio   is expressed as, 

RE FEQ Q                                                                          (12)

The total refrigeration capacity can be obtained as, 

RE FEQ Q Q= +                                                                        (13)
The volumetric refrigeration capacity is given as, 

v p1 p2 1( )q Q m m vé ù= +ê úë û                                                                  (14)

where v1 is the suction specific volume of the compressor. 
For the internal heat exchanger, the energy balance could be expressed as, 

p2 3 4 s1 p2 1 8( ) ( )( )m h h m m h h- = + -                                                          (15)

For the compressor, the input work can be expressed as, 
p1 p2 2s 1 is( )( )W m m h h h= + -                                                              (16)

where ηis is the isentropic efficiency of the compressor (Elakdhar, 2007),  

is 2 10.874 0.0135( )P P                                                                 (17)

The refrigeration COP of the NRFC cycle can be calculated by
 

COP Q W=                                                                          (18)
 

 
Based on the mathematical models described above, the simulation of the NRFC is developed using a code 
written in Fortran Language. The environmentally friendly refrigerant R600a is selected as the refrigerant 
due to its widespread application in domestic refrigeration production as pure working fluid or a component 
of mixture (Joybari et al., 2013), and its thermodynamic properties are accomplished by using REFPROP 
software version 7.1 (Lemmon et al., 2003). In the next section, the performances of NRFC are evaluated in 
detailed at chosen operating conditions. It should be noted that in the calculation for NRFC, the condensing 
temperature CNT , refrigerating temperature RET , freezing temperature FRT  and the temperature glide in IHX 

IHX 3 4T T T    are taken as input operating conditions. In addition, the refrigeration capacity ratio is 
specified 1  , the subcooling degree of the condenser exit temperature is fixed at SC 5T  ℃, and the 
ejector efficiencies are assumed to be constant values, n 0.8  , m 0.85   and d  0.8   (Li and Groll, 
2005; Sarkar, 2008). For simplicity, the mass flow rate of the compressor is assumed to be per unit, and thus 
the mass flow rates of other state points can be obtained based on the mass conservation principle under 
steady operation conditions. In the system parametric analysis, when a parameter is varied within the 
specified range, the other parameters are kept constant. 

 4. RESULTS AND DISCUSSION 

In order to illustrate the performance improvement potential of NRFC over the CFRC and the single ejector 
enhanced refrigerator-freezer cycles (ERFC), the performance parameters of different cycles under the given 
operating condition are listed in Table 1. It can be seen that the ejector enhanced cycles all exhibits higher 
COP and vq  over the baseline cycle (CFRC). Compared with the CFRC under the given operating condition, 
the system COP of NRFC, ERFC1 and ERFC2 are improved by 22.1%, 10.6% and 14.7%, and the 
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volumetric refrigeration capacities are increased by 31.9%, 14.9% and 22.2%, respectively. And the novel 
cycle exhibits the largest system performance improvement, which means that the two ejectors equipped in 
the refrigeration cycle could effectively improve the system COP and vq . In addition, the total pressure lift 
ratio of NRFC is 12.4% and 5.8% higher than those of ERFC1 and ERFC2. The main reason for this is that 
more expansion loss could be recovered by the two ejectors stage by stage, and higher suction pressure of the 
compressor could be obtained consequently. Therefore, it could be concluded that the two ejectors employed 
in the refrigeration cycle with two different evaporating temperatures (i.e. two pressure drop level) could 
achieve better system performance than the cycles with single ejector. 

Table 1 Performance parameters comparison among different cycles 1 

Cycles COP qv/kJ·m-3 rPt 
CFRC 2.18 401.8 — 
ERFC1 (Liu et al., 2010) 2.41 461.7 1.13 
ERFC2 (Sarkar,2010) 2.50 491.1 1.20 
NRFC 2.66 530.4 1.27 
Improvements (%) 22.1% 32.0% — 

           1 Operating condition: CN 40T  ℃, RE 0T  ℃, FR 25T   ℃, IHX 10T D ℃,φ=1 
 

 
Figure 2. Effect of evaporating temperatures on the system performance 

Figure 2 shows the variation of system COP and volumetric refrigeration capacity with the freezing 
temperature at different refrigerating temperatures of -10 and 0 . As can be seen, both the system COP and ℃

vq  increase with the increasing freezing temperature FRT  and reach higher value at higher refrigerating 

temperature RET . When RET  is fixed at 0  and the ℃ FRT  varies from -35 to -20 , the COP and ℃ vq  vary 
in the ranges of 2.06-3.02 and 363.8-633.7 kJ·m-3. It means that the NRFC cycle could exhibit higher 
performance at the higher evaporating temperatures for the refrigerator and freezer evaporators. 
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Figure 3. Variations of pressure lift ratio and entrainment ratio with evaporating temperature 

Figure 3 shows the variation of the pressure lift ratio and entrainment ratio with the freezing temperature. 
Obviously, it can be see that the pressure lift ratios ( Ptr , P1r  and P 2r ) all decrease as the increasing freezing 

temperature FRT . This is because that the available expansion ratio of the ejector 1 ( 3 12P P ) decreases with 
the increasing freezing pressure (temperature), which leads to decrease the exit pressure. In this case, the 
available expansion ratio of the ejector 2 ( 6 9P P ) would decrease, and the pressure lift ratio P2r  decreases 

consequently. The entrainment ratio of ejector 1 1  increases with the increasing freezing temperature, 

while the ejector 2 shows the opposite variation tendency in the entrainment ratio 2 . Under the given 

operating condition, when the FRT  varies from -35 to -20 ℃, P1r  and P2r  vary in the ranges of 1.23-1.13 

and 1.14-1.08, and 1  and 2  vary in the ranges of 0.61-0.68 and 1.28-1.19, respectively. The maximum 

total pressure lift ratio Ptr  of 1.40 occurs at the lowest freezing temperature of -35 ℃, which means that the 
two ejectors would exhibit better pressure lifting performance at lower freezing temperature. 
 

 
Figure 4. Variation of the system performance with the condensing temperature 

The effect of the condensing temperature CNT  on the system performance in terms of system COP, 

volumetric refrigeration capacity vq  and pressure lift ratios ( P1r , P2r  and Ptr ) are shown in Figure 4. It can 

observed, as the increasing CNT , both the COP and vq  decrease linearly, and the P1r  and Ptr  shows 

remarkable increases while the P2r  takes a slight decrease. When the RET  and FRT  is fixed at 0 ℃ and 

25 ℃ respectively, and the CNT  varies from 35 to 45 ℃,  the P1r  increases from 1.13 to 1.19, the P2r  

varies in the range of 1.1-1.08, and the Ptr  raises from 1.24 to 1.30. The main reason for variation 

characteristics of the pressure lift ratios is that the available expansion ratio of the ejector 1 ( 3 12P P ) increases 

with the increasing condensing pressure 3P  (condensing temperature CNT ), which leads the increases of the 

P1r  and exit pressure 14P . In this condition, the available expansion ratio of the ejector 2 ( 6 9P P ) decreases 

as the increasing inlet pressure of the secondary fluid 9P  being equal to 14P , and the P2r  shows a slight 

decrease consequently. And the total pressure lift ratio Ptr  exhibits an increase with the increasing 
condensing pressure ultimately. It means that two-stage ejector configuration shows positive pressure lifting 
performance under the large pressure drop between condenser and freezer evaporator, which is beneficial for 
the system performance improvement under low freezing temperature. 
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Figure 5. Effect of the subcooling degree in IHX on the system performance  

 Figure 5 shows the effect of temperature glide IHXTD  in the internal heat exchanger on COP, specific 

refrigeration capacity q and specific work w, where p1 p2( )q Q m m , p1 p2( )w W m m . The temperature 

glide IHXTD  is selected in the range of 0 to 30 ℃. It can be inferred that, as the increasing IHXTD , both the 
subcooling degree of the refrigerant at the upstream of the expansion valve 2 and the superheating degree of 
compressor suction flow would increase, which result in an increase in both the specific refrigeration 
capacity q  and specific work input w . When the IHXTD  varies from 0 to 30℃ under the given operating 

condition, the COP, q  and w  are improved by 1.4%, 11.0% and 9.4%, respectively. It indicates that the 
increase of the temperature glide in the IHX hardly has any effects on the COP improvement. However, an 
obvious enhancement in specific refrigeration capacity could be obtained, which could reduce the refrigerant 
charge amount. In addition, the refrigerant enters the inlet of compressor is at superheated state, which would 
avoid the risk of the compressor suffering from liquid strike by the two-phase fluid under the unsteady 
operating condition.

4. CONCLUSION 

Detailed thermodynamic analyses of a novel refrigerator-freezer cycle coupled with two ejectors and internal 
heat exchanger are presented in this article. Furthermore, the comparisons among conventional 
refrigerator-freezer cycle, single ejector enhanced refrigerator-freezer cycle and the novel cycle have also 
been carried out. The simulation results show that the novel cycle exhibits better system performance than 
the CRFC and ERFC. The COP and volumetric refrigeration capacity of the novel cycle could be improved 
by 22.1% and 32.0% over CRFC. From the theoretical analyses, it could be concluded that a proper hybrid of 
two ejectors and internal heat exchanger could effectively improve system performance. However, relatively 
simple system simulation model could not fully demonstrate the practical operating characteristics. Therefore, 
it is recognized that additional investigations, especially further experimental studies, are needed to evaluate 
the practical usefulness of this cycle. 
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6. NOMENCLATURE 

COP coefficient of performance h efficiency 
h  specific enthalpy, kJ·kg-1 m  entrainment ratio 
m  mass flow rate, kg·s-1  refrigeration capacity ratio
P  pressure, MPa Subscripts  
Q  refrigeration capacity, kW d diffuser

vq  volumetric refrigeration capacity, kJ·m-3 m mixing chamber 
Pr  pressure lift ratio n nozzle

T temperature,℃ p primary fluid 

v  specific volume, m3·kg-1 s secondary fluid 
W  compressor work, kW 1-14 state point
Greek letters    
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