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Abstract: Ejector refrigeration cycle (ERC) with advantages of simple structure and low cost holds great 

application potential in cascade/hybrid cycles to improve the overall system performance by removing or 

recovering the heat from the main cycle. In this paper, a theoretical and experimental investigation of the ERC as 

a part of a cascade system was carried out. The operating parameters were optimized. The experimental ERC test 

rig was designed, developed and investigated at high evaporating temperatures and wide ranges of operating 

conditions. The influence of operating conditions on the efficiency of the ejector and ERC was analyzed. 

Experimental results and analysis in this study can be helpful for the application and operating condition 

optimization of ERC in cascade/hybrid refrigeration systems. 
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1. Introduction 

The mechanical vapor compression refrigeration cycle 
(VCRC) driven by electrical power is widely used for 
air-conditioning and refrigeration at the present time. The 
refrigeration sector consumes about 20% of the overall 
electricity used worldwide, and a growing amount of the 
cooling systems and their power consumption will 
increase [1]. The peaks of the electricity consumption of 
the cooling systems occur in the summer period when the 
environment temperature is high and a large amount of 
cold is needed. Thus, improving the efficiency of the 
VCRCs with the aim to decrease their power 
consumption is one of the primary targets. 

At the same time, a large amount of waste heat in 

different forms is discharged to the environment by 
industry and power generation systems. This waste heat 
can be utilized to generate the extra cold without 
additional energy input which surely increases the 
primary fuel efficiency [2]. Among the various types of 
thermal refrigeration, the heat-driven ejector refrigeration 
cycle (ERC) holds great potential in utilizing low-grade 
thermal energy such as waste or exhaust heat, solar and 
geothermal energy, etc. [3]. The key component of the 
ERC is a supersonic ejector which is used as a 
compression device but has no moving parts. It makes 
ERC systems simpler in design and operation and more 
compact than the other types of heat-driven refrigeration 
systems [4]. However, the ejector compression ratio, as 
well as its efficiency, is not very high and strongly  
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Nomenclature Subscript 

COP coefficient of performance C condenser 

ERC ejector refrigeration cycle CB condensation of the bottoming cycle 

h specific enthalpy/kJ·kg‒1 CR compressor 

k coverage factor D diffuser 
m  mass flow rate/kg·s‒1 E evaporator of VCRC 

P pressure/MPa ET evaporator of ERC 

Q   heat load/kW FP feed pump 

q heat load per unit mass/kJ·kg‒1 G generator 

T temperature/°C M mixed stream 

Uc expanded uncertainty MECH mechanical 

uY standard uncertainties N nozzle 

VCRC vapor compression refrigeration cycle P primary stream 

W  unit power/kW S secondary stream 

Greek symbol THERM thermal 

η  efficiency 0 cascade system 

μ entrainment ratio 1,2,3… state points 

 
depend on the operating conditions. Another reason for 
the low ejector efficiency is the impact losses. These losses 
are irreversible and cannot be completely eliminated on 
the basis of the principle of the ejector operation. 

The efficiencies of both the VCRC and ERC depend 
on the evaporating and condensing temperatures. 
Decrease of the condensing temperature and increase of 
the evaporating temperature will improve the COP of the 
refrigeration systems, but in practice, these temperatures 
depend on the environment and operating conditions and 
cannot be easily changed during operation. One of the 
prospective ways for efficiency improvement is using the 
electrically-driven VCRC in combination with heat- 
driven ERC, which can use available waste heat [3]. To 
improve the COP of the ejector cooling cycle, Sokolov 
and Hershgal proposed various configurations of a 
compression-enhanced ejector cooling systems [5]. In the 
proposed systems, the mechanical compressor is used in 
different combinations as a buster to increase the ejector 
suction pressure. From the proposed cycles, the most 
interesting is cascade cooling cycle which is a 
combination of the VCRC as a bottoming cycle, and the 
ERC as a topping cycle, and the two cycles are connected 
through a common heat exchanger, i.e., the intercooler. 
Later Sokolov and Hershgal investigated the possibility 
of using solar energy for the ERC operation, but the 
overall efficiency for the system was very low due to 
using the same refrigerant R114 for both cycles [6]. 
Based on the work of Sokolov and Hershgal, Arbel and 
Sokolov investigated the cascade cooling system, but 
only one change was made compared to previous work: 
the refrigerant was changed from R114 to R142b. The 
results of investigation indicated that the overall 

efficiency of the cascade cooling system was increased 
by 15% to 45% compared with results obtained for the 
refrigerant R114 [7]. 

Sun made a detailed analysis of a similar system in 
air-conditioning mode of operation which used 
refrigerant R134a for the bottoming VCRC and water for 
the topping ERC [8]. In the proposed system, the water 
was directly boiled in the solar collector. The results 
showed that COP of the cascade cooling system 
increased by about 50% than that of VCRC. Mansour et 
al. analyzed several ejector and compressor cycle 
combinations with refrigerant R134a. Regarding the 
obtained results, the cascade cooling system can improve 
the COP of conventional mechanical compression cycle 
by 40% [9]. 

With the aim to realize a sub-critical CO2 cooling 
cycle, Petrenko et al. proposed an advanced solar-assisted 
cascade ejector cooling/CO2 sub-critical mechanical 
compression refrigeration system [10]. In this system, the 
topping ERC operating with neopentane as refrigerant 
was used to condense the CO2 vapor of the bottoming 
cycle in the cascade condenser. Based on the obtained 
results, a pilot small-scale cascade CO2 sub-critical 
mechanical compression/ejector refrigerating unit was 
developed with a cooling capacity of 5 kW. Later, 
Nesreddine et al. investigated experimentally the similar 
cascade cooling system which used refrigerant R245fa 
for the ejector topping cycle in a wide range of operating 
conditions. The experimental results showed that the 
efficiency improvement of the single-stage CO2 systems 
operating in sub-critical modes can reach up to 
approximately 45% by using the cascade concept [11]. 

Sanaye et al. proposed a novel two-step method for 
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modeling and optimum design of the cascade mechanical 
compression/ejector cooling cycle which covered both 
economy and thermodynamic aspects of the system. The 
results of the cascade cycle optimization showed that the 
thermal COP and mechanical COP increased up to 41% 
and 67.5%, respectively [12]. In final, the cost of 
electrical power consumption for generating one ton of 
cooling capacity for the cascade system was lower than 
that of convenient VCRC by 33%. Chen et al. 
investigated an improved cascade mechanical 
compression-ejector cooling cycle [13]. In the proposed 
system with the aim of improving the whole system’s 
efficiency, the superheated CO2 vapor was used to 
preheat the working fluid supplied to the vapor generator 
of the topping ERC. The results showed a small growth 
(about 1.6%) in the overall mechanical COP due to a 
very slight decrease in the feed pump power consumption 
and invariable of compressor power consumption. But at 
the same time, the overall thermal COP of the system 
increased by 30% due to decreasing the heat needed from 
the external source for the topping ejector cycle operation. 
Also, the analysis showed that the relative decrease in 
heat loads for the heat exchangers allows decreasing the 
weight and dimensions of the ejector cooling sub-cycle 
and the entire cascade system. 

It follows from the above that the cascade cooling 
cycle based on the VCRC and ERC is very prospective. 
This combination allows improving the efficiency of both 
cycles. Also, the intercooler or cascade condenser which 
connects two cycles is only a heat exchanger, permitting 
the use of different and most suitable refrigerants for 
each sub-cycle to get the maximum efficiency of the 
system. At the same time, to provide continuous 
operation of the cascade cooling system, the topping 
ejector refrigerating cycle should use a stable source of 
heat, like waste or exhaust heat, but not solar heat. 

The overall COP of the cascade cooling system 
depends on the COPs of each sub-cycle. The COP of the 
ERC is very sensitive to the operating conditions, 
especially the evaporator temperature in the case of 
utilizing the ERC as the topping cycle of the cascade 
system. At the same time, the COP of the VCRC depends 
on the condenser temperature. Since these two 
temperatures are connected to each other, the 
optimization of the cascade cooling cycle with the aim to 
choose optimal design conditions for both sub-cycles is 
very important. 

This research aims to carry out an experimental 
investigation on the ejector refrigeration cycle intended 
for cascade system application. Based on the theoretical 
analysis of the cascade cooling cycle, the design 
parameters and refrigerant for the ejector cooling cycle 
were chosen. The experimental ejector and ejector test rig 
were designed and constructed. The experiment 

procedure was developed to investigate the ejector and 
ejector cooling cycle performance. Ejector and ejector 
refrigeration cycle parameters in a wide range of 
operating conditions were obtained experimentally. 

2. Analysis of the Cascade Cooling Cycle 

2.1 Cycle description 

A schematic diagram of the cascade refrigeration 
system is shown in Fig. 1. The electrically-driven VCRC 
provides cooling capacity for air-conditioning or cold 
water supply. The heat-driven ERC serves for cooling the 
condenser of the VCRC. Two cycles are thermally 
connected through a common heat exchanger: cascade 
condenser. In this way, the VCRC acts as the main cycle, 
and the ERC acts as an auxiliary cycle aimed for 
improving the efficiency of the main cycle. The 
thermodynamic cycles in p-h diagrams are shown in Fig. 
2(a) and 2(b). 

The operating principle of the cascade refrigerating 
cycle is presented as follows. The refrigerant vapor is 
evacuated from the evaporator by the compressor, then 
compressed and discharged to the cascade condenser. In 
cascade condenser, the high-pressure refrigerant vapor is 
liquefied by rejecting heat to the topping cycle refrigerant. 
The liquid refrigerant leaves the condenser and expands 
through the expansion valve 1, and then enters the 
evaporator where it evaporates at low pressure and 

produces the cooling effect 
EQ  for refrigeration purposes. 

This completes the bottoming vapor-compression 
refrigeration cycle. 

The liquid refrigerant of the topping cycle is boiled in 
the vapor generator as a result of the heat supplied from 
the external heat source. This primary vapor with a mass 
flow rate 

Pm  obtained in the vapor generator passes 

through the supersonic nozzle of the ejector, is 
accelerated through nozzle with pressure reduction, and 
as a result, creates the low-pressure region in the mixing 
chamber of the ejector. It ensures the suction of the 
low-pressure secondary vapor of the refrigerant with a 
mass flow rate of 

Sm  from the cascade condenser. The 

primary and secondary vapor fluids are mixed in the 
ejector mixing chamber and passes through the ejector 
diffuser, where the mixture pressure is increased. The 
compressed mixture with a mass flow rate of 

M P Sm m m     enters the condenser and is liquified by 

the heat rejected to the environment. The liquid leaving 
the condenser is collected in the receiver and then 
divided into two fluids. One fluid with a mass flow rate 
of 

Pm  is pumped back to the vapor generator by the feed 

pump. Another one is expended through the expansion 
valve 2 and enters the cascade condenser where it  
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Fig. 1  Schematic diagram of the cascade refrigerating system 
 

 
 

Fig. 2  Vapor compression refrigerating cycle (a) and ejector refrigerating cycle (b) in p-h diagram 
 

evaporates at low pressure by the heat supplied from the 
bottoming cycle refrigerant. Finally, the obtained vapor is 
entrained by the ejector, thus completing the heat-driven 
ejector cooling cycle. 

2.2 Thermodynamic analysis of the cascade cooling 
cycle 

Using the numbering in Fig. 1 and Fig. 2, the analysis 
of the cascade system is described as follows. 

For a given cooling capacity 
EQ , the bottoming 

refrigerant mass flow rate 
Em  can be defined by Eq. (1): 
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The compressor power consumption is determined 
from Eq. (2) 

2s 1
CR E CR E

CS

h h
W m w m


 

    
 

           (2) 

where CS is isentropic efficiency of the compressor. The 
isentropic efficiency is considered 0.85.  

The condensation heat of the bottoming cycle 
CBQ  is 

determined as: 

 CB E CB E 2 3Q m q m h h                (3) 

The condensation heat of the bottoming cycle 
CBQ  is 

rejected to the topping cycle refrigerant through the 
cascade condenser. This heat is the cooling load 

ET S ETQ m q     for the topping cycle, thus 
CB ETQ Q  . 

Based on the heat balance of the cascade condenser, the 
following relationships can be made: 

   E 2 3 S 12 11m h h m h h               (4) 

From the relationship (4) the secondary mass flow rate 
of the topping cycle refrigerant 

Sm  can be determined as: 
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The ejector performance is evaluated by its 
entrainment ratio which is defined as the ratio of the 
mass flow rate of secondary to that of primary flow: 

S

P

m

m
 




                  (6) 

According to the conservation of energy, mass and 
momentum, and neglecting the inlet velocities of the 
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primary and the secondary flow, as well as velocity of the 
mixed flow at the exit of the diffuser, the ejector 
entrainment ratio µ can be expressed as [14]: 
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h h

h h
   


    


          (7) 

where ηN is isentropic efficiency of the nozzle, ηN= 0.85; 
ηM is isentropic efficiency of the mixing chamber, 
ηM=0.95; ηD is isentropic efficiency of diffuser, ηD=0.85 
[14–16]. 

The mass flow rate of the primary flow 
Pm  can be 

determined as: 

S
P

m
m



                   (8) 

The heat loads of the vapor generator 
GQ  and the 

condenser 
CQ  can be obtained from Eqs. (9) and (10), 

respectively: 

 G P G P 5 10Q m q m h h                 (9) 

     C P S C P S 8 9Q m m q m m h h               (10) 

The power consumption of the feed pump is given by: 

  3
P 9 G C
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10m v P P
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where ηFP is the efficiency of the feed pump. 
The cascade system needs two types of power for 

operation: electrical power to drive the compressor CRW  

and the feed pump 
FPW , and thermal power to drive the 

ejector 
GQ . Thus, the overall efficiency of the system 

can be characterized by two COPs: mechanical COPMECH 
and thermal COPTHRM, which can be determined as: 

E
MECH

CR FP
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W W
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2.3 The calculation of system design parameters and 
performance 

The using of the cascade condenser for connecting the 
bottoming and the topping cycle allows choosing suitable 
refrigerant for the ejector cooling cycle to achieve 
maximum efficiency of the cascade system. R245fa was 
chosen as the refrigerant for the topping ERC in the 
present study. R245fa is a low-pressure refrigerant with 
positive-slope saturated-vapor line and has a high critical 
temperature. Its normal boiling point and the latent heat 
are 14.9°C and 196.23 kJ/kg, respectively; and it has a 
good application prospect, especially in air-conditioning 
at high evaporating temperatures [4, 17]. Meanwhile, 
refrigerant R245fa is also cheap, non-flammable and 

environmentally friendly with zero Ozone Depletion 
Potential (ODP). 

To find the optimum design parameters, the cascade 

cooling cycle with cooling capacity EQ =11.8 kW was 

theoretically investigated. The refrigerant R410a was 
used for the bottoming VCRC. The design evaporating 
temperature was TE=5°C and the condensing temperature 
was TC=45°C. The temperatures TCB and TET are 
connected by the cascade condenser and are the 
objectives of the optimization as a core for the maximum 
efficiency of the cascade system. The results of the 
analysis are presented in Fig. 3 and Fig. 4. 

First, the influence of the condensing temperature TCB 
on the COPVCRC of the VCRC was investigated. From Fig. 
3, it indicates that with the condensing temperature 
decreasing from 45°C to 30°C, the COPVCRC increases 
from 4.0 to 7.3, i.e. by 82.5%. Therefore, the reduction of 
condensing temperature is quite effective to improve the 
performance of VCRC. 

Fig. 4 shows the variation in COPMECH of the cascade 
system determined by Eq. (12) with evaporation 
temperature TET at different generator temperature TG. 

The cooling capacity 
EQ  of the bottoming cycle is 11.8 

kW. TCB varies with the variation of TET. The temperature 
difference (TCB‒TET) between the condensation side and 
the evaporation side of the cascade condenser almost 
remains constant at 5°C. From Fig. 4, it presents that 
COPMECH increases first, and then decreases with the 
increasing of the evaporating temperature TET of the ERC. 
The COPMECH of cascade system reaches maximum 
values at TET=25°C. The compressor power consumption 

CRW  slightly increases due to the increasing of TCB. At 

the same time, the mass flow rate of the primary flow 

Pm  in the topping cycle decreases because the 

entrainment ratio increases with the increasing of TET. 
This leads the pump power consumption 

FPW  decreases 

rapidly. As a result, the COPMECH increases for a given 

cooling capacity 
EQ  according to Eq. (12). When TET is 

higher than 25°C, the increasing in compressor power 
consumption 

CRW  is higher than the reduction of the 

pump power consumption FPW , and the COPMECH 

decreases for a given cooling capacity 
EQ  according to 

Eq. (12). 
The COPMECH decreases with the increasing of 

generation temperature TG of ERC for a given TET and 

EQ . Although the entrainment ratio increases and the 

flow rate of the primary fluid decreases, the pump power 
consumption 

FPW  increases owing to the increasing of 

pressure difference (PG−PC). Meanwhile, CRW  keeps 

constant. The low TG can improve system performance in 
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general, and the high TG allows work at high 
environmental temperature. Thus, TET and TG should be 
optimized according to the operating conditions. 

 

 
 

Fig. 3  The variation in COPVCRC with condensing temperature 
 

 
 

Fig. 4  The variation in COPMECH of cascade refrigeration 
system with evaporating temperature of ERC 

3. Description of an Experimental Setup and 
Procedure 

To analyze the ejector and ejector refrigeration cycle 
at high evaporation temperatures, an ejector test rig with 
a cooling capacity of 15 kW was designed and built. 
Based on the theoretical analysis presented in Section 2, 
the design parameters for the ERC are as follows: the 
evaporating temperature TET=25°C, condensing 
temperature TC=45°C, and the generating temperature 
TG=110°C. The schematic diagram of the ERC test rig is 
shown in Fig. 5. The details of the main equipment are 
presented in Table 1. 

The test rig equipment consists of the following major 
components: an ejector, a generator, an evaporator, a 
condenser, a needle expansion valve, a gear-type feed 
pump, a refrigerant receiver, a boiler, a steam condenser, 
a water chiller unit, regulating and stop valves, and a 
control panel equipped with different measurement 
instruments. A plate heat exchanger was used as the 

condenser to obtain the desirable test condition and lower 
the ejector backpressure. Shell and tube heat exchangers 
were employed as the generator and the evaporator. A 
gear-type pump was used in the test rig as the feed pump 
to achieve stable operation, especially when the pressure 
difference between generator and condenser was very 
high. The capacity of the feed pump could be adjusted by 
regulation of the pump motor speed through the inverter 
type regulator which can work at maximum 1.1 kW and 
an output frequency ranging from 0 to 60 Hz. The 
receiver served for collecting liquid refrigerant and 
ensuring its uninterrupted supply to the expansion valve 
and the feed pump. An electric boiler with rated heating 
power of 72 kW was used for generating steam to 
provide generator heat load. The steam condenser was 
used to liquefy steam exiting the generator. The generator 
heat load and generating temperature were controlled by 
regulating ball valves RBV5 and pump motor speed. 
Meanwhile, the ball valves RBV2 was used to regulate 
the flow rate of cold water through the steam condenser. 

All heat needed to be rejected from the test rig was 
removed by cold water supplied from a water chiller unit. 
The cold water loop consisted of a water chiller unit, a 
cold water tank, a condenser, an evaporator and a heat 
exchanger. The condenser temperature and the ejector 
backpressure were controlled by varying the water flow 
through the condenser by regulating ball valves RBV1 
and RBV3. The evaporator cooling load, evaporating 
temperature and pressure were adjusted by varying the 
expansion valve and the water flow through the 
evaporator by regulating ball valves RBV3 and RBV4.  

Locations of measurement points around the circuit 
are shown in Fig. 5, and the measuring instruments are 
detailedly presented in Table 2. The temperature and the 
pressure sensors were placed at inlets and outlets of the 
evaporator, condenser, generator and ejector, transmitting 
output signals to a PC through a data acquisition unit. 

The experimental ejector was designed by one- 
dimensional homogeneous equilibrium model and 
constant-pressure mixing model which was introduced by 
Keenan and Neumann [18] based on gas dynamics and 
was improved by Munday and Bugster [19] and later by 
Huang et al. [20]. The following assumptions are made 
for this model: 

(1) The refrigerant flow is 1D steady-state flow and 
the heat transfer between flows and ejector walls are not 
taken into account; 

(2) Velocities of streams at the ejector inlets and outlet 
are negligible; 

(3) The frictional losses in the ejector nozzle, mixing 
chamber and diffuser are involved by using the 
coefficients of isentropic efficiency of these elements of 
the ejector. 

The dimensions of the experimental ejector flow 
profile and its structure are presented in Fig. 6 and Table 
3, respectively. 
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Fig. 5  Schematic diagram of the experimental test rig 
 

Table 1  Details of the equipment 

Items Specifications 

Condenser 50 kW plate heat exchanger (R245fa/water) 

Generator 35 kW shell and tube heat exchanger (R245fa/steam) 

Evaporator 20 kW shell and tube heat exchanger (R245fa/water) 

Pump Gear pump 

Expansion valve 0.312″ (7.9 mm) HOKE’s needle valve 3912F8B 

Receiver 45L Stainless steel tank 

Steam boiler 72 kW, 170°C steam with pressure 0.7 MPa max. 

Water chiller unit AUX water chiller, cooling capacity 65 kW 

 
Table 2  Specifications of the measuring instruments 

Required Measurements Instruments Range Accuracy 

Temperature RTD sensor (Pt100) −200°C to 350°C ±0.2°C 

Pressure of primary fluid Druck PTa, UNIK 5000 (0 to 3.0) MPa ±0.2% FSb 

Pressure of secondary fluid Druck PT, UNIK 5000 (0 to 0.35) MPa ±0.2% FS 

Outlet pressure of ejector Druck PT, UNIK 5000 (0 to 1.6) MPa ±0.2% FS 

Outlet pressure of condenser Druck PT, UNIK 5000 (0 to 1.6) MPa ±0.2% FS 

Inlet pressure of evaporator Druck PT, UNIK 5000 (0 to 0.35) MPa ±0.2% FS 

Inlet pressure of pump Druck PT, UNIK 5000 (0 to 0.35) MPa ±0.2% FS 

Primary mass flow rate EMERSON Coriolis flow meter CMF050 (0 to 0.96) kg/s ±0.1% (Liquid, FS) 

Secondary mass flow rate EMERSON Coriolis flow meter CMF025 (0 to 0.302) kg/s ±0.1% (Liquid, FS) 

Water mass flow rate through the condenser EMERSON vortex flow meter 8600D (0 to 9.6) kg/s ±0.8% (Liquid, FS) 

Water mass flow rate through evaporator EMERSON vortex flow meter 8600D (0 to 6.0) kg/s ±0.8% (Liquid, FS) 

aPT, Pressure transmitter; bFS, full scale. 
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Fig. 6  Structure of the experimental ejector 

 
Table 3  The geometric dimensions of the tested ejector  

Throat diameter   4.9 mm 

Nozzle exit diameter   8.8 mm 

Diverging angle at nozzle exit   6.0° 

Converging angle at nozzle enter  15.0° 

Constant area section diameter   14.4 mm 

Length of constant area mixing chamber   97 mm 

Length of diffuser   183.05 mm 

Diverging angle of diffuser   8° 

Exit diameter of diffuser  40 mm 

 
The experimental procedure is as follows: 
(1) Check the cold water tank and make sure it is with 

plenty of water and satisfy circuit safety regulations; 
(2) Turn on the measuring instruments and data 

collector for collecting the parameters including 
temperatures, pressures and flow rates; 

(3) Confirm that each ball regulating valve is switched 
in a precise way and water can flow through the 
condenser, evaporator and steam condenser; 

(4) Turn on the water chiller unit and boiler in 
sequence; 

(5) Turn on the feed pump and control the primary 
mass flow rate of the refrigerant through the generator by 
inverter regulator to achieve needed generating 
temperature and pressure; 

(6) When the system is running stable, control the 
evaporating temperature using the needle valve and 
regulating ball valves RBV3 and RBV4 to reach 
targeting cooling load; 

(7) Adjust the water mass flow rate through the 
condenser by ball valves RBV1 and RBV3 to achieve the 
targeting condensation temperature; 

(8) After 15 minutes of system stabilization, record the 
system parameters for one set, and after that, acquire the 
average of every ten sets for the final result; 

(9) Change the operating conditions and repeat the 
procedure steps 5 to 8. 

The expanded uncertainty of experimental results is 
calculated according to the detail information of sensors 
as [21]: 

 
2

2
i

i
Y i

Y
U k u k u x

x

 
      

        (14) 

 1 2, , ...Y f x x              (15) 

where k is the coverage factor; Y represents the 
performance parameters (COP, entrainment ratio and 
critical back pressure). The measured variable xi includes 
temperatures, pressures and mass flow rates. All the 
estimated uncertainties were given in the experimental 
results section. 

To compare the system performances under different 
operating conditions, the relative expanded uncertainty is 
defined and its calculation is shown in Eq. (16). 

rU U Y                  (16) 

4. Results and Discussion 

The performance of the ejector and ERC was 
experimentally investigated under the following 
operating conditions: the evaporating temperature TET in 
the range of 15°C to 30°C, the condensing temperature 
TC in the range of 40°C to 54°C, and the generation 
temperature TG in the range of 100°C to 110°C. 

According to the expanded uncertainty calculation 
shown in Eq. (16) and accuracy of the measuring 
instruments shown in Table 2, an error analysis is carried 
out to show the accuracy of measurement. The value of 
the coverage factor k here is chosen to be 3 with a 99% 
confidence interval [21]. The maximum relative 
expanded uncertainty of the COPTHERM of the ERC is 
about 0.6%. So, the detailed value of expanded 
uncertainty indicates that the accuracy of measurements 
in this study is acceptable.  

Fig. 7 demonstrates the effect of the condensing 
temperature TC on the ejector entrainment ratio µ, 

COPTHERM and cooling capacity 
ETQ  when generating 

temperature TG varies from 100°C to 110°C given 
TET=30°C. From Fig. 7(a), it is seen that for each given 
TG at lower TC, the values of µ are not dependent on the 
ejector back pressure, i.e., the condensing temperature 
and pressure. This effect is closely related to the ejector’s 
operating modes. This ejector mode is known as 
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“double-choking” or “critical” mode, which means the 
primary and secondary flows both choked and the 
entrainment ratio keeps constant until the back pressure 
reaches the critical point [20]. At the same time, if the 
condensing temperature TC is higher than the value 
known as “critical condensing temperature”, then µ, 

COPTHERM and 
ETQ  decrease quickly and then drop to 

zero. This ejector operating mode is called 
“single-choking” or “subcritical” mode. At this mode, the 
primary flow still choked, but the secondary flow is not 
choked [20]. 

From Fig. 7, it is presented that for the ejector with 
constant geometric profile, the critical values of the 

condensing temperatures *
CT  at unchangeable 

evaporating temperature TET are dependent on the 
generating temperature TG. From the experimental results, 
it is suggested that at TG=100°C, 105°C and 110°C, the 

values of *
CT  are equal to 44.8°C, 46.5°C and 47.7°C, 

respectively. At the same time, the critical values of 
COPTHERM decrease with TG increasing. So, at TG=100°C, 
105°C and 110°C, the critical values of the entrainment 
ratio µ are 0.62, 0.56 and 0.47 (see Fig. 7(a)); the critical 
values of the COPTHERM are 0.45, 0.40 and 0.34 (see Fig. 

7(b)), and the critical values of the cooling capacity 
ETQ  

are 12.8 kW, 12.0 kW and 11.33 kW (see Fig. 7(c)), 
respectively. TG could be adjusted by regulation of the 
pump motor speed through the inverter type regulator to 
meet the optimum operating conditions. 

Fig. 8 shows experimental results for µ, COPTHERM 

and 
ETQ  measured at TG=100°C and TET=15°C, 20°C, 

25°C and 30°C, respectively. It can be seen that the 
trends of these measured parameters are almost the same 
as those presented in Fig. 7. 

From Fig. 8, it is shown that for the ejector with 
constant geometric profile, the increase in evaporating 
temperature TET at unchangeable generation temperature 
TG leads to a simultaneous increase of µ, COPTHERM, 

ETQ  and the critical condensing temperature *
CT . Higher 

evaporation temperature helps to reduce the momentum 
difference between the primary and the secondary fluid 
in the mixing chamber of the ejector, thereby reducing 
irreversible losses and improving ejector operating 
efficiency. From Fig. 8(b), it is clear that the increase in 
evaporation temperature from 15°C to 30°C, the 
COPTHERM increases more than 137.1% from 0.190 to 
0.451. The same significant increase is also observed for 

the cooling capacity 
ETQ  (see Fig. 8(c)). TET could be 

adjusted by regulation of the opening of the valve to meet 
the requirement of optimal operating conditions affected 
by ambient temperature. Along with the high critical 

condensing temperature *
CT , this indicates the prospects 

of using the ejector refrigeration cycle as a topping cycle 
for the cascade refrigeration system. 

 

 
 

Fig. 7  Variations of (a) μ, (b) COPTHERM and (c) ETQ with TC 

at different TG 
 

Fig. 9(a) shows the relationship between measured 

critical condensing temperature *
CT , evaporating 

temperature TET and generating temperature TG based on 
experimental results. From Fig. 9(a), it can be seen that 

*
CT  increases with the increase in TET and TG. So, at 

TET=30°C, the increase of TG from 100°C to 110°C, the 

critical condensing temperature *
CT  increases from 

44.8°C to 47.7°C accordingly. If TET changes from 15°C 
to 30°C at TG=110°C, the critical condensation 
temperature TC

* could increase from 43.9°C to 47.7°C. 
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Fig. 8  Measured variations of (a) μ, (b) COPTHERM and (c) 

ETQ with TC at different TE 

 
Fig. 9(b) shows the measured data of COPTHERM at 

critical points under different TG and TET. When the 
TG=100°C and TET=20°C, the improvement of 
COPTHERM (taking the evaporating temperature of 15°C 
as the baseline) is 36.3%. While the improvement of 
COPTHERM (taking the evaporation temperature of 15°C 
as baseline) could be as large as 137.1% at TET=30°C. 
The higher TG has a greater impact on the COPTHERM at 
the higher TET. To improve the performance of the system, 
TET can be properly increased and TG can be lowered 
within a limited operating range. Experimental results and 
analysis in this study can be helpful for the application 
and operating condition optimization of ERC in 
cascade/hybrid refrigeration systems. 

 
 

Fig. 9  Measured critical points in *
CT  (a) and COPTHERM (b) 

at different TG and TET 

5. Conclusions 

In this paper, the ejector refrigeration cycle as a part of 
compression-ejector cascade refrigeration system was 
investigated. The theoretical analysis of the cascade cycle 
was carried out to find optimum operating conditions for 
the maximum improvement over the overall efficiency of 
the cycle. The experimental ejector refrigeration test rig 
was developed, built and investigated in a wide range of 
working conditions to determine their influence on the 
performance of the ejector cycle and find the ranges of its 
profitable operation. 

The main conclusions of this study are summarized as 
follows: 

(1) The theoretical analysis shows that ejector 
sub-cycle with high evaporation temperature is more 
beneficial to improve the overall performance of the 
cascade system. The maximum coefficient of performance 
of the cascade system occurs at the evaporation 
temperature of ERC 25°C; 

(2) The high evaporation temperature improves the 
performance of ERC. The COPTHERM relative 
improvement of ERC (taking the evaporation 
temperature of 15°C as a baseline) is 137.1% at the 
evaporation temperature of 30°C. Performance 
improvement is very beneficial to the promotion and 
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application of ERC;  
(3) For a constant ejector structure, the better 

COPTHERM and higher cooling capacity occur when the 
ejector works in critical mode at low generation 
temperature and high evaporation temperature; 

(4) Lower generation temperature helps improve 
system performance at double-choked mode; however, 
the critical condensing temperature would also be lower 
which limits ejectors working at high ambient 
temperatures. 

These results could be helpful to the application of 
ERC in cascade/hybrid system, including the optimum 
selection of operating conditions. Also, the high-quality 
experimental data for the ejector system at high 
evaporating temperatures which have not been reported 
before could be used to confirm the extrapolation 
reliability of different available theoretical models for 
ERC. 
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