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First Law Analysis of a Two-stage Ejector-vapor 
Compression Refrigeration Cycle working with 

R404A 

The traditional two-stage vapor compression refrigeration cycle might 
be replaced by a two-stage ejector-vapor compression refrigeration 
cycle if it is aimed the decrease of irreversibility during expansion. In 
this respect, the expansion valve is changed with an ejector. The 
performance improvement is searched in the case of choosing R404A 
as a refrigerant. Using the ejector as an expansion device ensures a 
higher value for COP compared to the traditional case. On the basis of 
the ejector approach it possible to identify the highest COP value for a 
given condensation temperature, when the evaporation temperature 
varies. 
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1. Introduction  

An important application of thermodynamics is refrigeration, which deals with 
the heat transfer from a “cold body” to a “hot body”, through devices called 
refrigerators. The cycles on which refrigerators operate are known as refrigeration 
cycles; the working fluids used in refrigerators are called refrigerants. The most 
often met refrigeration cycle is the vapor compression refrigeration cycle in which 
the refrigerant is vaporized and condensed alternately and the refrigerant in 
gaseous phase is compressed. 

Some industrial applications ask for moderately low temperatures and their 
specific temperature range may be high for a single stage vapor-compression 
refrigeration cycle. This situation leads to a high pressure range in the cycle and a 
poor performance for the reciprocating compressor included in the plant. The 
solution is to carry on the refrigerating process in stages. 

The two-stage vapor compression system consists of a low pressure 
compressor, a flash intercooler, a high pressure compressor, a condenser, 
expansion valves and an evaporator. In order to reduce irreversibility during 
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expansion, it is propsed the substitution of the expansion valve with an ejector 
[Yari, 2009]. In the following will be energetically assessed a two-stage ejector-
vapor compression refrigeration cycle replacing a traditional two-stage vapor 
compression refrigeration cycle. Such a replacement, together with the use of a 
HFC refrigerant leads to a performance improvement and an environmentally 
friendly running [Bergander et al, 2009].  
 

2. Thermodynamic analysis based on the first law 

In Figure 1 it is presented the scheme of a two-stage ejector-vapor 
compression refrigeration cycle. The gaseous phase is leaving the internal heat 
exchanger with the pressure “ps” to be compressed in the first stage of the plant in 

order to be reached the pressure “pi”, with an isentropic efficiency “ cη ” (6 - 6a). 

In the intercooler the vapor suffers an isobar cooling; next, in the second stage of 
the compressor, it is compressed till a new pressure – “pc”, with an isentropic 

efficiency “ cη ” (6b - 1). In the condenser, the gaseous phase is first cooled and 

then condensed ( ctTctp cc == , ); next, the liquid is cooled in the internal heat 

exchanger (2 - 3).  

 
 

Figure1. Scheme of a two-stage ejector-vapor compression refrigeration plant. 
 

The cooled liquid expands in the ejector with a nozzle efficiency “ nη ”. 

Saturated vapors having the pressure “pe” enter in the ejector with the state noted 
“8”. In the ejector are mixed the two streams, at constant pressure, resulting the 
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state “4”. This mixture has the pressure “ps” in the state “5”, the diffuser efficiency 

being noted with “ dη ”. The mixture is separated in the separator into saturated 

liquid (5l) and saturated vapor (5g). The saturated liquid expands till it is reached 
the pressure “pe” from the evaporator (5l – 7), while the saturated vapors are 
superheated in the internal heat exchanger (5g – 6). 

In Figure 2 is given the (p – h) diagram for the above described cycle.  

 
Figure2. (p – h) diagram of the two-stage ejector-vapor compression refrigeration 

cycle. 

 
In the following it is assumed that [Sarkar, 2009] kinetic energies of the 

refrigerant at the ejector inlet and outlet are negligible, are neglected flow losses 
in pipes and heat exchanges, the analyzed system is in thermodynamic 
equilibrium, processes in the compressor and ejector are adiabatic, process in the 
expansion valve is izoenthalpic, there is no heat transfer with the environment for 
the system excepting the condenser. 

The overall energetic performance of a refrigerating plant is assessed by 

the help of the coefficient of performance (COP) [Zubair et.al. 1996].  
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Above where noted: q – specific refrigeration output per unit mixture mass 

flow rate, ( kgkW / ), w – specific power, ( kgkW / ). 
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 Next it is introduced the ejector entrainment ratio, µ , as the ratio of the 

ejector suction mass flow rate at (8) to the motive mass flow rate at (3), this 
parameter being related to the vapor quality. For 1 kg/s refrigerant mixture in the 

ejector, the suction mass flow rate is )1/( µµ +  kg/s and the motive mass flow 

rate is )1/(1 µ+  kg/s [Deng and al, 2007]. 

 Thus: 
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 In equation (3) “h” is the enthalpy.  
 

3. Overview of the working refrigerant 

 Refrigerants belonging to chlorofluorocarbon family (CFCs) have been 
banned since 1996; while from January 1, 2010 the use of virgin hydro-
chlorofluorocarbons have been prohibited in the maintenance and servicing of 
refrigeration and air-conditioning equipment existing in EU at that date. All 
hydrochlorofluorocarbons shall be prohibited starting with 1 January 2015. 

 The selection of a refrigerant in the vapor compression system must be 
done also according to the absence of chlorine atoms in the molecule (see the 
ozone depletion potential, ODP, of the refrigerant) and their low contribution to the 
greenhouse effect (see the value of the global warming potential, GWP). 
Hydrofluorocarbons are potential substitutes for CFCs and HCFCs since these 
refrigerants do not contain chlorine. 

 R404A is a blend of HFC refrigerants: R125, R143a and R134a (44/52/4 
mass fractions). This refrigerant has a pressure and a thermal critical point high 
enough to be used in best conditions as a substitute for R502 (CFC 502) and R22 
(HCFC 22) in the industrial refrigeration plants for cooling and freezing [Apostol et 
al, 2007]. R404A is not flammable, its ozone depletion potential is null (ODP=0), 
but its global warming potential is rather high (GWP=3260). A lubricant miscible 
with HFC refrigerants must be used with R404A, such as polyolester (POE), since 
miscibility is important for oil return to the compressor. 

Table 1 presents physical properties of R404A, the HFC selected as the 
working fluid in the two stage ejector-vapor compression refrigeration cycle 
discussed before.  

 

 
Table1. R404A – Physical properties     

Molecular formula CHF2CF3/CH3CF3/CH2FCF3 
Molecular weight 97,6 
Boiling point, oC -46,3 (at 101,3 kPa) 

Critical temperature, oC 72,2 
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Critical pressure, kPa 3668,6 
Critical density, kg/m3 483,7 

Saturated liquid density 
at 26,7oC, kg/m3 

1034,7 

Heat of vaporization at 
boiling point, kJ/kg 

35,8 

Specific heat of vapor at 
constant pressure at 

26,7oC and 1 atm 

0,09 

 
 

4. Results and discussions 

It is evaluated the COP of the previously given cycle, for an evaporation 
temperature in the range (-40, -15) oC and a condensation temperature of 40oC. 
We found the values shown in Table 2.  

 

Table2. COP values for a condensation temperature of 40oC     
Evaporation 
temperature, 

oC 

-40 -35 -25 -15 -5 

COP 1,67 1,75 2,5 3,12 4 
 
COP values are increasing together with the increase of the evaporation 

temperature values (higher values of the evaporation temperature lead to lower 
values for the cooling capacity and compressor power) [Bilge, Temir, 2004]. 

Calculating COP values for the traditional two-stage refrigeration cycle 
(COPtrad) and the two-stage ejector-vapor compression refrigeration plant (COPev), 
obtained for a condensation temperature of 40oC results: 

67,1=tradCOP  

78,1=evCOP  

COP value of the two-stage ejector-vapor compression refrigeration plant is 
about 6% higher than the one obtained for the traditional one. 

 
5. Conclusions 

The refrigerating process might be developed in stages by using an ejector 
instead of an expansion valve. The performance comparison of the traditional two-
stage vapor compression refrigeration cycle and the two-stage ejector-vapor 
compression refrigeration cycle shows a COP increment of 6,58%. 
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The analysis of the plant with an extension valve in terms of energetic 
performance, for a given condensation temperature (40oC) and a range of the 
evaporating temperature (-400C, -5oC), shows that the highest COP value (4) is 
obtained for the lowest evaporation temperature (-5oC). This means that COP 
values are increasing with the increase of the evaporation temperature values. 
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