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Abstract: In order to assess the ejector cooling cycle performance and the ejector dimensions, a 

one-dimensional ejector model is proposed in this paper. The velocity and pressure inside the ejector 
are examined using thermodynamic governing equations for the eco-friendly working fluids, 
presuming them as ideal gases. Using conservation of mass, momentum, and energy, the system 
performance is evaluated. The coefficient of performance (COP) describes the cycle performance, 
while ejector performance is evaluated in terms of entrainment ratio (ER), mixing area ratio ARMix 
and primary nozzle area ratio ARNozzle. The performance of the cycle is found to improve with the 
increase in generator and evaporator temperatures, and the decrease in condenser temperature. The 
area ratios also followed the same trend with the variation of these parameters. At the designed 
cooling load of 1 kW, the coefficient of performance is found to be 0.182 for R1234ze and 0.061 for 
R1234yf; and the entrainment ratio of the ejector is 0.237 for R1234ze and 0.08 for R1234yf. As the 
temperature of the evaporator is increased from 0 to 10℃, the COP is found to rise by 41.41% and 
35.56% for R1234ze and R1234yf, respectively. The COP is increased by 6.63% and 40.98% for 
R1234ze and R1234yf, respectively when the degree of superheat in the generator is enhanced from 
2℃ to 6℃ at constant 3000kPa generator pressure. 

 
Keywords: Coefficient of performance, area ratios, entrainment ratio, throat diameters, working 

fluids-R1234yf, R1234ze. 
 

1.  Introduction  
As the natural resources are depleting very fast; there is 

a crucial need to minimize the energy consumption. 
Refrigeration and air-conditioning systems1) consume 
around 30-40% of total energy consumption during 
summer in India. The use of low-quality thermal energy 
to drive these systems for cooling can bring a saving of 
tons of fuel per year2). Various theoretical and practical 
applications of solar energy for cooling have been 
suggested by Sarbu and Sebarchievici3). Ejector cooling 
cycle (ECC) is the most promising cycle amongst all the 
non-conventional cooling systems. It has the potential to 
capture the market due to its reliability, less maintenance 
requirements, and low preliminary and operational costs. 
Additionally, the ECC can be helpful to counter the 
greenhouse effect due to the limited use of electricity and 
the environmental friendly refrigerants4,5). The ECC 
requires low-grade thermal energy to produce the cooling 
effect, and it can operate with a variety of environmental 
friendly refrigerants. The ECC can work under various 
operating conditions, however, it is not commercialized 
due to its low performance (COP) and the imperfect 

design of ejector geometry6). The performance parameters 
of the system are entrainment ratio (µ), coefficient of 
performance (COP), mixing area ratio ARMix and primary 
nozzle area ratio ARNozzle. Mixing area ratio ARMix is 
defined as the ratio of area of the mixing section (AMix) to 
the area at the throat of primary nozzle (ATh) whereas, the 
nozzle area ratio ARNozzle is defined as the ratio of area at 
the throat of primary nozzle (ATh) to the area at the exit of 
primary nozzle (ANExit). To improve the performance of 
the ECC, many experimental and theoretical analysis have 
been done at different operating conditions. To calculate 
the ejector performance, Keenan et al.7) projected an 
analytical model based on the constant pressure mixing 
theory of ejector. Munday and Bagster8) introduced the 
concept of double choking phenomena for a fixed-
geometry ejector. They explained that primary fluid runs 
out from the nozzle without mixing with the entrained 
(secondary) fluid. The primary fluid contined to expand in 
the constsnt area section and formed a convergent section 
for the secondary fluid. Huang et al.9) analysed a 1-D 
ejector model based on constant-pressure mixing theory, 
however, the mixing was assumed to start at the 
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hypothetical throat area formed in the constant area 
section. Purjam et at.10) simulated the ECC by adding a 
turbo-expander in between the ejector and evaporator. The 
ejector dimensions and operating conditions have the 
greatest influence on the behavior of the ejector as well as 
the system performance. The dimensions of the ejector 
geometry had been investigated using thermodynamic 
models 11), or conducting experimentals12) as well as 
employing computational fluids dynamics models13). 
Many researchers have further carried out the energy14,15) 
exergy16–18) analysis of the ejector cooling system. 

Ejector geometry is a very critical parameter that affects 
the systems performance. The “grey relation analysis”, a 
mathematical model given by He et al.19) described the 
effect of Nozzle Area Ratio and Nozzle Exit Positon 
(NXP) on the performance of the ejector. The primary 
nozzle exit position (NXP) is the distance of constant area 
section from the primary nozzle exit and it is considered 
zero at the inlet of the constant area section (CAS). It is 
considered positive if it is inside the CAS and negative if 
it is towards the primary nozzle. Nguyen et al.20) 
investiaged the effect of nozzle exit position of a solar 
ejector refrigeration system. The NXP had been varied 
from 3 to 7mm. The system performance was found to 
increase till 5mm NXP and then got decreased. The 
authors also concluded that the performance is very 
sensitive to the area ratio than the NXP. The effect of 
varying the convergent angle of the mixing section was 
analysed by Zhu et al.21) using CFD tools. They concluded 
that changing the convergent angle (θ) of the mixing 
section from 0º to 26.56º varried the entrainment ratio (µ) 
up to 16.9%. The maximum entrainment ratio was 
achieved at 1.45º convergent angle. Yan et al.22) also 
worked on similar parameters using CFD for R134a 
refrigerant. The maximum improvement in ejector 
performance was obtained by varying the convergent 
angle in comparison to the divergent angle and NXP. The 
improvement in ejector entrainment ratio was found to be 
41.2% at 8.5℃ evaporating temperature. Haghparast et. al. 
23) performed experiments to analyse the effect of nozzle 
exit diameter on the ejector efficiency, and found the 
increase in ejector efficiency by 21% by varying the 
nozzle exit diameter from 18mm to 23mm. An 
experimental model of steam ejector was developed by 
Eames et al.24) to analyze the geometry parameters. Yapici 
et al.25) experimented using refrigerant R123, and found 
that increasing the generator temperature linearly 
increases the nozzle area ratio and the optimum NXP lies 
between -10 to 5mm for minimum suction pressure. Rusly 
E13) concluded that by increasing the nozzle area ratio, the 
shock generated in the constant area section (CAS) got 
shifted inside the CAS which resulted in decreasing the 
critical backpressure. Moreover, they determined the area 
ratio that satisfies the requirement of double choking 
condition for the optimum performance of the ejector. Jia 
et al.26) executed a 1-D analysis on an air-cooled 
refrigeration cycle using R134a and varied the area ratio 

linearly from 3.69-4.76 and the generator pressure from 
20.5 to 25 bar. A few researchers have also expressed the 
effect of the ratio of length to the diameter of the different 
sections of the ejector after conducting experiments. Varga 
et. al.27) studied the effects of varying the length of the 
mixing and the constant area section in terms of the shock 
wave location in the ejector. Chong et al.28) affirmed that 
critical back-pressure was found to increase as the ratio of 
mixing section length and its diameter were increased. Wu 
et al.29) concluded that the entrainment ratio got increased 
linearly with the increase in the mixing length of the steam 
ejector cycle. Banasiak et al.30) suggested the optimum 
length of the mixing section between 20-25 mm while 
working experimentaly and numerically with R744.  

The inference of the literaturestudy are: (1) constant-
pressure mixing theory is highly effective than constant-
area mixing theory; (2) fixed ejector geometry has fixed 
back pressure that limits the mass flow rate of working 
fluid; (3) ejector and system performance mainly depend 
on the properties of working fluids, operating parameter, 
and ejector design; (4) operating conditions of the ECC 
must be predefined. (5) above deductions mainly agree 
with fixed ejector geometry. 

The working fluid also strongly influences the cycle 
performance and the ejector function. It has now become 
important to give equal consideration to the environmental 
aspects like ozone depletion potential (ODP), global 
warming potential (GWP), and atmospheric lifetime 
(ALT), toxicity, auto ignition and supply considerations of 
the refrigerants. Therfore, two eco friendly refrigerants i.e. 
R1234yf, and R1234ze have been chosen in the present 
study and their performance has been compared with the 
most widely used refrigerant R134a which is going to be 
phased out soon. The novelty of the work lies in analyzing 
two new eco-friendly refrigerants and determination of the 
dimensions of the ejector employed in the ejector cooling 
system. 

 
2.  Cycle description and assumptions 

The ejector cooling cycle is a heat-assisted cooling 
system that involves an ejector, a pump, a throttling valve 
and three heat exchangers i.e. generator, condenser, and 
evaporator as shown in figure 1-a. The corresponding T-s 
diagram is shown in figure 1-b. Ejector works as a 
substitute to the compressor with two inflows and one 
outflow. High-pressure saturated vapor stream, called 
primary stream, from the generator inflows into the 
primary nozzle, expands and creates low pressure in the 
ejector. It causes a low pressure saturated vapor stream 
called secondary stream, from the evaporator to inflow in 
the ejector. Both the streams get mixed at constant 
pressure in the mixing area section and the diffuser 
increases the pressure to the condenser presssure before 
the mixed stream outflows from the ejector. The 
condenser dissipates its heat. The condensed saturated 
liquid stream is split. One portion is expanded in the 
expansion valve and then take cooling load in the 
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evaporator. The other portion is pumped to the generator 
wherein it takes heat and transforms into saturated vapor. 

This way the cycle continues.    

 

Fig. 1-a: Ejector Cooling Cycle 
 

 
Fig. 1-b: T-s illustration of the ECC 

 
The following assumptions have been made while 

analyzing the system: 
I. The flow is uniform and one-dimensional in all the 

sections of ejector. 
II. The working fluid is assumed to behave like an ideal 

gas in the ejector.  
III. Pressure and heat loss in the ejector and system are 

considered negligible. 
IV. The primary and the secondary fluids are saturated 

and their velocities at the ejector inlets are negligible. 
V. The system is designed for a fixed cooling capacity 

of 1.0 kW. 

VI. All losses in the ejector are considered in terms of 
the efficiencies of the nozzle, mixing and diffuser. 
These are considered constant and same as 90% i.e. 
ƞn= ƞm=ƞd=90%. The efficiency of the pump is 
supposed to be 80% i.e. ƞp=80%. 

VII. Water is used as the external fluid in the heat 
exchangers. 

VIII. Mixing of primary and secondary vapor takes place 
in the suction section at a constant pressure. 

IX. The primary and secondary vapor have the same 
molecular weight and specific heat ratio.
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3.  Mathematical Modelling 

A mathematical model is prepared in the current 
communication wherein the equations are similar to those 
used by Chen et al31). The cycle is simulated using 
Engineering Equation Solver EES32) as it has an inbuilt 
library of the properties of the refrigerants used in the 
analysis.  

 
3.1  Governing equations: 

The governing equations for the components of ECC 
are based on mass, momentum, and energy conservation 
and are mentioned as under. The subscripts used in these 
equations are according to the figure 1-b. 

 
3.1.1  Primary fluid expansion (1-a): 

The primary flow expands in the nozzle and the velocity 
(Va) at its exit is given by: 

  𝑉𝑉a = �2(h1 − ha)           (1) 
where h1 and ha are the specific enthalpies of the 

primary flow at entry and exit. 
To consider various losses in the nozzle, the isentropic 

efficiency of the nozzle (ƞ𝑛𝑛) is considered as below: 

   ηn =
ℎ1−ℎ𝑎𝑎′
ℎ1−ℎ𝑎𝑎

                    (2) 

The specific enthalpy ℎ𝑎𝑎′ is the function of assumed 
mixing pressure, which is iterated to find the correct value, 
and isentropic expansion of primary flow. 

Using equations (2) and (1), the actual exit velocity is 
determined as: 

  𝑉𝑉𝑎𝑎 = �2ƞ𝑛𝑛(ℎ1 − ℎ𝑎𝑎′)   (3) 
Assuming ideal gas behavior, the expansion of primary 

flow is expressed in terms of Mach number (M1a) at the 
exit of the nozzle33,34) as under:  

  𝑀𝑀𝑎𝑎 = �2ƞ𝑛𝑛
𝛾𝛾−1

��𝑃𝑃1
Pˊ
�
�𝛾𝛾−1𝛾𝛾 �

− 1�           (4) 

Pˊ is the mixing pressure of the ejector. 
 

3.1.2  Secondary fluid entrainment (6-b): 
In the previous studies33,35), the velocity of the 

secondary flow had been neglected assuming that both the 
fluids got mixed at the evaporator pressure. However, It is 
not a reasonable assumption as the refrigerant pressure 
exiting from the evaporator drops down to the mixing 
pressure. Considering the fact and using conservation of 
energy, the secondary flow velocity (Vb) is expressed as 
under: 
             V𝑏𝑏 = �2(h6 − hb)               (5) 

where ℎ𝑏𝑏  is the function of mixing pressure and 
secondary flow exit entropy. It is expressed as under 
                  hb = f(Pˊ, s6)              (6) 

The Mach number of the secondary flow at state point 

b12) is expressed as under: 

         𝑀𝑀𝑏𝑏 = � 2
𝛾𝛾−1

��𝑃𝑃6
Pˊ
�
�𝛾𝛾−1𝛾𝛾 �

− 1�  (7) 

 
3.1.3  Mixing of the fluids before the shock  

The primary and secondary fluid get mixed in the 
mixing section before the shock formation takes place at 
point ‘d’. The conservation of mass and momentum 
balance of this ideal mixing happens at the constant 
mixing pressure: 

ṁ2 = ṁ1 + ṁ6    (8) 
where ṁ2,ṁ1 𝑎𝑎𝑎𝑎𝑎𝑎 ṁ6  are the mass flow rate at the 

mentioned state points. 
ṁ2𝑉𝑉2 = ṁ1𝑉𝑉𝑎𝑎 + ṁ6𝑉𝑉𝑐𝑐 (9) 

where V in the above equation is the velocity at the state 
poined mentioned. 

The ideal velocity of the mixed flow using equations (8) 
and (9) is expressed as: 

𝑉𝑉𝑐𝑐′ = 𝑉𝑉1+µ′𝑉𝑉6
1+µ′

      (10) 

where µˊ is an assumed entrainment ratio of the ejector, 
defined as ratio of the secondary mass flow rate to the 
primary mass flow rate and it is expressed as under: 

         µ′ = ṁ6
ṁ1

    (11) 

The mixing efficiency (ƞm) is the ratio of actual velocity 
to the ideal velocity of the mixed flow before shock 
formation and is found as under:  

ƞ𝑚𝑚 = 𝑉𝑉𝑐𝑐2

𝑉𝑉𝑐𝑐′
2     (12) 

The actual velocity (𝑉𝑉𝑐𝑐)  for the mixed flow using 
equations 10 and 12 is expressed as: 

            𝑉𝑉𝑐𝑐 = �ƞ𝑚𝑚
𝑉𝑉𝑎𝑎+µ׳b
1+µ′

   (13) 

The actual specific enthalpy (ℎ𝑐𝑐)  of the mixed flow 
can be found applying the conservation of energy. It is 
expressed as under: 

         ṁ1ℎ1 + ṁ6ℎ6 = ṁ𝑐𝑐ℎ𝑐𝑐 + 𝑉𝑉𝑐𝑐2

2
   (14) 

After modifying the primary and secondary mass flow 
rate in terms of entrainment ratio (µ), the actual specific 
enthalpy is expressed as 35): 

      ℎ𝑐𝑐 = ℎ1+µ′ℎ6
1+µ′

− 𝑉𝑉𝑐𝑐2

2
           (15) 

The actual entropy at state c i.e. 𝑠𝑠𝑐𝑐   can be obtained 
using 𝑃𝑃′and ℎ𝑐𝑐. In a functional form, it is expressed as35): 

     𝑠𝑠𝑐𝑐 = 𝑓𝑓(Pˊ, ℎ𝑐𝑐)   (16) 
Combining the aforementioned equations while taking 

into account mixing efficiency (ƞ𝑚𝑚 ) yield the critical 
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Mach number at state c (𝑀𝑀𝑐𝑐

∗) in terms of the critical Mach 
numbers of the primary flow (𝑀𝑀1𝑎𝑎

∗  ) and the secondary 
flow (𝑀𝑀6𝑏𝑏

∗ ) at state 'a'. 

          𝑀𝑀𝑐𝑐
∗ = �ƞ𝑚𝑚

�𝑀𝑀𝑎𝑎
∗+µ′𝑀𝑀𝑏𝑏

∗∗�𝑇𝑇6𝑇𝑇1
�

�(1+µ′)∗�1+µ′𝑇𝑇6𝑇𝑇1
�
   (17) 

where 𝑇𝑇6 𝑎𝑎𝑎𝑎𝑎𝑎 𝑇𝑇1 are the temperatures of evaporator and 
generator respectively. 

At any location inside the ejector, the relation between 
the Mach number and the critical Mach number can be 
written as36): 

𝑀𝑀∗ = � 𝑀𝑀∗(𝛾𝛾+1)
𝑀𝑀∗(𝛾𝛾+1)+2

   (18) 

Equation (17) allows for the calculation of the Mach 
number of the mixed flow at state c (𝑀𝑀𝑐𝑐) from M* (17) 
and it is expressed as: 

𝑀𝑀𝑐𝑐 = � 2𝑀𝑀𝑐𝑐
∗2

(𝛾𝛾+1)−2𝑀𝑀𝑐𝑐
∗2(𝛾𝛾+1)

   (19) 

The velocity of the mixed flow changes from 
supersonic to a subsonic flow and a shock generates that 
produces a sudden pressure rise when 𝑀𝑀𝑐𝑐 > 1.  

 
3.1.4  Expansion in the diffuser (c-2): 

Neglecting velocity at the exit of the diffuser, the 
specific enthalpy (ℎ2) is expressed as under: 

ℎ2 = ℎ𝑐𝑐 + 𝑉𝑉𝑐𝑐2

2
   (20) 

Diffuser efficiency (ƞ𝑑𝑑)  is defined as the ratio of 
isentropic enthalpy difference to the actual enthalpy 
difference due to expansion. It is expressed as: 

ƞ𝑑𝑑 = ℎ2′−ℎ𝑐𝑐
ℎ2−ℎ𝑐𝑐

  (21) 

The actual specific enthalpy (ℎ2)  can also be 
expressed in terms of diffuser efficiency as under: 

ℎ2 = ℎ𝑐𝑐 + ℎ2′−ℎ𝑐𝑐
ƞ𝑑𝑑

   (22) 

The actual entrainment ratio (µ)36) of the ejector can be 
expressed using the above equations as: 

µ =
�2ƞ𝑛𝑛�ℎ1−ℎ𝑎𝑎′�−�

2�ℎ2′−ℎ𝑐𝑐�
ƞ𝑑𝑑ƞ𝑚𝑚

�2�ℎ2′−ℎ𝑐𝑐�
ƞ𝑑𝑑ƞ𝑚𝑚

−�2(ℎ6−ℎ𝑏𝑏)

   (23) 

The shock is generated in the constant area section (c-
d), due to which the pressure is increased. The Mach 
number after shock (d) and the pressure are expressed as 
37): 

  𝑀𝑀𝑑𝑑 = �
𝑀𝑀𝑐𝑐
2+2/(𝛾𝛾+1)
2𝑀𝑀𝑐𝑐2

(𝛾𝛾+1)+1
   (24) 

𝑃𝑃𝑑𝑑
𝑃𝑃𝑐𝑐

= 1+𝛾𝛾𝑀𝑀𝑐𝑐
2

1+𝛾𝛾𝑀𝑀𝑑𝑑
2  (25) 

Pressure recovery in the diffuser can be expressed as37): 

Pˊ2
𝑃𝑃𝑑𝑑

= �1 + ƞ𝑑𝑑(𝛾𝛾−1)
2

𝑀𝑀2
2�

𝛾𝛾
(𝛾𝛾−1)  (26) 

The diffuser exit pressure Pˊ2  is isentropic pressure  
calculated using equation 26 and iterated comparing with 
the condenser pressure 𝑃𝑃2. Therefore, two iterations are 
used to determine the entrainment ratio (µ) and diffuser 
exit pressure (𝑃𝑃2). 
 
3.1.5  Ejector geometry and system performance: 

The ejector geometry is specified by area at the throat 
of primary nozzle ATh, mixing area ratio ARMix and 
primary nozzle area ratio ARNozzle. Mixing area ratio 
ARMix is defined as the ratio of area of the mixing section 
(AMix) to the area at the throat of primary nozzle (ATh) 
whereas, the primary nozzle area ratio ARNozzle is defined 
as the ratio of area at the throat of primary nozzle (ATh) to 
the area at the exit of primary nozzle (ANExit). The 
equations used for the determination of these parameters 
are mentioned as under- 

    𝐴𝐴𝑇𝑇ℎ = ṁ1
𝑃𝑃1
�𝑅𝑅𝑇𝑇1
𝛾𝛾ƞ𝑛𝑛

�𝛾𝛾+1
2
�
�𝛾𝛾+1𝛾𝛾−1�      (27) 

𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀 =
𝑃𝑃1�(1+µ)∗�1+µ𝑇𝑇6𝑇𝑇1

�∗� 2
𝛾𝛾+1�

1
𝛾𝛾−1∗�1− 2

(𝛾𝛾+1)

𝑃𝑃2�
𝑃𝑃𝑒𝑒
𝑃𝑃2
�
1
𝛾𝛾∗�1−�𝑃𝑃𝑒𝑒𝑃𝑃2

�
𝛾𝛾−1
𝛾𝛾

  (28) 

   𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 1
𝑀𝑀1𝑎𝑎
2 � 2

𝛾𝛾+1
�1 + 𝛾𝛾+1

2
𝑀𝑀1𝑎𝑎

2 ��

𝛾𝛾+1
𝛾𝛾−1

   (29) 

The heat interaction in the heat exchangers is calculated 
using energy.  

𝑄𝑄𝐺𝐺𝑁𝑁𝑛𝑛 = ṁ1(ℎ1 − ℎ4)   (30) 

𝑄𝑄𝐶𝐶𝑁𝑁𝑛𝑛 = ṁ2(ℎ2 − ℎ3)   (31) 

𝑄𝑄𝐸𝐸𝐸𝐸𝑎𝑎 = ṁ6(ℎ6 − ℎ5)   (32) 

Work done by the pump is calculated as under- 

𝑊𝑊𝑃𝑃𝑃𝑃𝑚𝑚𝑃𝑃 = ṁ1(ℎ4 − ℎ3)   (33) 
The coefficient of performance (COP) of the ECC is the 

ratio of the cooling effect produced in the evaporator to 
the generator heat and pump work. 

  𝐶𝐶𝐶𝐶𝑃𝑃 = 𝑄𝑄𝐸𝐸𝐸𝐸𝑎𝑎
𝑄𝑄𝐺𝐺𝑒𝑒𝑛𝑛+𝑊𝑊𝑃𝑃𝑃𝑃𝑚𝑚𝑃𝑃

= ṁ6(ℎ6−ℎ5)
ṁ1(ℎ1−ℎ3)

= µ (ℎ6−ℎ5)
(ℎ1−ℎ3)

   (34) 

 
3.2  Computational procedure 

To determine the cycle performance and the ejector 
geometry, a computational procedure has been followed. 
It iterates the assumed variables, entrainment ratio (µ) and 
mixing pressure (Pˊ), to their technically correct values. 
The procedure is explained in figure 2. 
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Calculate Va and Vb using equations 1-3, 5 

Assume a value of µˊ 

Select refrigerant and Inputs: TGen, TCon, TEva, and ƞm, ƞn, ƞd, k 

Calculate P1, P6,P3, h1, h3 and h6  

Assume any value of P׳ 

Output: ARMix, ARNozzle, µ and COP using equations 27-29, 23,34 

Calculate Ma1a, Ma6b, Mac, Mad, Pd and Pˊ2 using equations 4, 
7, 17-19 and 24-26 

Calculate hc, h2 and µ using equations 13-16, 20-23 
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Fig. 2: Flow chart of ECC 
 
3.3  Model Validation 

The performance and geometry parameters i.e. COP, 
Nozzle Area Ratio and Entrainment Ratio obtained for the 
refrigerant R134a are validated at the same input 
conditions as provided by Saleh B38). Table 1 shows that 
the variation of these parameters with respect to generator 
temperature are in coherence with the work38).  
 

Table 1. Validation with Saleh B.38) 

 Saleh B.38) Current Model 
TGen 
(℃) 

COP µ ARNozzle COP µ ARNozzle 

70 0.06 0.073 2.96 0.075 0.083 2.44 
75 0.109 0.126 3.39 0.115 0.13 3.89 
80 0.15 0.173 3.87 0.159 0.185 4.24 
85 0.185 0.213 4.39 0.189 0.213 4.79 
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COP 1234yf µ 1234yf COP 1234ze
µ 1234ze COP 134a µ 134a

90 0.215 0.243 4.95 0.214 0.239 5.02 
95 0.235 0.259 5.56 0.227 0.266 6.02 

100 0.239 0.301 6.57 0.243 0.293 6.59 
 
4.  Results and discussion: 

In this section, the influence of different working fluids 
on ejector cooling cycle (ECC) performance and 
dimensions like area ratios and various diameters of the 
ejector with different cooling capacities have been studied 
for the refrigerants R134a, R1234yf, and R1234ze at 
different evaporator temperatures, condenser 
temperatures, and generator pressures. The ejector cooling 

system is designed for 10℃ evaporator, 40℃ condenser 
temperature and 3000kPa generator pressure with 2 
degrees of superheat and 1.0 kW cooling capacity. The 
assumed efficiencies of ejector components are 90%. The 
thermodynamics equations are written in Engineering 
Equation Solver (EES)32) and the results are achieved 
using inbuilt properties of the refrigerants in EES. 
 
4.1  Effect of evaporator temperature  

4.1.1 On the system performance 

 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Influence of evaporator temperature on COP and µ 
 

Figure 3 depicts that the decrease in evaporator 
temperature from 10℃ to 2℃ decreases COP and µ for all 
the working fluids. The COP of the system is decreased by 
26.23%, 29.28% and 27.88% for R1234yf, R124ze and 
R134a respectively. Figure 3 shows that R1234ze has the 
highest COP and R1234yf has the lowest COP at any 
evaporator temperature. The entrainment ratio (µ) also 
varies in the same decreasing trend with the decrease of 
evaporator temperature from 10℃ to 2℃ for all the 
working fluid. The entrainment ratio is decreased by 
21.79%, 25.74% , and 26.02% for R1234yf, R124ze and 
R134a respectively. Figure 3 also shows that R1234ze has 
the highest entrainment ratio among the refrigerants 
considered in the study. Figure 4 reveals the influence of 
evaporator temperature on the mixing pressure (Pˊ ) of 
primary and secondary fluids. Figure 4 shows that this 
pressure lies below the evaporator temperature for all the 
working fluids. The mixing pressure (Pˊ ) is found to 
decrease with the decrease in evaporator temperature by 
1.94% in case R1234ze working fluid and 0.91% for 

R134a. The influence of evaporator temperature on 
mixing area ratio and nozzle area ratio is shown in table 2. 
The mixing area ratio is found to increase a little with the 
increase in evaporator temperature but the nozzle area 
ratio is decreased for the same operating conditions. The 
mixing area ratio is increased by 1.18% for R1234yf, 
3.17% for R1234ze and 1.42% for R134a and and the 
nozzle area ratio is decreased by 0.24% for R1234yf, 
1.12% for R1234ze and 0.56% for R134a for R1234ze 
respectively.
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Fig. 4: Mixing pressure Influence by the variation of 
evaporator temperature 

 
Table 2: Influence of evaporator temperature on area ratio with 

different working fluids. 
TEva 

(℃) 

R1234yf R1234ze R134a 

ARMix ARNozzle ARMix ARNozzle ARMix ARNozzle 

2 3.72 3.72 5.14 4.19 3.75 3.57 

4 3.73 3.71 5.17 4.18 3.73 3.57 

6 3.74 3.71 5.21 4.17 3.76 3.57 

8 3.76 3.71 5.25 4.16 3.78 3.56 

10 3.77 3.71 5.30 4.14 3.80 3.55 

 
4.1.2 On the ejector dimension 

The dimensions of the ejector also get affected by the 
variation of evaporator temperature. Figure 5(a) shows 
that the throat diameter is increased when the evaporator 
temperature is decreased. The throat diameter is found to 
increase by 15.89%, 18.72%, and 17.87% for R1234yf, 
R1234ze, and R134a respectively. The maximum throat 
diameter is 9.77 mm for R1234yf at the evaporator 
temperature of 2℃, and the minimum diameter is 8.43mm 
for R1234ze fluid at 10℃ evaporator temperature. The 
decrease in evaporator temperature increases the primary 
mass flow rate and hence improves the system 
performance. The effect is similar on the nozzle exit 
diameter with the change in evaporator temperature. 
Figure 5(b) reveals that the nozzle exit diameter is 
increased by 15.89%, 19.37%, and 18.15% for R1234yf, 
R1234ze, and R134a for the change in evaporator 
temperature from 10℃ to 2℃. The maximum nozzle exit 
diameter is 11.03 mm at 2℃ and minimum nozzle exit 
diameter is 9.24mm at 10℃ for R1234ze. The effect of 
evaporator temperature on the constant area diameter also 
followed the same trend as the other diameters. Figure 

5(c) shows that the constant area diameter is increased 
with the decrease of evaporator temperature by 15.22%, 
10.46%, and 16.78% for R1234yf, R1234ze, and R134a 
respectively. The constant-area diameter is always highest 
for R1234yf and lowest for R1234ze for the range of 
evaporator temperatures considered.   

(a) Throat Diameter (mm) 

(b) Nozzle exit diameter (mm) 

(c) Constant area diameter (mm) 
Fig. 5: Influence of evaporator temperature on ejector 

dimensions 
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4.1.3 On refrigerant mass flow rate and heat load 

(a) Primary mass flow rate 

(b) Secondary mass flow rate 
Fig. 6: Influence of evaporator temperature on mass flow 

rate. 
 
Figure 6 (a) and (b) show that both primary and 

secondary mass flow rates are increased with the decrease 
in evaporator temperature from 10℃ to 2℃ and the rate 
of decrease of primary mass flow is more than that of 
secondary fluid. The primary fluid flow rate is increased 
by 40.83%, 34.30% and 38.98% for R1234ze, R1234yf 
and R134a respectively when the evaporator temperature 
is varied from 10℃ to 2℃ . The secondary mass flow rate 
is found to increase by 4.65%, 4.05%, and 2.98% for 
R1234ze, R1234yf and R134a respectively.

 
 
 

 
 
 
 
 
 
 
 
 
 
 

(a) Generator heat load (kW) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Condenser heat load (kW) 
Fig. 7: Influence of evaporator temperature on heat load for 

R134a. 
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(b) Condenser heat load (kW) 

Fig. 8: Influence of evaporator temperature on heat load for 
R1234yf. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

(a) Generator heat load (kW) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Condenser heat load (kW) 
Fig. 9: Influence of evaporator temperature on heat load for 

R1234ze. 
 

Figures 7 (a) and (b) show the effects of evaporator 
temperature on the change of heat load in the generator 
and the condenser for the refrigerant R134a. Similarly 
figures 8 and 9 show variations of the same variables for 
the refrigerants R1234yf and R1234ze respectively. It can 
be seen from the respective figures that the heat load in 
both the generator and condenser is increased with the 
decrease in evaporator temperature from 10℃ to 2℃ for 
the working fluid. The heat load in the generator and 
condenser are increased by 34.36% and 32.37% 
respectively when the evaporator temperature is decreased 
from 10℃ to 2℃ while operating at 1 kW cooling 
capacity with R1234yf.  The heat content required in the 
generator is found to increase by 250% when the 
refrigeration capacity is increased from 1 kW to 3.5 kW. 
Observations are similar with R134a and R1234ze. 

 
4.2  Effect of condenser temperature  

4.2.1 On the system performance 

Figure 10 depicts that the increase in condenser 
temperature from 32℃ to 40℃ decreases COP and µ for 
all the working fluids. The COP of the system is decreased 
by 71.63%, 50.27% and 61.62% for R1234yf, R124ze and 
R134a respectively. It also shows that R1234yf has the 
highest COP and R1234ze has the lowest COP at any 
condenser temperature. The entrainment ratio (µ) is also 
found ot decrease with the increase of condenser 
temperature from 32℃ to 40℃ for all the working fluids. 
The entrainment ratio is decreased by 71.01%, 49.49% , 
and 61.19% for R1234yf, R124ze and R134a respectively. 
Figure 10 also shows that R1234ze has the highest 
entrainment ratio among the refriegrants considered in the 
study. Figure 11 reveals that the mixing pressure (Pˊ) is 
increased with the increase in condneser temperature by 
7.92% in case R1234yf, 9.62% for R1234ze working fluid 
and 11.88% for R134a. The influence of condenser 
temperature on mixing area ratio and nozzle are ratio are 
shown in table 3. The mixing area ratio and the nozzle area 
ratio are found to decrease with the increase in condenser 
temperature for the same operating conditions. The 
mixing area ratio is decreased by 23.92% and 25.35% and 
the nozzle area ratio is decreased by 4.24% and 5.15% for 
R1234yf and R1234ze respectively. The mixing pressure 
is always lower for R1234ze fluid followed by R1234yf 
and R134a because R1234ze has high critical pressure 
used for others. 
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Fig. 10: Influence of condenser temperature on COP and µ 

 

 
Fig. 11: Mixing pressure Influence by the variation of the 

variation of condenser temperature 
 

Table 3: Influence of condenser temperature on area ratio with 
different working fluids. 

TEva 

(℃) 

R1234yf R1234ze R134a 

ARMix ARNozzle ARMix ARNozzle ARMix ARNozzle 

32 4.95 3.87 7.10 4.36 5.07 3.78 

34 4.61 3.84 6.57 4.32 4.70 3.73 

36 4.30 3.80 6.10 4.26 4.37 3.68 

38 4.02 3.76 5.68 4.20 4.07 3.62 

40 3.77 3.71 5.30 4.14 3.80 3.55 

4.2.2 On the ejector dimensions 

Figure 12(a) shows that the throat diameter is increased 
when the condenser temperature is increased. The throat 
diameter is found to increase by 94.68%, 46.45%, and 
67.04% for R1234yf, R1234ze, and R134a respectively. 
The maximum throat diameter is 8.43mm for R1234yf at 
the condenser temperature of 40℃, and the minimum 
diameter is 3.1mm for R1234ze fluid at 32℃ condenser 
temperature. The effect is similar on the nozzle exit 
diameter with the change in condnenser temperature. 
Figure 12(b) reveals that the nozzle exit diameter is 
increased by 47.44%, 29.87%, and 38.19% for R1234yf, 
R1234ze, and R134a for the change in condenser 
temperature from 32℃ to 40℃. The maximum nozzle exit 
diameter is 9.24 mm at 40℃ and minimum nozzle exit 
diameter is 6.48mm at 32℃ for R1234ze. The effect of 
condenser temperature on the constant area diameter also 
followed the same trend as the other diameters. Figure 
12(c) shows that the constant area diameter is increased 
with the increase of condenser temperature by 41.07%, 
21.03%, and 30.79% for R1234yf, R1234ze, and R134a 
respectively. The constant-area diameter is always highest 
for R1234yf and lowest for R1234ze for the range of 
condenser temperatures considered.
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(a) Throat diameter (mm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Nozzle exit diameter (mm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Constant area diameter (mm) 
Fig. 12: Influence of condenser temperature on ejector 

dimensions 
 

4.2.3 On mass flow rate and heat load 

Figure 13 shows that both primary and secondary mass 
flow rates are decreased with the decrease of condenser 

temperature from 40℃ to 32℃. Primary mass flow is 
decreased more than the secondary mass flow rate, 
therefore the COP and µ are increased. The primary mass 
flow is increased more when using R1234yf as working 
fluid by 73.59% compared to other working fluids. The 
primary fluid flow rate is increased by 53.37% and 
64.11% with R1234ze and R134a respectively. The 
requirement of primary mass is less when using R1234ze 
in comparison to other working fluids at any condenser 
temperature. The secondary mass flow rate is increased by 
9.3%, 8.1%, and 5.97% when using R1234yf, R1234ze, 
and R134a respectively as working fluids with the 
decrease in condenser temperature. 

 
 

 

 

 
 
 
 
 
 
 
 
 

(a) Primary mass flow rate (kg/s) 

(b) Secondary mass flow rate (kg/s) 
Fig. 13. Influence of condenser temperature on mass flow 

rate. 
 

Figures 14 (a) and (b) show the effects of condenser 
temperature on the change of heat load in the generator 
and the condenser for the refrigerant R134a. Similarly 
figures 15 and 16 show variations of the same variables 
for the refrigerants R1234yf and R1234ze respectively. It 
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can be seen from the respective figures that the heat load 
in both the generator and condenser is increased with the 
increase in condenser temperature from 32℃ to 40℃ for 
the working fluid. The heat load in the generator and 
condenser are increased by 206.72% and 251.12% 
respectively when the condenser temperature is increased 
from 32℃ to 40℃ while operating at 1 kW cooling 
capacity with R1234yf.  The heat content required in the 
generator is found to increase by 250% when the 
refrigeration capacity is increased from 1 kW to 3.5 kW. 
Observations are similar with R134a and R1234ze. 

 

 

 

 

 

 

 

 

 
(a) Generator heat load (kW) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Condenser heat load (kW) 
Fig. 14: Influence of condenser temperature on heat load for 

R134a.

 
 
 

 
 
 
 
 
 
 
 
 

 

 
(a) Generator heat load (kW) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Condenser heat load (kW) 
Fig. 15: Influence of condenser temperature on heat load for 

R1234yf 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Generator heat load (kW)
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(b) Condenser heat load (kW) 
Fig. 16: Influence of condenser temperature on heat load for 

R1234ze 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3  Effect of superheating in the generator  

4.3.1 on System performance 

The degree of superheat in the generator has been 
varied from 2-6℃ in the study. Figure 17 reveals that the 
performance of the system is increased with the rise in the 
degree of superheat in the generator. Maximum COP is 
0.193 at 6 degree of superheat for R1234ze. Increasing the 
degree of superheat from 2 to 6℃, the maximum variation 
in COP is obtained for R1234yf followed by R1234ze. 
The trend of the entainment ratio variation is same as that 
of COP. However, the rate of entrainment ratio rise is 
maximum for R1234yf and minimum for R134a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17: Influence of degree of superheat on COP and µ 
 

Figure 18 shows the variation of mixing pressure with 
the degree of superheat in generator. The mixing pressure 
is found to increase by the increase in superheat by 6.9%, 
4.32%, and 1.96% for the R1234yf, R1234ze, and R134a 
respectively. 

Table 4 depicts the effects on mixing area ratio and 
nozzle area ratio at the designed evaporator and condenser 
temperatures while varying the degree of superheat in the 
generator. The mixing area ratio of the ejector is increased 
by 0.53%, 0.372%, and 0.53% for R1234yf, R1234ze, and 
R134a working fluids respectively with the increase in 
degree of superheat. However, the nozzle area ratio is 
decreased by 3.7%, 2.4%, and 1.13% for R1234yf, 
R1234ze, and R134a respectively. 

 

Table 4: Influence of degree of superheat on area ratio with 
different working fluids. 

Super

heat 

R1234yf R1234ze R134a 
AR 
Mix 

AR 
Nozzle 

AR 
Mix 

AR 
Nozzle 

AR 
Mix 

AR 
Nozzle 

2 3.77 3.71 5.30 4.14 3.78 3.55 

3 3.77 3.66 5.30 4.11 3.79 3.54 

4 3.78 3.63 5.31 4.08 3.79 3.53 

5 3.78 3.60 5.31 4.06 3.80 3.52 

6 3.79 3.57 5.32 4.04 3.80 3.51 
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Fig. 18: Mixing pressure Influence by the variation of degree 
of superheat. 

 

4.3.2 Ejector dimensions 

 

 

 

 

 

 

 

 
 

(a) Throat diameter (mm) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Nozzle exit diameter (mm) 
 
 

(c) Constant area diameter (mm) 
Fig. 19: Influence of degree of superheat on ejector 

dimensions 
 

The dimensions of the ejector also get affected by the 
variation of degree of superheat. Figure 19(a) shows that 
the throat diameter is decreased when the degree of 
superheat is increased. The throat diameter is found to 
increase by 17.79%, 4.85%, and 3.54% for R1234yf, 
R1234ze, and R134a respectively. The maximum throat 
diameter is 8.43mm for R1234yf at the degree of 
superheat 2, and the minimum diameter is 4.32mm for 
R1234ze fluid at 6 degree of superheat. The increase in 
degree of superheat increases the primary mass flow rate 
and hence improves the system performance. The effect is 
similar on the nozzle exit diameter with the change in 
degree of superheat. Figure 19(b) reveals that the nozzle 
exit diameter is decreased by 19.35%, 6.06%, and 4.14% 
for R1234yf, R1234ze, and R134a for the change in 
degree of superheat from 2 to 6. The maximum nozzle exit 
diameter is 16.23mm at 2 degree of superheat and 
minimum nozzle exit diameter is 8.68mm at 6 degree of 
superheat for R1234ze. The effect of degree of superheat 
on the constant area diameter also followed the same trend 
as the other diameters. Figure 19(c) shows that the 
constant area diameter is decreased with the increase of 
degree of superheat by 17.6%, 4.87%, and 3.55% for 
R1234yf, R1234ze, and R134a respectively. The 
constant-area diameter is always highest for R1234yf and 
lowest for R1234ze for the range of degree of superheat 
considered. 
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4.2.3 On mass flow rate and heat load 

 
(a) Primary mass flow rate (kg/s) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Secondary mass flow rate (kg/s) 
Fig. 20: Influence of degree of superheat on mass flow rate 
 
Figure 20 represents the impact of degree of superheat 

on mass flow rate in the ECC. The primary mass flow is 
decreased more than the secondary mass flow rate, 
therefore the COP and µ are increased. The primary mass 
flow rate is decreased by 33.21% for R1234yf, 10.71% for 
R1234ze, 8.71% for R134a. The requirement of primary 
mass is less when using R1234ze in comparison to the 
other working fluids at any degree of superheat. The 
secondary mass flow rate is almost constant as 0.0086, 
0.0074, and 0.0067 when using R1234yf, R1234ze, and 
R134a as working fluid at any degree of superheat. 

 

(a) Generator heat load (kW) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Condenser heat load (kW) 
Fig. 21: Influence of degree of superheat on heat load for 

R134a. 
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(b) Condenser heat load (kW) 

Fig. 22: Influence of degree of superheat on heat load for 
R1234yf. 

 

(a) Generator heat load (kW) 
 

(b) Condenser heat load (kW) 
Fig. 23: Influence of degree of superheat on heat load for 

R1234ze. 

Figure 21 show the effects of degree of superheat on the 
change of heat load in generator and condenser for the 
refrigerant R134a. Similarly figures 22 and 23 show 
variation of the same variables for the refrigerants 
R1234yf and R1234ze respectively. It can be seen from 
the respective figures that the heat load in both generator 
and condenser is increased with the decrease in degree of 
superheat from 2 to 6 for the working fluid. The heat load 
in the generator and condenser are decreased by 28.72% 
and 27.12% respectively when the degree of superheat is 
increased from to 2 to 6 while operating at 1 kW cooling 
capacity with R1234yf.  The heat content required in the 
generator is found to increase by 250% when the 
refirgeration capacity is increased from 1 kW to 3.5 kW. 
Observations are similar with R134a and R1234ze. 
 
5.  Conclusions: 

This paper presents the performance and dimentions of 
ejector for a relatively new ecofriendly refrigerant 
R1234ze, R1234yf and is compared with R134a. 

• The COP of the system at the designed condition 
is 0.061 (R1234yf), 0.181 (R1234ze) and 0.104 
(R134a). 

• The system performance is increased by 35.55% 
(R1234yf), 41.41% (R1234ze) and 38.67% 
(R134a) with the increase of evaporator 
temperature from 2℃ to 10℃. 

• The entrainment ratio of system is decreased by 
71.01% (R1234yf), 49.47% (R1234ze) and 
61.19% (R134a) with the change in condenser 
temperature from 32℃ to 40℃. 

• As the temperatures of generator and evaporator 
are increased, the nozzle's throat area is 
decreased; however, it is increased with the 
increase in condenser temeprture.  

• As evaporator temperature is increased, the 
generator and condenser heat load are found to 
decrease by 34.37% and 32.37% for R1234yf, 
40.93% and 34.67% for R1234ze and 38.84% 
and 35.21% for R134a respectively. 

• The generator and condenser heat load are 
increased by 55.91% and 61.69% for R134a, 
67.39% and 40.52% for R1234yf and 42.63% 
and 64.75% for R1234ze respectively with 
increase of condenser temperature.  
 

Nomenclature 

ALT Atmospheric lifetime (-) 
AR Area ratio (-) 
CAS Constant area section (-) 
COP Coefficient of performance (–) 
ECC Ejector cooling cycle (-) 
EES Engineering equation solver (-) 
ER Entrainment ratio (-) 

GWP Global warming potential (-) 
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h Specific enthalpy (kJ/kg) 
ṁ mass flow rate (kg/s) 
M Mach Number (-) 
NXP Nozzle exit position (-) 
ODP Ozone depletion potential (-) 
P Pressuere (kPa) 
Q Heat (kW) 
V Velocity (m/s) 
W work (kW) 
 
Greek symbols 
µ Entrainment ratio (-) 
ƞ Effiency (%) 
θ convergent angle (°) 
γ specific heat ratio (-) 
 
Subscripts 
Con Condenser 
d Diffuser 
Eje Ejector 
Eva Evaporator 
Gen Generator 
in Inlet 
m Mixing 
mix Mixing section 
n Nozzle 
out Outlet 
Pump Pump 
TH Throat 
TV Throttling Valve 
1,2,3.. State points 
a,b,c,d State points inside the ejector 
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