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1 Introduction 

Split-type air conditioners are widely used in residential and commercial 
buildings. It is a well-known fact that air conditioner
high amount of energy to maintain indoor air temperature. 
systems use approximately 50
[1]. As a result, a small improvement 
generate a significant impact on energy saving
improving the performance of 
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The present study describes a numerical approach for determining 
and constant-area diameters of an ejector as an expansion 

cooling capacity of a split-type air-conditioner using R290 
Previous studies have shown that replacement of HCFC R22 with 

in the air conditioner can improve the coefficient of 
The purpose of replacing the capillary tube with an ejector 

n a split-type air conditioner using HC290 is to further 
improve the COP. In developing the model, conservation laws of mass, 
momentum and energy equations were applied to each part of the ejector. The 

that the motive nozzle diameter remains constant (1.03 
condenser temperatures, whereas the diameter of the 
as the condenser temperature increases. It was also found 

the COP can reach 32.90% at a condenser temperature of 55 
mentioned above, it can be concluded that the use of an 

ejector can further improve the COP of a split-type air conditioner using HC290 
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As a result, a small improvement in the performance of the system will 
generate a significant impact on energy savings. There are several ways of 
improving the performance of the vapor compression refrigeration cycle 
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(VCRC). The use of a heat exchanger for subcooling and superheating is a 
conventional method. Recently, several researchers have applied an inverter and 
control method to regulate the motor rotation of the compressor according to the 
cooling load in the cooled compartment [2-3]. Using an ejector as an expansion 
device is one of the alternative ways of improving refrigeration cycle 
performance. 

A typical vapor compression refrigeration cycle uses a capillary tube, a 
thermostatic expansion valve and other throttling devices to reduce refrigerant 
pressure from condenser to evaporator. Theoretically, the pressure drop in 
conventional expansion devices is considered an isenthalpic process (constant 
enthalpy). An isenthalpic process causes a decrease in the evaporator cooling 
capacity because of energy loss in the throttling process. To recover this energy 
loss, isentropy (constant entropy) is required in the expansion process. An 
ejector can be used to generate isentropic conditions in the throttling process. A 
refrigeration system that uses an ejector as an expansion device, is usually 
named an ejector-expansion refrigeration cycle (EERC) [4].  

The efficiency of an AC is defined as the ratio of the refrigeration effect on the 
evaporator to the power consumed by the compressor, and it is expressed as 
coefficient of performance (COP) or energy efficiency ratio (EER) [5]. 
Although COP and EER have similar definitions, COP differs from EER with 
respect to the units used in the numerator and the denominator. COP is 
dimensionless, whereas EER usually uses Btu/hr for the refrigeration effect and 
kW for power consumed by the compressor.  

The experiment conducted by Devotta [6] showed that HC290 as a drop-in 
substitute for HCFC22 in a window air conditioner increases the coefficient of 
performance by 9.7%. Zhou and Zhang [7] investigated the effect of the length 
and coil diameter of the capillary tube on the performance of a split-type AC 
using HCFC22 and HC290. They found that the mass flow rate of the 
refrigerant tended to increase slightly as the coil diameter of the capillary tube 
increased. They also found that the energy efficiency ratio (EER) of HC290 
could be up to 8.5% higher than that of HCFC22.  

For further COP improvement (COPimp) of a split-type AC using HC290 as a 
drop-in substitute for HCFC22, an ejector as an expansion device can be 
applied. A number of advantages of an ejector as an expansion device have been 
demonstrated by several researchers. Karhouser [8] was the first to perform a 
thermodynamics analysis of the vapor compression refrigeration cycle using an 
ejector as an expansion device. He proposed a one-dimensional model in his 
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study. He found that the COPimp was up to 21% over the standard cycle. Liu, et 
al. [9], Li and Groll [10] and Deng, et al. [11] developed a mathematical model 
and found that the COPimp was between 6-14%, 7-18% and 22%, respectively, 
over the standard vapor compression refrigeration cycle using CO2 as 
refrigerant. Takeuchi, et al. [12] reported an increase in COPimp of 45-64% for a 
vehicle refrigeration system. Disawas and Wongwises [13] and Elbel and 
Hrnjak [14] carried out experimental investigation on an ejector as an expansion 
device using R134a and CO2 respectively, and reported an increment in the 
COP over the standard cycle. Nehdi, et al. [15] presented a numerical analysis 
to determine the effect of the geometry of ejectors on system performance using 
twenty synthetic refrigerants. They found that the COPimp over the standard 
cycle is 22%. A numerical approach using a natural refrigerant in the EERC was 
performed by Sarkar [16], who reported that the maximum COPimp for 
isobutene, propane and ammonia is 21.6%, 17.9% and 11.9% respectively. Bilir 
and Ersoy [17] performed a computational analysis of the performance 
improvement of the ejector expansion cycle over the standard cycle. In their 
computational analysis they proposed a method similar to that of Kornhauser 
[8]. They found that using an R134a refrigerant, the COP improvement of the 
expansion cycle over the standard cycle is about 10.1 to 22.34%.  

Based on a survey of the literature, we have not found any study on the EERC 
that investigated the determination of the diameters of the motive nozzle and the 
constant-area based on the cooling capacity of the air conditioner. The objective 
of the present study is to obtain the diameters of the motive nozzle and the 
constant-area of the ejector in relation to COP improvement in the split-type air 
conditioner using R290 (propane) as working fluid.  

2 System Description and Thermodynamics Modeling 

2.1 An Ejector as an Expansion Device  

The idea of a two-phase ejector as an expansion device is not new. In 1931, Gay 
patented the use of an ejector to minimize throttling losses in the expansion 
device in a vapor compression refrigeration cycle (VCRC). In 1966, Kemper, et 
al. [18] modified Gay’s patent by using a pump and a heater to increase the 
pressure and temperature of the liquid stream before it enters the motive nozzle. 
In 1972, Newton [19-20] proposed two patents to improve the previous patent 
by Kemper.  

Figure 1 depicts a schematic diagram of the standard cycle and an ejector as an 
expansion device. A capillary tube or expansion valve is used as an expansion 
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device in the standard cycle, whereas an ejector is used as an expansion device 
in the EERC.  

 

Figure 1 Schematic diagram of the vapor compression refrigeration cycle: (a) 
standard cycle; (b) EERC. 

Figure 2(a) illustrates the refrigerant flow, pressure and velocity profile inside 
the ejector. Figure 2(b) shows a Ph diagram of the standard cycle and the 
EERC. The isenthalpic throttling process takes place from point 3 to 11, while 
the isentropic throttling process takes place from point 3 to 4. Refrigerant flow 
in the Ph diagram of the standard cycle is point 8, 2b, 3, 11 and 8. There are two 
flows in the EERC: primary flow and secondary flow. The primary flow is 
circulated by a compressor through the condenser, ejector and separator (point 
1, 2, 3, 4, 10, 5 and 1), whereas the secondary flow circulates in the capillary 
tube, evaporator, ejector and separator (point 6, 7, 8, 9, 10, 5 and 6). The 
primary and secondary flows mix at the constant-area and diffuser (point 10 and 
5). The sudden change in pressure and velocity of the refrigerant from point 9 to 
10 is attributed to normal shock, induced downstream of the constant area 
mixing section. This shock causes a compression effect and thus results in a 
sudden drop in the refrigerant flow speed [21]. As shown in Figure 2(b), the 
pressure at point 1 is higher than that of the suction pressure in the standard 
cycle (point 8). This means that the compressor work of the ejector expansion 
cycle is lower than that of the standard cycle. Based on Figure 2(b), the COP of 
the standard refrigeration cycle is calculated as, 
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Figure 2 (a) Pressure and velocity profile in the ejector; (b) Ph diagram of the 
EERC and standard cycle. 

since compe mm ɺɺ = , Eq. (1) becomes,      

 8 11
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 (2) 

where ηcomp is the isentropic efficiency of the compressor, which is calculated 
by an empirical relation in Brunin, et al. [22] as, 
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Furthermore, the COP of the EERC is,  
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The COP improvement of the EERC over the standard cycle can be calculated 
by, 
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The EERC is characterized using two parameters, the entrainment ratio (ω) and 
pressure lifting ratio (Plift). The definitions of the two parameters are: 
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Both quantities should be as high as possible to obtain optimum COPimp. A high 
ejector pressure lifting ratio decreases the compression ratio of the compressor. 
Increasing the mass entrainment ratio will reduce the compressor mass flow rate 
for a given cooling capacity.  

2.2 Thermodynamics Modeling and Calculation Algorithm 

In developing the thermodynamic model, the governing equations that are 
applied to each part of the ejector are: conservation of mass, momentum and 
energy in Eqs. (8), (9) and (10), respectively.  

 i i i o o ou a u aρ ρ=∑ ∑  (8) 

 i i i iPa m u+ ∑ ɺ o o o oP a m u= +∑ ɺ  (9) 

 
2 2
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To apply the equations above in the calculation of each part of the ejector, the 
following assumptions were made: 
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1. There is no heat transfer except in the evaporator and condenser. 
2. Properties and velocities are constant over the cross section (one-

dimensional). 
3. The refrigerant condition is in thermodynamic quasi-equilibrium. 
4. There is no pressure drop along the evaporator and condenser. 
5. There is no wall friction.  
6. The refrigerant conditions at the outlet of the evaporator and condenser are 

saturated. 
7. Deviation from adiabatic reversible processes for each section of the ejector 

is calculated by efficiencies.  

Based on the manipulation of Eqs. (8)-(10) and referring to studies performed 
by Nehdi, et al. [15] and Sarkar [16], the thermodynamics modeling produces 
Eqs. (11)-(20), as shown in the flowchart depicted in Figure 3. This flowchart 
was used to determine the diameter of the motive nozzle (d4) and the constant-
area of the ejector (d10). Using flowchart (Figure 3) and properties of the 
refrigerant, several parameters, such as the diameters of the motive nozzle and 
the constant-area, Plift, COPej and COPimp, can be calculated.  

3 Results and Discussion  

To calculate the diameters of the motive nozzle and the constant-area, the mass 
flow rate of the standard refrigeration cycle must be known. The value of the 
mass flow rate represents the cooling capacity of the air conditioner. In the 
present study, a split-type air conditioner with HC290 (propane) as working 
fluid, a cooling capacity of 2.4 kW and a mass flow rate of 27.48 kg/h, was used 
to calculate the diameters of the motive nozzle and the constant-area. This data 
was taken based on the experimental results of Zhou and Zhang [7]. To start the 
iteration using the flowchart in Figure 3, the values of nozzle and diffuser 
efficiencies was chosen as 0.9 and 0.8, respectively [23].  

3.1 Effect of Condenser Temperature on Geometric Parameters 

In the application, a split-type AC can be installed in geographical areas with 
moderate or high outdoor air temperatures. For this reason, the motive nozzle 
and constant-area diameters of the ejector must be designed according to these 
conditions. The dimension of each section of the ejector is crucial in improving 
the COP. The diameter of the motive nozzle is calculated by using Eq. (13), 
while the diameter of the constant-area is iterated by the flowchart depicted in 
Figure 3. The iteration results are shown in Figure 4. It shows that the diameter 
of the motive nozzle is constant, at 1.03 mm, except at a condenser temperature 
of 55 °C (0.98 mm). The diameters of the motive nozzle based on the numerical 
.. 
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Figure 3 Flow chart of the calculation algorithm of motive nozzle and constant-
area diameters. 
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results is similar to those used in the experiment of Caiwongsa and Wongwises 
[24]. They tested three different motive nozzle diameters (0.8, 0.9 and 1.0 mm), 
using R134a. The motive nozzle with a diameter of 1.0 mm yielded a higher 
mass flow rate in the condenser than the other nozzles, while the smallest 
diameter (0.8 mm) yielded a lower mass flow rate in the condenser, producing 
the highest COPimp. There is a slight difference between the numerical approach 
and the experimental data. This distinction is caused, among other things, by 
differences in the working fluid and cooling capacity. 

Figure 4 shows that the constant-area diameter decreases with an increase in 
condenser temperature. For example, when the diameter of the constant-area is 
2.14, 2.12 and 2.01 mm, the condenser temperatures are 45, 50, and 55 °C, 
respectively. The main geometric parameter of an ejector is area ratio (AR), 
which is defined as the ratio between the cross-sectional area of the constant-
area to the motive nozzle (a10/a4). Figure 4 shows that the area ratio decreases as 
the condenser temperature increases. With similar results in the present study, 
Sarkar [20] reported that the ejector AR decreased with an increase in the 
condenser temperature. However, his numerical model did not investigate either 
the motive nozzle or the constant-area, which has a more pronounced 
decrement. The experimental study by Disawas and Wongwises [13] and Elbel 
and Hrnjak [14] only investigated the effect of the nozzle diameter on the 
system. The numerical results of the present study show that the decrement of 
the area ratio of the ejector is more influenced by the constant-area diameter 
than the motive nozzle diameter, as shown in Figure 4.  

  

Figure 4 Variation of motive nozzle and constant-area diameters, and area ratio 
of ejector versus condenser temperature (Te = 5 °C, ηn = 0.9 and ηd = 0.8).  
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3.2 Effect of Condenser 

It is well known that the COP of a 
condenser temperature increases, as shown in 
reduction due to condenser
cycle than in the EERC. As a result,
condenser temperatures. For example, as shown in 
23.46% at Tc = 50 °C and becomes 31.97% at T
was a reduction in power consumption (energy saving
due to the use of an ejector 
 

Figure 5 Variation of COP and COP improvement versus condenser 
temperature (Te = 5 °C, ηn

Figure 5 shows that the COP
temperatures above 40 °C. Indeed, the improvement in the COP can reach 
31.97% at a condenser temperature of 55
of an ejector as an expansion device
high outdoor air temperature
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of Condenser Temperature on COP Improvement  

COP of a standard refrigeration cycle decreases as the
increases, as shown in Figure 5. The effect of COP

reduction due to condenser temperature increment is greater in the standard
As a result, the COPimp of the EERC is better for higher 
For example, as shown in Figure 5, the COPimp 

C and becomes 31.97% at Tc = 55 °C. This means that there 
power consumption (energy savings) of the split-type AC
ejector as an expansion device.  

  

Variation of COP and COP improvement versus condenser 
n = 0.9 and ηd = 0.8). 

COPimp increases relatively significantly at condenser 
C. Indeed, the improvement in the COP can reach 

31.97% at a condenser temperature of 55 °C. These results indicate that the use 
an expansion device is effective for geographical areas that have
temperatures.  

ondenser Temperature on Plift 

value should be as high as possible in order to obtain
However, the condition of (1+ω).x5 = 1 must be fulfilled for 

As depicted in the Ph diagram in Figure 2(b), the compressor 
increases, due to the enthalpy difference (h2-h1) being 

is calculated by Eq. (7), and P8 in the present study is constant, i.e.
The iteration results obtained for various P1 and T5 with different 

are shown in Table 1.  
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Table 1 Variation P5 and T5 versus the condenser temperature, where Te = 5 

°C, ηn= 0.9 and ηd=0.8. 

Tc (°C) 35 40 45 50 55 

P5 (kPa) 573.18 582.34 595.19 608.29 623.53 

T5 (°C) 6.34 6.89 7.64 8.40 9.27 

 

 

Figure 6 Ph diagram of the EERC (Te = 5 °C, Tc = 45 °C, ηn = 0.9 and ηd = 0.8). 

Figure 6 shows details of the EERC with Tc = 45 °C, Te = 5 °C in a Ph diagram. 
The temperature and pressure data were obtained by iteration using the 
flowchart in Figure 3 and the data from Table 1. A detailed drawing of the 
EERC in a Ph diagram is scarce in the literature.  

4 Conclusions  

It is a known fact that HC290 as drop-in substitute for HCFC22 can increase the 
COP, and our numerical results have shown that replacement of the capillary 
tube with an ejector as an expansion device in split-type air conditioners using 
HC290 as a working fluid can further improve the COP. The improvement in 
the COP showed a significant increase with an increase in condenser 
temperature. This indicates that the use of an ejector as an expansion device in 
split-type air conditioners is recommended for geographical areas with high 
outdoor air temperatures. The results of this study also show that the decrement 
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of the area ratio of the ejector is more influenced by the constant-area diameter 
than by the motive nozzle diameter.  
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Nomenclature 
a cross-sectional area (m2) 
AR area ratio  
COP coefficient of performance 
d diameter (m) 
h specific enthalpy (kJ/kg) 
mɺ

 
mass flow rate of fluid (kg/s) 

P pressure (kPa) 
Plift pressure lift ratio 
Q cooling capacity (kJ/kg) 
s specific entropy (kJ/kg.K) 
u fluid velocity (m/s) 
W compressor work (kJ/kg) 
ηd diffuser efficiency  
ηn nozzle efficiency  
ρ fluid density (kg/m3) 
ω entrainment ratio  
x vapor quality 

Subscripts  
c condenser 
comp compressor 
disc discharge of   
                   compressor 
dif diffuser 
e evaporator 
ej ejector 
i inlet 
imp improvement 
n nozzle  
o outlet 
std standard 
suct suction of   
                   compressor 
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