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ABSTRACT  

This paper investigates a modified ejector cycle (MEC) to further enhance the COP improvement of 

residential air conditioner (A/C), as compared to the standard ejector cycle (SEC). This paper also presents numerical 

and experimental studies of the MEC. Numerical approach of MEC performances was evaluated by using SEC cycle 

that had been developed by many researchers. In the experimental study of MEC, three motive nozzle diameters of 

0.9, 1.0 and 1.1 mm were utilized. In addition, environmentally friendly refrigerant of R290 (propane) was used as a 

working fluid. The modeling results of residential A/C with the cooling capacity of 2.5 kW showed higher COP 

improvements of MEC than SEC for all entrainment ratios of the ejector. There was no COP improvement for SEC at 

a low entrainment ratio, whereas there are always COP improvements for all entrainment ratios for MEC. In 

addition, the experimental results showed the highest COP improvement of 16.67% was achieved with the motive 

nozzle diameter of 1.1 mm. 
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INTRODUCTION  

Due to negative impact of CFCs (such as R11 and R12), HCFCs (such as R22 and R412b) and HFCs (such 

as R410A, R407C and R134a) as refrigerant on the environment, HCs (hydrocarbons) revive as working fluid in 

refrigeration and air conditioning systems. Early on, hydrocarbons have been used as working fluid in refrigeration 

and air conditioning system before synthetic refrigerants, namely CFCs, HCFCs and HFCs are introduced. Although, 

R22 is widely used as refrigerant in residential air conditioner (A/C), however due to its global warming effect and 

ozone depletion potentials, this refrigerant has to be replaced by environmental friendly refrigerants, such as HFCs 

and HCs. HFCs have zero ozone depletion potential, but they have negative effects on the global warming. As a 

result, these refrigerants are not considered as long term alternative replacement for R22. HCs have zero ozone 

depletion potential and very low greenhouse effect and therefore, they are the best long term alternative refrigerant 

for R22. In Southeast Asia countries such as Malaysia, Singapore and Indonesia, R290 is widely used to replace R22 

in residential A/C. Many researchers have reported that the drop-in substitute from R22 to R290 in air conditioners 

enhance the performance of the system [1-3].  

Besides replacing working refrigerant to improve the performance of the A/C [4], Sukri et. al. [5] also 

highlighted several other methods to enhance the performances of the A/C. Intensive investigations on those methods 

are now being carried out. Some of the methods are by adding nanoparticles into the refrigerant to increase the heat 

transfer process [6-8] and using ejector as an expansion device [9-24]. Recently, a method of transpiration cooling to 

enhance the heat transfer process was reported [23]. This method can also be investigated to improve the 

performance of condenser coil which later improves the overall performance of the A/C. 

Typically, residential A/C uses capillary tube as expansion device. The use of this conventional expansion 

device generates energy losses during expansion process. The advantage of using ejector as an expansion device is 

huge as compared to other methods. It is because, this device does not require input energy to operate but has been 

proven in enhancing the performance of air-conditioning system. Fig. 1(a) and (b) show the schematic diagrams of 
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standard cycle (SC) and standard ejector cycle (SEC), respectively. The SC and SEC represent the residential A/C 

using a capillary tube and an ejector as an expansion device, respectively. 
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Figure 1. Schematic diagram: (a) Standard cycle, (b) Standard ejector cycle (SEC) 

 

Kornhauser [9] was the first who investigated numerically in the vapor compression refrigeration cycle 

(VCRC) using an ejector as expansion device. He found COP improvement on eight refrigerants (i.e. R11, R12, R22, 

R113, R114, R500, R502 and R717) of refrigeration systems that operated with the evaporator and condenser 

temperatures of -15oC and 30oC, respectively. His investigation did not use R290 (propane) as working fluid because 

during that time, R290 was not yet considered as an alternative working fluid for VCRC. The investigation of the use 

of R290 as an alternative refrigerant for R22 started in 1990s. However, numerical investigation on the SEC using 

R290 as working fluid just started in 2010 by Sarkar [14] and 2013 by Sumeru et al. [15]. Sarkar [14] reported the 

COP improvement of SEC up to 17.9% when using R290 as refrigerant for condensing temperatures of 35oC to 

55oC. In addition, Sumeru et al. [15] investigated numerically on an air conditioner using SEC and found COP 

improvements of 4.94-32.90% for condensing temperatures from 40oC to 50oC. Sarkar [14] and Sumeru et al. [15] 

concluded that COP improvement of SEC increased as the condensing temperature increased.  

However, based on Fig.  1, it can be seen that at least, there are two drawbacks of SEC, namely: (i) not all 

refrigerant enters to the evaporator and as a result, it reduces cooling capacity; (ii) to generate COP improvement, it 

requires a high entrainment ratio ejector (). Detailed explanation of both disadvantages will be explained in the next 

section. In order to overcome these drawbacks, a new cycle was introduced by Sumeru et al. [20], called modified 

ejector cycle (MEC) as in Fig. 2. 
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Figure 2. Schematic diagram of modified ejector cycle (MEC) 



Journal of Thermal Engineering, Research Article, Vol. 6, No. 3, pp. 297-312, April 2020 
 

  

 299 

 

Fig. 1(b) and Fig.2 show that the separator of SEC has one inlet and two outlets, whereas in the MEC, the 

separator has one inlet and only one outlet. Therefore, in the SEC, not all refrigerant flows through the evaporator 

and as a result it decreases the cooling capacity. Meanwhile, MEC has only one outlet and all refrigerant flows 

through the evaporator and as a result, the cooling capacity does not decrease. Due to energy balance, temperature of 

vapor refrigerant inside the separator reduces below its saturation vapor temperature and therefore vapor refrigerant 

in separator condenses inside the separator and becomes liquid refrigerant through a process called condensation heat 

transfer. As a result, separator releases heat to the surrounding air and reduction of enthalpy from point 5 to point 6 

can be observed. Figure 3 shows the advantage of MEC over SEC depends on its dominant increase in cooling 

capacity (due to high refrigerant mass flow rate as compared to SEC, �̇�𝑟 > (�̇�𝑟 − �̇�𝑐𝑜𝑛𝑑)), as opposed to a rise in 

compressor work from (ℎ2𝑏 − ℎ1) to (ℎ2𝑎 − ℎ8). 
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Figure 3. System cycle in P-h diagram:  (a) Standard ejector cycle (SEC), (b) Modified ejector cycle (MEC) 

 

The advantages of using MEC had been reported by Sumeru et al. [20]. Their experimental results showed 

that the MEC increased the COP of the residential A/C of about 13.8% when the outdoor temperature of 40oC. So 

far, the published studies on this research domain of MEC are very limited and according to author’s knowledge, 

study of this cycle with benign refrigerant of R290 is yet to be conducted. Therefore, it is the aim of this study to 

further investigate the MEC using alternative future friendly refrigerant of R290 as a continuation from the previous 

work done by Sumeru et al. [20]. In the present study, numerical study of MEC using R290 as working fluid is 

conducted by varying the entrainment ratio and the condensing temperature, while the experimental study is carried 

out by varying the motive nozzle diameter.  

 

METHODOLOGY 

Thermodynamic modeling 

The main parameter of the ejector is defined by entrainment ratio (ω), which is the ratio between the 

evaporator mass flow rate and the condenser mass flow rate, as shown in Eq. (1). The ejector is considered to 

perform better at higher entrainment ratio.  

 

𝜔 = �̇�𝑒𝑣𝑎𝑝 �̇�𝑐𝑜𝑛𝑑⁄      (1) 
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Numerical analysis on the SEC and MEC started from how to obtain the refrigerant properties at each point 

(points 1 to 10) as shown in Fig. 3(a) and (b). The procedure to determine the specific enthalpy at points 1 to 10 will 

be explained in this section.  

The condition of specific enthalpy at point 1 was saturated vapor at 5oC (evaporating temperature), whereas 

the specific enthalpy at point 2b was determined using equation as proposed by Brunin et al. [25], where:  

 

𝜂𝑐𝑜𝑚𝑝 = 0.874 − 0.0135
𝑃𝑑𝑖𝑠𝑐

𝑃𝑠𝑢𝑐𝑡
    (2) 

 

According to Eq. (2), comp, 𝑃𝑑𝑖𝑠𝑐  and 𝑃𝑠𝑢𝑐𝑡  are the isentropic efficiency, discharge pressure and suction pressure of 

compressor, respectively. 𝑃𝑑𝑖𝑠𝑐  and 𝑃𝑠𝑢𝑐𝑡  were determined based on evaporating and condensing temperatures. 

The specific enthalpy at point 3 was at saturated liquid condition, at condensing temperatures of 40oC and 

50oC. The specific enthalpy at point 4 was determined by using manipulated equation of energy conservation, as in 

Eq. (3). Based on Eq. (3), 𝜂𝑚𝑛 is the isentropic efficiency of motive nozzle taken as 0.9 [14], while ℎ4,𝑖𝑠 is the 

specific enthalpy at point 4 when isentropic expansion process occurred from point 3 to 4. 

 

ℎ4 = ℎ3 − 𝜂𝑚𝑛(ℎ3 − ℎ4,𝑖𝑠)     (3) 

 

The pressure at point 4 was determined by using Eq. (4), where 𝜌, 𝑢, 𝜔 and 𝑎 are density, velocity, 

entrainment ratio and cross-sectional area, respectively. Meanwhile, the specific enthalpy at point 10 (mixing area) 

was calculated by using Eq. (5).  

 

𝑃5−𝑃4

0.5𝜌4𝑢4
2 = 2 (

𝑎4

𝑎5
) − 2(1 − 𝜔)2 (

𝜌4

𝜌5
) (

𝑎4

𝑎5
)

2

    (4) 

 

    ℎ10 =
1

1+𝜔
(ℎ1 + 𝜔ℎ10) +

𝑢10
2

2
    (5) 

 

The specific enthalpy at point 9 was determined as in Eq, (6), where 𝜂𝑠𝑛 is the isentropic efficiency of 

suction nozzle with value of 0.9 [12]. ℎ9,𝑖𝑠 is the specific enthalpy at point 9 when process from point 1 to 9 is 

isentropic. 

 

 ℎ9 = ℎ1 − 𝜂𝑠𝑛(ℎ1 − ℎ9,𝑖𝑠)     (6) 

 

Next, energy conservation equation was applied to determine the specific enthalpy at point 5 (diffuser), and 

given as in Eq. (7). 𝜂𝑑𝑖𝑓 is the diffuser isentropic efficiency with value of 0.8 [12]. Furthermore, the condition of 

specific enthalpy at point 6 and 8 were saturated liquid and saturated vapor respectively, while the specific enthalpy 

at point 7 was the same as in point 6 (isenthalpic process from point 6 to 7).     

 

ℎ5 = ℎ10 + 𝜂𝑑𝑖𝑓
𝑢10

2

2
     (7)   

 

Procedure to determine the specific enthalpy at point 2b was similar to the one used to obtain the specific 

enthalpy at point 2a by using Eq. (2). For steady state operation, the refrigerant quality at point 5 had to follow the 

Eq. (8) [11-14, 16], where: 

 

𝑥5 = 1 (1 + 𝜔)⁄       (8) 
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To apply these equations for determining the specific enthalpy refrigerant at each part of the ejector, the 

following assumptions were made [14, 15]: 

i. Heat transfers only occurred in the evaporator, separator and condenser. 

ii. Properties and velocities were constant over the cross section (one-dimensional). 

iii. The refrigerant condition was in thermodynamic quasi-equilibrium. 

iv. There was no pressure and wall friction drop along the evaporator and condenser. 

v. The pressure at the exit of motive and suction nozzles at the entrance of the mixing-chamber were assumed 

to have the same pressure.  

Upon determining the specific enthalpy at each point as shown in Fig. 3(a) and (b), the properties of the air 

conditioner can be calculated. There are three performance parameters of an air conditioner which will be discussed 

in the present study, namely the cooling capacity, compressor input power and COP improvement. Based on Fig.  

3(a) and (b), the cooling capacity of SC, SEC and MEC were calculated using the following equations:  

 

𝑄𝑆𝐶 = �̇�𝑒𝑣𝑎𝑝(ℎ8 − ℎ11)       (9) 

 

𝑄𝑆𝐸𝐶 = �̇�𝑒𝑣𝑎𝑝(ℎ8 − ℎ7) = �̇�𝑐𝑜𝑛𝑑 ∙ 𝜔(ℎ8 − ℎ7)   (10) 

 

𝑄𝑀𝐸𝐶 = �̇�𝑒𝑣𝑎𝑝(ℎ8 − ℎ7)     (11) 

 

Meanwhile, the compressor input powers of SC, SEC and MEC were determined by: 

 

𝑊𝑆𝐶 = �̇�𝑐𝑜𝑚𝑝(ℎ2𝑎 − ℎ8)     (12) 

 

𝑊𝑆𝐸𝐶 = �̇�𝑐𝑜𝑚𝑝(ℎ2𝑏 − ℎ1) =
�̇�𝑒𝑣𝑎𝑝

𝜔
(ℎ2𝑏 − ℎ1)   (13) 

 

𝑊𝑀𝐸𝐶 = �̇�𝑐𝑜𝑚𝑝(ℎ2𝑎 − ℎ8)     (14) 

 

Furthermore, the COPs of SC, SEC and MEC were: 

 

𝐶𝑂𝑃𝑆𝐶 =
𝑄𝑒𝑣𝑎𝑝

𝑊𝑐𝑜𝑚𝑝
=

�̇�𝑒𝑣𝑎𝑝(ℎ8−ℎ11)

�̇�𝑐𝑜𝑚𝑝(ℎ2𝑎−ℎ8)
    (15) 

 

𝐶𝑂𝑃𝑆𝐸𝐶 =
𝑄𝑒𝑣𝑎𝑝

𝑊𝑐𝑜𝑚𝑝
=

�̇�𝑒𝑣𝑎𝑝(ℎ8−ℎ7)

�̇�𝑐𝑜𝑚𝑝(ℎ2𝑏−ℎ1)
    (16) 

 

𝐶𝑂𝑃𝑀𝐸𝐶 =
𝑄𝑒𝑣𝑎𝑝

𝑊𝑐𝑜𝑚𝑝
=

�̇�𝑒𝑣𝑎𝑝(ℎ8−ℎ7)

�̇�𝑐𝑜𝑚𝑝(ℎ2𝑎−ℎ8)
    (17) 

 

The COP improvements of SEC and MEC over SC can be calculated by:  

 

𝐶𝑂𝑃𝑖𝑚𝑝_𝑆𝐸𝐶 =
(𝐶𝑂𝑃𝑆𝐸𝐶−𝐶𝑂𝑃𝑆𝐶)

𝐶𝑂𝑃𝑆𝐶
     (18) 
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𝐶𝑂𝑃𝑖𝑚𝑝_𝑀𝐸𝐶 =
(𝐶𝑂𝑃𝑀𝐸𝐶−𝐶𝑂𝑃𝑆𝐶)

𝐶𝑂𝑃𝑆𝐶
    (19) 

 

The numerical algorithm explained in this sub-section can be illustrated using the flowchart as shown in 

Fig.4. 

 

 

 

Figure 4. Flowchart for numerical approach to evaluate the performance of SEC and MEC 

 

Experimental setup and procedure 

Fig. 5 shows the schematic diagram of experimental setup. In this experiment, a split-type air conditioner 

that was originally using R22 as working fluid with cooling capacity of 2.5 kW was utilized. Before charging R290 

to the system, R22 was evacuated. The charging mass of R290 into system was 50% of mass of R22. The indoor and 

outdoor units were located separately. The indoor and outdoor temperatures were kept constant at 25oC and 34oC, 

respectively. To obtain the cooling capacity generated by an evaporator, a ducting was utilized to measure the 

evaporator air outlet velocity. As shown in Fig. 5, evaporator air outlet velocity was measured at five different points 

and the average reading was used to determine the cooling capacity as accordance to Eq. (20). In this case, a pitot 

tube manometer was chosen for air velocity measurement.       

Based on the numerical approach using flowchart as shown in Fig. 4, the diameters of motive nozzle and 

constant area of the ejector at evaporating and condensing temperatures of 5oC and 45oC were 1.03 and 2.14 mm, 

respectively. As a result, in this experiment, one diameter below 1 mm and one above 1 mm were chosen. In short, 

three motive nozzle diameters of 0.9, 1.0 and 1.1 mm with constant diameter of 2.14 mm were used in the 

investigation. Fig. 6 shows the layout of an ejector in the experimental test rig and an ejector with three motive 

nozzle diameters of 0.9, 1.0 and 1.1 mm.    
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Three modes of experiment were carried out, namely SC, SEC and MEC. For each experimental mode, dry 

bulb (Tdb) and wet bulb (Twb) temperatures, refrigerant pressure (𝑃), air velocity (𝑢), electric current (𝐼) and voltage 

(𝑉) were measured to determine the cooling capacity (Q), input power (W) and COP. The measurements were 

carried out at steady state condition. Each parameter was measured and repeated five times with 30 seconds of 

interval time for each measurement. The accuracies of each measuring instrument are shown in Table 1. 

 

Table 1. The accuracies of measuring instruments 

No Instruments Measurements Brand Accuracy 

1. K-type thermocouple Dry bulb temperature APPA 55 II ±0.1oC 

2. K-type thermocouple Wet bulb temperature APPA 55 II ±0.1oC 

3. Clamp-on Ammeter Electrical current KYORITSU-KEW 

SNAP 2007A 

±0.1 A 

4. Voltmeter Electrical potential KYORITSU-KEW 

SNAP 2007A 

±1 V 

5. Pitot tube anemometer Air velocity Fluke 922 ±0.01 m/s 

6. Refrigerant pressure gauge Low Pressure Refco ±0.1 bar 

7. Refrigerant pressure gauge High pressure Refco ±0.5 bar 

 

The cooling capacity was determined using Eq. (20) with psychrometric chart as shown in Fig. 7, where , 

V, A, hRA and hSA are density, velocity, cross-section area of ducting, enthalpies of room and supply airs, respectively. 

Furthermore, power and COP were calculated using Eqs. (21) and (22) respectively, where cos () is power factor. In 

the present study, the power factor was 0.8. 

 

𝑄 = �̇�(ℎ𝑅𝐴 − ℎ𝑆𝐴) = 𝜌𝑉𝐴(ℎ𝑅𝐴 − ℎ𝑆𝐴)    (20) 

 

𝑊 = 𝐼 ∙ 𝑉𝑐𝑜𝑠(𝜑)     (21) 

 

𝐶𝑂𝑃 = 𝑄 𝑊⁄       (22) 
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Figure 5. Schematic diagram of experimental setup 
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Figure 6. (a) The layout of an ejector in the experimental rig, (b) three motive nozzle diameters used in the 

experiments 
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Figure 7.  Air cooling process on the psychrometric chart to determine the cooling capacity 

 

RESULTS AND DISCUSSION 

A residential air conditioner (A/C) with evaporating temperature of 5oC using R290 refrigerant was used in 

the experiment. In the numerical approach, the effect of entrainment ratio on the cooling capacity, compressor power 

and COP improvement of SEC and MEC were investigated. In the numerical and experiment studies, the cooling 

capacities of A/C were 2.5 kW.    

 

Numerical results: effect of entrainment ratio on cooling capacity 

The cooling capacity of SEC and MEC were calculated using Eqs. (10) and (11), respectively. For the 

condensing temperature of 45oC and 50oC, the specific enthalpy values of the equations were determined using Fig.  

8 and Fig. 9. From the figures showed that the temperature at outlet diffuser (T5) increases with the increase of 

condensing temperature. At the condensing temperatures of 45oC and 50oC, the temperatures of T5 are 7.7oC and 
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8.4oC, respectively. The increase of T5 increases T6 and specific enthalpy at point 7. It will decrease the cooling 

capacity due to decrease in enthalpy difference in the evaporator.  At the condensing temperatures of 45oC and 50oC, 

the specific enthalpy differences are 360.9 kJ/kg and 359.0 kJ/kg, respectively. 
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Figure 8. P-h diagram at the condensing temperature of 45oC (Tevap = 5oC, mn = 0.9, sn = 0.9 dif = 0.8): (a) SEC, 
(b) MEC 
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Fig. 10 shows the cooling capacities of SEC and MEC, where the dash and continuous lines represent the 

SEC and MEC respectively. It can be seen from Fig. 10 that the cooling capacity of MEC is always higher than SEC 

for all entrainment ratios. The figure shows that the increase in condensing temperature from 45oC to 50oC slightly 

decreases the cooling capacity of SEC and MEC. Consequently, the lines are nearly coincident with the increase of 

entrainment ratio. In this study, the cooling capacity of SC at the condensing temperature of 45oC is 2.5 kW. In the 

numerical approach, the cooling capacities of MEC are higher, which are 2.777 kW and 2.770 kW for the condensing 

temperatures of 45oC and 50oC, respectively.  In addition, the figure shows that the MEC cooling capacity is 

independent of the entrainment ratio, but SEC cooling capacity is dependent on the entrainment ratio. In other words, 

the cooling capacity of MEC is not influenced by entrainment ratio of the ejector. Because the cooling capacity is the 

most important performance of the A/C, higher cooling capacity of MEC as compared to SC indicates that the use of 

MEC in an air conditioning is promising. 

 

 

 
 

Figure 10. Comparison of cooling capacity between SEC and MEC for different condensing temperatures and 

various entrainment ratios 

 

Numerical results: effect of entrainment ratio on compressor power 

The compressor power is the power consumed by the compressor and calculated by using Eqs. (13) and (14) 

for SEC and MEC, respectively. From the equations, it can be seen that the input power of SEC is always lower than 

MEC because the entrainment ratio of the ejector is always lower than unity at the same condensing temperature, as 

shown in Fig. 11. The figure shows that the increase of entrainment ratio decreases the input power of SEC and 

MEC. By increasing the condensing temperature also significantly increases the input power.  

The low value of input power for SEC as compared to MEC is because of the lower specific enthalpy 

difference of SEC than MEC, which are 50.8 kJ/kg and 55.4 kJ/kg at the condensing temperature of 45oC and 55.9 

kJ/kg and 62.1 kJ/kg at the condensing temperature of 50oC for the SEC and MEC, respectively. The low input 

power of SEC does not indicate that SEC is better than MEC. It is because, although SEC requires lower input 

power, it also produces lower cooling capacity than MEC, as explained in the previous discussion.  For the purpose 

of comparing both systems, the coefficient of performance (COP) is utilized to justify which of the system is better. 
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Numerical results: effect of entrainment ratio on COP improvement 

As mentioned in the previous section, COP is defined by Eq. (15). This parameter is mostly used as an 

indicator of A/C performance. Using Eqs. (18) and (19), The COP improvements of SEC and MEC are shown in Fig. 

12. The figure shows that COP improvements of SEC are negative for a low entrainment ratio. The COP 

improvements become positive when the entrainment ratios are higher than 0.78 and 0.81 for the condensing 

temperatures of 45oC and 50oC. This means that the COP improvements of SEC are zero if the entrainment ratios are 

0.78 and 0.81 for the condensing temperatures of 40oC and 50oC, respectively. Meanwhile, the COP improvements 

of MEC are always positive for all entrainment ratios. In other words, to generate COP improvement in SEC, an 

ejector with high entrainment ratio must be used. In the MEC, COP improvement can still be produced by using an 

ejector with low entrainment ratio, although high entrainment ratio will generate higher COP improvement.  

 

 

Figure 11. Comparison of input power between SEC and MEC for different condensing temperatures and various 

entrainment ratios 

 

Fig. 12 shows that the COP improvements of MEC achieve 77.76 to 181.45% and 89.18 to 199.53% at the 

condensing temperatures of 45oC and 50oC, respectively for entrainment ratio from 0.2 to 0.9. Meanwhile, the COP 

improvements of SEC achieve -93.89 to 24.70% and -93.41 to 33.42% at the condensing temperatures of 45oC and 

50oC, respectively for entrainment ratio from 0.2 to 0.9. This indicates that the use of ejector as an expansion device 

for MEC produces higher COP improvement than SEC.  

Sumeru et al. [20] had conducted modeling and experimentation of MEC on a split-type A/C using R22 as 

working fluid. Their experimental results reported that the MEC improved the COP by 4.32, 11.30 and 18.29% for 

the ambient temperatures of 30, 35 and 40oC, respectively. These results indicate that the MEC is able to be applied 

in the A/C and generates COP improvement. 

 

Experimental results 

There are several parameters to indicate the performance of A/C. In this paper, three parameters are 

reported, namely the cooling capacity, input power and COP. As mentioned in the previous section, the optimum 

diameter of the motive nozzle was 1.03 mm. Based on the experimental results using three diameters; the diameter of 

1.1 mm gave the highest COP improvement, as shown in Fig. 13.  

 



Journal of Thermal Engineering, Research Article, Vol. 6, No. 3, pp. 297-312, April 2020 
 

  

 308 

 

 
 

Figure 12. Comparison of COP improvement between SEC and MEC for condensing temperatures and various 

entrainment ratios 

 

 

 
 

Figure 13. The comparison of the cooling capacity, input power and COP improvement for three motive nozzle 
diameters of MEC 

 

Fig. 13 shows the experimental results using three motive nozzle diameters. The cooling capacity was 

calculated using Eq. (20) by plotting supply and room air conditions in the psychrometric chart as shown in Fig. 7. 

Furthermore, the input power, COP and COP improvement were determined using Eqs. (21), (22) and (19), 

respectively. The figure depicts that the cooling capacities of MEC using motive nozzle diameters of 0.9 and 1.0 mm 
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are below the SC. The cooling capacity of SC (2.28 k W) is higher than that of MEC using 0.9 and 1.0 mm motive 

nozzle diameters, i.e., 2.01 and 2.11 kW, respectively.  Meanwhile, the cooling capacity of MEC uses 1.1 mm motive 

nozzle diameter is above SC, which is 2.66 kW. Although the cooling capacities of MEC with 0.9 and 1.0 diameters 

are below SC, the COP of those diameters are above the SC because the input powers of both diameters are below 

SC. The input power of SC is 0.54 kW, whereas the input powers of MEC with 0.9 and 1.0 mm are 0.46 and 0.47 

kW. As a result, the COP improvements of 0.9 and 1.0 mm are positive although they are not significant, that is only 

3.49 and 6.22%, respectively. Meanwhile, the input power of MEC with 1.1 mm diameter is 0.54 kW, which is the 

same as SC. However, because the cooling capacity of MEC with 1.1 mm diameter is significantly higher than SC, 

the COP improvement of MEC with 1.1 mm diameter is also significant, with the value of 16.67%. A smaller COP 

improvement as compared to the numerical result is due to lower entrainment ratio of ejector used during 

experimental work.  

Table 2 shows the COP improvement comparison between the experimental result and other studies. The 

table depicts that the COP improvement in this investigation is higher than the others, with the exception of 

experimental result that was carried out by Taslimitaleghani et al. [26].  The COP improvement in their experimental 

result was 23%. It can be understood because their experiment used CO2 as working fluid [27], where the 

compression ratio of CO2 is much higher than R290. As a result, the energy recovery potential during expansion 

using CO2 is also much higher than R290. Consequently, the potential of COP improvement using CO2 is higher than 

that of R290.    

 

Table 2. The experimental results on the SEC and MEC by the investigators 

Authors Year COPimp Working fluid Cycle 

Harrell and Kornhauser [28] 1995 3.9-7.6% R134a SEC 

Menegay & Kornhauser [29] 1996 3.2-3.8% R12 SEC 

Deng et al. [27] 2007 22% CO2 SEC 

Elbel & Hrnjak [30] 2008 7% CO2 SEC 

Elbel [31] 2011 7% CO2 SEC 

Lucas & Koehler [32] 

Sumeru et al. [20] 

Bilir et al. [18] 

2012 

2014 

2015 

17% 

4.17-13.78% 

7.34-12.87% 

CO2 

R22 

R134a 

SEC 

MEC 

SEC 

Haida et al. [33] 2016 7% CO2 SEC 

Palacz et al. [34] 2017 6% CO2 SEC 

Taslimitaleghani et al. [26] 2018 35% R290 SEC 

 

The disadvantage of using MEC as compared to SEC is how to control the superheating degree of 

evaporator in order to keep the state of refrigerant at point 8 (refer to Fig. 2) in vapor phase and to ensure the safety 

of the compressor. In this study, the superheating is ensured by adjusting the valve between point 6 and 7 (refer to 

Fig. 2) manually. In the future, it is quite possible to replace this manual valve with an electronic valve, so that the 

degree of valve opening is controlled automatically with good precision through temperature feedback sent by a 

temperature sensor located at point 8. 

 

Experimental uncertainty analysis 

The uncertainties of parameters in the present study were evaluated using the experimental standard 

deviation of the measured values [20]. The relative standard uncertainty of input power, cooling capacity and COP 

were calculated by Eqs. (23), (24) and (25). �̅�𝑖𝑛𝑝𝑢𝑡 , �̅�𝑒𝑣𝑎𝑝and 𝐶𝑂𝑃̅̅ ̅̅ ̅̅  are the average values of input power, cooling 

capacity and coefficient of performance, respectively. As explained in the previous section, each parameter was 

measured five times. The experimental uncertainties of input power, cooling capacity and coefficient of performance 

for three motive nozzle diameters were less than 0.83%, 0.97% and 1.26%, respectively. 
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𝑈 (𝑊𝑖𝑛𝑝𝑢𝑡) =  √
∑ (𝑊𝑖𝑛𝑝𝑢𝑡−�̅�𝑖𝑛𝑝𝑢𝑡)2𝑛

𝑖=0

𝑛.(𝑛−1)�̅�𝑖𝑛𝑝𝑢𝑡
2                    (23) 

 

𝑈 (𝑄𝑒𝑣𝑎𝑝) =  √
∑ (𝑄𝑒𝑣𝑎𝑝−�̅�𝑒𝑣𝑎𝑝)2𝑛

𝑖=0

𝑛.(𝑛−1)�̅�𝑒𝑣𝑎𝑝
2       (24) 

 

𝑈 (𝐶𝑂𝑃) =  √
∑ (𝐶𝑂𝑃−𝐶𝑂𝑃̅̅ ̅̅ ̅̅ )2𝑛

𝑖=0

𝑛.(𝑛−1)𝐶𝑂𝑃̅̅ ̅̅ ̅̅ 2       (25) 

 

 

CONCLUSION 

Numerical results show that the MEC can further enhance the performance of the SEC. The cooling 

capacity generated by MEC is independent of entrainment ratio of the ejector and always higher than that of the 

standard cycle. Meanwhile, the cooling capacity of SEC is strongly influenced by the entrainment ratio of the ejector. 

The initial numerical approach shows that MEC is able to generate COP improvement much higher than SEC. As a 

result, further investigation on the MEC is still required.  

The increase in COP improvement leads to the decrease in power consumption, consumed by the residential 

A/C. In addition, the experimental results show that the COP improvements of MEC are always positive with three 

motive nozzle diameters. The highest COP improvement when the diameter is 1.1 mm. However, these experimental 

results are only valid for motive nozzle diameter between 0.9 and 1.1 mm. Therefore, the results are not representing 

better COP improvement for motive nozzle diameter larger than 1.1 mm. Thus, further extension on the experimental 

study with larger diameter than 1.1 mm is still required to provide clear picture on the effect of motive nozzle 

diameter to the COP improvement of the system. Consequently, the precise correlation between motive nozzle 

diameter and COP improvement can be drawn, and the best motive nozzle diameter to achieve the highest COP 

improvement can be accurately calculated. 
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NOMENCLATURE 

a  cross-sectional area (m2) 

A/C  air conditioner 

COP  coefficient of performance 

h  specific enthalpy (kJ/kg) 

MEC  modification ejector cycle 

P  pressure (kPa) 

Q  cooling capacity (kW) 

SC  standard cycle 

SEC  standard ejector cycle  

T  temperature (C) 

VCRC  vapor compression refrigeration cycle 

W  compressor power (kW) 

ρ  density (kg/m3) 

u  velocity (m/s) 

U  relative standard uncertainty 

  isentropic efficiency (%) 
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ω  entrainment ratio  

 

Subscripts  

cond  condenser 

comp  compressor 

db  dry bulb 

dif  diffuser 

evap  evaporator 

ejt  ejector 

sn  suction nozzle 

mn  motive nozzle 

wb  web bulb 
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