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Abstract 

A supersonic ejector system is proposed as an alternative to the mechanical 

compression system in wide industrial cooling/refrigeration applications due to 

lower power system consumption. Detailed information is lacking to mimic the 

system design performance under different operation conditions, particularly with 

the mathematical modeling investigation. This study develops a new mathematical 

model to simulate the coefficient of cooling performance under several Mach 

numbers, condensation temperature, and coolant mass flow rate. The study 

outcomes show that the ejector operating temperature is a key design parameter 

affecting cooling performance. In addition, the mathematical model shows that the 

optimum nozzle exit Mach number started with is 2.6 for each selected mass flow 

rate ratio. Results show that starting with a higher nozzle exit pressure than the 

secondary flow stagnation pressure value than condenser pressure was normal 

pressure value and starting with a higher will make the saturated condenser pressure 

very high and, as a result, decline in the cooling performance. 

Keywords: Cooling effect capacity, Cooling system performance, Ejector nozzle, 

Mathematical modeling, Refrigeration cycle. 

  

mailto:20085@uotechnology.edu.iq


19     A. AL Ezzi et al. 

 
 
Journal of Engineering Science and Technology               Special Issue 6/2023 

 

1. Introduction 

A steam ejector-cooling device is a very effective cooling method, which has been 

progressive since 1901 when Le Blanc and Parson built the first steam jet 

refrigerator system [1]. Power energy problems patrol and the gas problem led to 

start to think about connecting renewable energy sources with effective thermal 

management solutions. An ejector cooling system combines the most important 

two points all engineers seek for acceptable working efficiency and low cost. The 

system comprises a boiler, nozzle, diffuser, condenser, and evaporator. The ejector 

work is affected by different parameters, such as the dimensions of the system 

components and the operating temperature, which limits the coefficient of 

operating performance. There are many efforts and tries to develop the ejector 

performance. Chunnanond and Aphornratana [2] summarized the ejectors and their 

applications in refrigeration. They concluded that the understanding of the ejector 

theory had not been completely cleared to enhance the efficiencies and reduce the 

cost of the ejector cooling system. The review by Sun and Eames outlined the 

developments in mathematical modeling and design of the jet ejector. Zhang and 

Wang [3] and He et al. [4] presented a mathematical model that can be classified 

into two categories (a) steady thermodynamic subdivided into single-phase flow 

and two-phase flow (b) dynamic, which has higher prediction. Two theorems have 

been used in the ejector design [4, 5]. 

The first is the constant area, and the second is the constant pressure. The 

obstacle the designers have been working on is getting good COP value with a wide 

condenser saturated temperature range. The designers have built different models 

to see the effect of fixing parameters and changing the other. Many computer 

mathematical models have been modeled because it is very important to reduce the 

time of the experimental trying. In line with this, Scott et al. [6] describe an 

experimental test bench using R245fa assembled and operated at Canmet 

ENERGY in Varennes. Mansour et al. [7] conjugate effects of the thermal and 

mechanical compression component's interactions on the system performance were 

investigated. The study was validated between the ejector model and the 

manufacturer's compressor, which e numerical results have provided good and 

useful information on cycles working under a refrigeration configuration and 

integrating ejectors.  

Evaluation of the effectiveness of the system of the ejector charge air-cooling 

is possible theoretically and empirically was introduced by Lazarev et al. [8]. The 

result appeared that the effectiveness of the system ejection charges air cooling of 

'air-to-air' type on each engine operation parameters, ratio ejection coefficient 

efficiency, and thermal cooling efficiency are very important parameters that 

affected ejector performance. Purjam et al. [9] from Kyushu University- Japan, 

proposed an extra turbo expander, compressor, and gas cooler integrated with the 

conventional ejector model. The study found that pressurizing the secondary 

entrance of the ejector could be beneficial to cooling performance, and using the 

expansion process right after the ejector can potentially increase the COP system. 

The literature shows that many researchers have introduced experimental, 

mathematical, and CFD studies describing the cooling ejector compounds and 

development. However, more detailed information is needed to simulate the system 

design performance under different operation conditions.  
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This study aims to evaluate a new mathematical model to simulate the behavior 

of the coefficient of cooling performance under several Mach numbers, 

condensation temperature, and coolant mass flow rate. 

2.  Methodology and Modelling 

The ejector cooling system essentially connects the work of the main components, 

which include a boiler, nozzle, mixing chamber, diffuser, condenser, and 

evaporator. The idea is to create a pressure difference between the steam exit from 

the nozzle and the condenser, which will make the water vapor in the steam able 

to condense and go back to the boiler to start the cycle again. The condensation 

water, which comes from the condenser, will return to the low-temperature 

evaporator, which creates the second steam flow, and the rest will go to the high-

temperature boiler and create the primary steam flow. The evaporator and the boiler 

parts represent the criteria of the ejector performance, which is the amount of 

energy added to the boiler compared to the energy removed from the evaporator. 

To create the pressure difference, the importance of using nozzle converge-diverge 

shows up because the exit flow of the steam needs to be supersonic (Ma > 1) 

considering the second flow's pressure. The exit flow from the nozzle needs to be 

supersonic to make it low pressure, and that will lead to creating a vacuum force 

that helps to draw the secondary flow to the nozzle exit area and then to the mixing 

chamber, as shown in Fig. 1. 

 
Fig. 1. Schematic diagram of ejector cooling system. 

The pressure of the secondary flow at the nozzle's exit will be the same as the 

nozzle exit, depending on the theory of constant pressure design, which helps in 

designing the area [5]. Then, the primary and secondary flow will enter the mixing 

chamber area where the flow properties such as the mass flow rate, velocity, and 

Mach number will change to become mixing properties. By the end of the mixing 

chamber, the two streams are completely mixed, and the static pressure is assumed 

to remain constant until it reaches the constant area tube section. The mixing flow 

will go through a constant area tube, and then it will face a normal shock wave due 
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to the high pressure in the back of the system, specifically at the condenser side. 

The flow properties after the normal shock will change, especially the pressure and 

flow speed. After the normal shock, the pressure increases. The velocity decreases 

from supersonic to subsonic, and here, the necessity of using a diffuser increases 

the back pressure, which is the same as condenser pressure. Still, this increase must 

be reasonable and does not exceed the design limitation because that will make the 

normal shock move and could reach the nozzle position and stop the system 

running [6].  

It can be observed that the steam flow has three main components passing 

through them. The nozzle, mixing chamber, and diffuser are undergoing isentropic 

flow relations due to no heat being added or removed from the flow in those three 

components. Having two flow streams with sonic and supersonic speed, normal 

shock, and pressure difference during the system makes the ejector design very 

complex. It needs a reasonable assumption and a sophisticated mathematical model 

to reduce the design time, as shown in Figs. 2 and 3. 

 
Fig. 2. Ejector cooling isentropic sections. 
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Fig. 3. Gradient of the Mach number through the nozzle. 

The constant pressure design is based on the following assumptions. The 

primary and secondary flows are the same fluid: steam flow. The primary and 

secondary streams expand isentropic ally through the nozzles. In addition, the 

mixture stream compresses the isentropic ally in the diffuser. The primary and 

secondary fluid streams are saturated vapor, and their inlet velocities are negligible. 

The velocity of the compressed mixture leaving the diffuser is negligible. Constant 

isentropic expansion exponent and ideal gas behavior. The mixing of the primary 

and secondary vapor takes place in the mixing chamber and is completed before 

the presence of the shock wave. The walls of the ejector are considered an adiabatic 

boundary. The nozzle isentropic efficiency is (1), and the friction losses were 

defined in terms of isentropic efficiencies in the diffuser (0.98) and mixing 

chamber (0.97). At the nozzle exit, the pressure of the nozzle exit and the secondary 

flow are assumed to be uniform. The general flow governing equations must be 

used to build a mathematical model for ejector cooling [10-12]. 

Conservation of mass as the following equation   

∑𝜌𝑖𝑉𝑖𝐴𝑖 = ∑𝜌𝑒𝑉𝑒𝐴𝑒                                                             (1) 

Conservation of momentum as the following equation           

𝑃𝑖𝐴𝑖 + ∑𝑚𝑖𝑉𝑖 = 𝑃𝑒𝐴𝑒 + ∑𝑚𝑒𝑉𝑒                                                              (2) 

Conservation of energy as the following equation   

∑𝑚𝑖(ℎ𝑖 +
𝑉𝑖

2

2
⁄ ) = ∑𝑚𝑒 (ℎ𝑒 +

𝑉𝑒
2

2
⁄ )                                                  (3) 

From Eqs. (1) to (3), all the coming equations are driven based on isentropic 

assumption. The ejector coefficient of the performance (COP) is 

𝐶𝑂𝑃 =
 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑙𝑜𝑎𝑑(𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑒𝑟)

ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑙𝑜𝑎𝑑(𝑏𝑜𝑖𝑙𝑒𝑟)
                                                    (4) 

𝐶𝑂𝑃 =
𝑚𝑠𝑒𝑐.

. ℎ𝑙𝑣,𝑠

𝑚𝑝𝑟𝑖𝑚.
. ℎ𝑙𝑣,𝑝

                                                                      (5) 

The entrainment ratio, ω or the ratio of the entrained vapor mass flow rate to 

the mass flow rate of the primary fluid is: 

𝜔 =
𝑚𝑠𝑒𝑐.

.

𝑚𝑝𝑟𝑖𝑚.
.                                                                                 (6) 
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When the ejector boiler and evaporator stagnation temperature is below 1000 oC, 

the difference between ℎ𝑙𝑣,𝑠 𝑎𝑛𝑑  ℎ𝑙𝑣,𝑝 will be very small so that it could be neglected. 

Then, the entrainment ratio will be the same as the coefficient of performance. 

ω = COP                                                                                     (7)   

The following gas dynamic equations are frequently used in the ejector cooler 

design since the working fluid flow is compressible.  

ἡ𝑛𝑜𝑧𝑧𝑙𝑒 = 1                                                                            (8)                                                                                                          

𝑎 = √𝑘 ∗ 𝑅 ∗ 𝑇                                                                     (9) 

𝑀𝑎 =
𝑉

𝑎
                                                                                                  (10) 

𝑇𝑜

𝑇
= (1 +

𝑘−1

2
𝑀𝑎2)                                                                (11) 

𝜌𝑜

𝜌
= (1 +

𝑘−1

2
𝑀𝑎2) ×

1

K−1
                                                                (12) 

 
𝑃𝑜

𝑃
= (1 +

𝑘−1

2
𝑀𝑎2) ×

k

k−1
                                                               (13) 

𝑚. = 𝜌 ∗ 𝑉 ∗ 𝐴                                                                 (14) 

𝐴𝑛 =
𝑚𝑝

.

𝜌𝑀𝑎√𝑘𝑅𝑇
                                                                     (15) 

The primary steam flow properties through the nozzle could be obtained from 

[13, 14]. The flow temperature, pressure, density, and mass flow rate can be found 

for each nozzle point depending on the stagnation flow properties before the nozzle 

using the mathematical relations 6 to 15. Knowing the mass flow rate will help find 

the area of the nozzle sections for each Mach number. The second flow from the 

evaporator has stagnation properties such as pressure, temperature, and density. 

The idea of the nozzle design is that the nozzle pressure exit must be lower than 

the stagnation second flow pressure, but at the nozzle exit section, the pressure 

because of the theory of constant pressure design assumed to be unified and equal 

to the primary nozzle flow exit (P1,p = P1,s) [15, 16]. Thus, the second flow Mach 

number at the nozzle exit section before the mixing chamber is: 

𝑀1,𝑠 = √(
2

𝑘−1
) [(

𝑃𝑜,𝑠

𝑃1,𝑝
)
𝑘−1

𝑘 − 1]                                                         (16) 

The second flow area at any plane in the nozzle could be predicted from the 

area ratio, Eq. (17) 

  
𝐴1,𝑠

𝐴1,𝑝
= (

𝑇𝑜,𝑠

𝑇𝑜,𝑝
)1/2 ∗ (

𝑅𝑠

𝑅𝑝
)1/2 ∗

𝑓1,𝑝

𝑓1,𝑠
∗ 𝜔                                                (17) 

The gas constant and the heat-specific ratio of the flow in all the primary and 

secondary sections of the system are the same since it is assumed to be ideal. 

Hence, 

Rs = Rp = Rm 

and 

ks = kp = km 

𝑓1𝑠 = 𝑀1,𝑠[𝑘 (1 +
𝑘−1

2
𝑀1,𝑠

2 )]1/2                                                   (18) 

𝑓1,𝑝 = 𝑀1,𝑝[𝑘 (1 +
𝑘−1

2
𝑀1,𝑝

2 )]1/2                                                        (19) 
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The flow properties in the mixing chamber, such as the mixture Mach number 

and the total mass flow, are very important to find the rest of the flow properties. To 

determine the Mach number of the mixture, Ma3, use conservation of momentum on 

a control volume enclosing the mixing chamber was used as [17] recommendation: 

ἡ𝑚 = 0.98 

𝑚𝑃
. ∗ 𝑉1,𝑃 + 𝑚𝑠

. ∗ 𝑉1,𝑠 = ἡ𝑚 ∗ 𝑚𝑚
. ∗ 𝑉3                                                (20) 

Where number 3 is mentioned in the mixing chamber area just before the normal 

shock. 

𝑉3 =
1

ἡ𝑚
[
𝑉1,𝑃+𝜔∗𝑉1,𝑠

1+𝜔
]                                                          (21) 

After substituting Eq. (4) in Eq. (15), the chock mixture Mach number is: 

𝑀3
∗ =

1

ἡ𝑚

[
 
 
 𝑀1,𝑝

∗ +𝜔∗𝑀1,𝑠
∗ √

𝑘𝑠𝑅𝑠𝑇𝑜,𝑠
𝑘𝑝𝑅𝑝𝑇𝑜,𝑝

(
𝑘𝑝+1

𝑘𝑠+1
)

√1+𝜔√
𝑘𝑝+1

𝑘𝑝𝑅𝑝(𝑘𝑚+1)
√

𝑘𝑝𝑅𝑝(𝑘𝑚−1)

(𝑘𝑝−1)
+𝜔

𝑘𝑠𝑅𝑠(𝑘𝑚−1)

(𝑘𝑠−1)
(
𝑇𝑜,𝑠
𝑇𝑜,𝑝

)
]
 
 
 

                              (22) 

where: 

𝑀1,𝑝
∗ = √

𝑀1,𝑝
2 (𝑘𝑝+1)

𝑀1,𝑝
2 (𝑘𝑝−1)+2

                                                          (23) 

𝑀1,𝑠
∗ = √

𝑀1,𝑠
2 (𝑘𝑠+1)

𝑀1,𝑠
2 (𝑘𝑠−1)+2

                                                          (24) 

Then the mixture Mach number, Ma3, is: 

𝑀𝑎3 = √
2∗(𝑀3

∗)2

[𝑘+1−𝑀3
∗2𝑘+𝑀3

∗2]
                                                          (25) 

The mixing chamber area is: 

𝐴𝑚

𝐴𝑡
= (1 + 𝜔)

𝑃𝑜,𝑝

𝑃3√𝑇𝑜,𝑝
√𝑅𝑚𝑇3

√𝑘𝑝ἡ𝑛

𝑅𝑝
(

2

𝑘𝑝+1
)

𝑘𝑝+1

𝑘𝑝−1

𝑓3(𝑘𝑚,𝑀3)
                                        (26) 

Where the mixing temperature, T3, and the f3 are predictable from 

𝑇3 =

𝑘𝑝𝑅𝑝

𝑘𝑝−1
𝑇𝑜,𝑝+𝜔

𝑘𝑠𝑅𝑠
𝑘𝑠−1

𝑇𝑜,𝑠

(1+𝜔)
𝑘𝑚𝑅𝑚
𝑘𝑚−1

                                                          (27) 

  𝑓3 = 𝑀3[𝑘 (1 +
𝑘−1

2
𝑀3

2)]1/2                                                 (28) 

The mixture flow Mach number and pressure before the normal shock are Ma3 

and P3 with the same as the nozzle exit pressure P1, p, according to the theory of 

constant pressure design.  

The flow after the shock wave will decelerate from supersonic (Ma >1) flow to 

subsonic flow (Ma <1), and the pressure will increase due to that decelerating. The 

Mach number after shock wave Ma4 is: 

(Ma4)
2 = [

(Ma3)2+
2

k−1

(
2k

k−1
)(Ma3)2−1

]                                                  (29) 

The pressure after the shock wave P4 is: 
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𝑃4 = 𝑃3 [
1+𝑘(𝑀𝑎3)2

1+𝑘(𝑀𝑎4)2
]                                                                  (30) 

where: P3 = P1,p  

The mixture pressure is the same as the primary nozzle exit pressure. Then, 

these flow properties enter the diffuser section. The flow velocity through the 

diffuser will decrease more, and the flow pressure exit from the diffuser is very 

high, which is considered the same as the condenser pressure or backpressure Pb. 

The diffuser efficiency ἡd assumed to be 0.97 [18]. 

The diffuser exit pressure (back pressure) is: 

𝑃𝑏 = 𝑃4[
ἡ𝑑(𝑘−1)

2
 (𝑀𝑎4)

2 + 1]
𝑘

𝑘−1                                                 (31) 

The saturated condenser pressure is the same as the back pressure used to find 

the condenser's saturated temperature. The experimental ejector cooling 

circumstances are the amount of energy that is added to the boiler is 200 W. The 

evaporator stagnation temperature and pressure (secondary flow) are 10 oC and 

1228 Pa, respectively. The condenser saturated temperature ranges between 25 and 

40 oC. The stagnation boiler steam flow temperature, pressure, density, and 

velocity before the nozzle entrance are (To, Po, ρo, and Vo), respectively, as shown 

in Table 1. The inlet velocity is very small, so it will be neglected. 

Table 1. Boundary conditions before the nozzle entrance. 

To,p 

(oC) 

Po,p 

(pa) 

ρo,p 

(kg/m3) 

hlv,p 

(kJ/kg) 

To,s 

(oC) 

Po,s 

(pa) 

hlv,s 

(kJ/kg) 

62 21670 0.141 2354 10 1228 2479 

𝑚𝑝
. =

𝑄𝑏𝑜𝑖𝑙𝑒𝑟

ℎ𝑙𝑣
 = 8.5 × 10−5 kg/s 

Due to the stagnation boiler and evaporator temperature blowing 100 oC, the 

difference between the primary and secondary flow latent heat is very small. Thus, 

the coefficient of the performance of the ejector will be: 

𝐶. 𝑂. 𝑃 =
𝑚𝑠𝑒𝑐.

. ℎ𝑙𝑣,𝑠

𝑚𝑝𝑟𝑖𝑚.
. ℎ𝑙𝑣,𝑝

 or         𝐶. 𝑂. 𝑃 = 𝜔 ∗
ℎ𝑙𝑣,𝑠

ℎ𝑙𝑣,𝑝
 

Thus, the COP will be the same as the entrainment ratio, ω. 

𝜔 =
𝑚𝑠.

.

𝑚𝑝.
.

 

Choosing the entrainment ratio or mass flow ratio is the key to designing the 

ejector system's whole sections. Because to find the section area, it is important to 

know the mass flow rate in the section. The mathematical model helps to show 

picking different entrainment values affects the condenser pressure, which is 

related to the condenser temperature. Because the flow exit from the nozzle needs 

to be supersonic, a converge-diverge nozzle has been used [19-23]. The flow 

velocity through the nozzle converges section will gradually increase until it 

reaches the maximum at the throat chock point, where the Ma = 1. Then, the flow 

velocity through the nozzle diverge section will continue increasing until the 

supersonic flow at the exit. The area of the nozzle is a function of the Mach number 

and the mass flow rate. Thus, the area found by applying different Mach numbers 

in the nozzle equations with. Due to the velocity before the nozzle entrance is 

considered to be almost zero [24, 25], the Mach number at the nozzle entrance was 
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picked as 0.1 subsonic and then gradually increased to make it sonic at the throat 

chock point, and continuing to make it supersonic at the exit. The restrictions of 

picking the nozzle exit Mach number are: the primary steam flow exit from the 

nozzle needs to be lower than the second flow stagnation pressure; the condenser 

saturated temperature, which is affected by the condenser-saturated pressure, needs 

to be in the range of 25 to 40 oC. 

3. Results and Discussion 

The mathematical model shows that the nozzle exit Mach number must be started 

with 2.6 for each selected mass flow rate ratio, ω, because starting with a Mach 

number below this value will give the nozzle exit pressure value higher than the 

secondary flow stagnation pressure value. In addition, it shows that going further 

in Mach number will make the saturated condenser pressure very high, and that 

will cause two things. First, the normal shock will move toward the nozzle, 

stopping the system been working. Second, the condenser-saturated temperature 

will be very high, out of the limiting range, as shown in Figs. 4 and 5. 

 

Fig. 4. Nozzle vertical axis changing with Mach number in each section. 

 
Fig. 5. Temperature drop through the nozzle. 
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Figure 6 shows the relationship of pressure drop between the inlet and outlet of 

the nozzle at different Mach numbers. The parabolic shapes represent these 

relations. The optimum working point done at M = 1.5 and the ratio of pressure = 

0.6 is of lower power generation. The left side for this number is (in the figure) the 

area of the higher pressure drop irreversibility effect. In contrast, the right side is 

the irreversibility effect of lower pressure drop. The figure shows the Bejan result 

matches the highest range of critical Mach number, where the friction 

irreversibility effect part and between the fourth and third range in the energy 

irreversibility effect part for this study. Theoretical results showed that the 

difference in inlet and outlet pressure decreases with increasing Mach number, with 

the decreasing percentages being 9.6%, when changing the Mach number to 3.0. 

 

Fig. 6. Pressure drops through the nozzle. 

As a typical case, Fig. 6 shows that as the fluid density is decreased from 0.14 

kg/m3 to 0.01 kg/m3, the drop sizes produced from the leading edge of the face 

sheet increase from 135 to 210 μ. As the density is further decreased, the leading 

edge disappears, and drops are only produced from the side edges. Measurements 

of these latter drops have been made for all fluid densities up to 0.24 kg/m3. These 

results are consistent with previously concluded experimental data [17]. 

 

Fig. 7. Density changes through the nozzle. 
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Figure 8 shows the relationship of condenser back pressure at nozzle exit Ma 

of different entrainment ratios at condenser pressure. The net reduction condenser 

back pressure to fluid has been chosen as the comparison parameter at the basic 

value at a low fluid flow rate. In detail, the curves show a good agreement with 

increasing entrainment ratio. Also, the increase in fluid flow rate reduces condenser 

back pressure. 

 

Fig. 8. Changing the nozzle exit Ma for different  

entrainment ratios with condenser pressure. 

Figure 9 shows the coefficient of performance for the system model with 

condenser standard temperature in different cases. The coefficient of performance 

decreased with an increase in condenser temperature. It reached a 0.5 (50%) 

coefficient at a condenser temperature of 30 oC, and 0.1 (10%) COP was the least 

performance recorded at fluid working at 43 oC temperature. Figure 10 

demonstrates the coefficient of performance for the system with condenser 

standard pressure in different cases.  

 
Fig. 9. The coefficient of performance with  

maximum condenser temperature operating limit. 
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Fig. 10. Ejector (0.5) COP with condenser pressure. 

4. Conclusions 

Designing an ejector cooler system is complicated because it deals with many 

unknown parameters, such as the section area and mass flow rate. Creating a 

mathematical model to design the ejector is very important because it will be 

helpful to find good design parameters depending on the working range needs.  

In addition, it is very important to reduce the time instead of directly building. 

Different models have been established to assess the ejector performance for 

different operating temperatures. However, during this study, the key to the design 

is that when the ejector operating temperature for the primary and secondary fluid 

of the boiler and the evaporator are below 100 oC, the coefficient of performance 

could be considered as same as the entrainment ratio according to the small 

difference in the latent heat.  

Thus, fixing this ratio by using the constant pressure theory will enable us to 

deal with the rest of the design unknowns. The design results show that increasing 

the nozzle exit Mach number will increase the condenser saturated pressure to the 

critical pressure value. After that value, the pressure will reduce, causing the 

system's failure.  

The problem is that increasing the COP of the ejector will limit the temperature 

working range for the condenser, and the opposite is true when the COP of the 

ejector decreases. The condenser's working temperature will be wide. It is 

important to know the design needs and works depending on that. However, when 

the condenser temperature is high, the effort and the cost of providing cooler fluid 

for the condenser will be reduced, which will be economically very good.  
 

Nomenclatures 
 

A1,p             Nozzle exit area, m2 

A1,s                          Secondary flow section area at the nozzle exit, m2 

Am Mixing chamber area, m2 

An Nozzle area, m2 

At   Nozzle throat area, m2 

k Hheat capacity ratio               

mm Mixture mass flow rate , kg/s 
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mp Primary mass flow rate, kg/s 

ms Secondary mass flow rate, kg/s                 

Ma Nozzle Mach number 

Ma1,s Secondary flow Mach number at the nozzle exit. 

Ma1.p Primary flow Mach number at the nozzle exit. 

Ma3 Mixture Mach number. 

Ma4 Mach number after the shock wave. 

P1,p          Primary flow nozzle exit pressure, Pa 

P1.s Secondary flow pressure at nozzle exit section, Pa 

P3 Mixture flow pressure, Pa 

P4 Pressure after shock wave, Pa 

Pb Condenser pressure- back pressure, Pa 

Po,p Primary flow stagnation pressure, Pa 

Po,s Secondary flow stagnation pressure, Pa 

R Ideal gas constant, kJ/kg.k) 

To,p Primary flow stagnation temperature, K 

To,s Secondary flow stagnation temperature, K 

T1,p Primary flow temperature at the nozzle exit, K 

T3 Mixture flow temperature, K 

v Velocity, m/s 
 

Greek Symbols 

ρ Density, kg/m3 

ἡ                                 Efficiency    

ω                 Entrainment ratio                   
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