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       Introduction 

 ERC is considered a suitable method for using renew-

able energies like geothermal energy, waste heat from 

power plants, industrial processes, as well as solar energy 

(Kitrattana et al.  2023 ; Ahmed and Chen  2023 ; Anvari 

et al.  2023 ; Nguyen and Pirouzfar  2023 ; Guo, et al.  2023 ). 

The relatively low-performance factor compared to the 

compression refrigeration cycle is the main limitation of 

the ERC (Bukharin and Hassan  2023 ; Spitzenberger et al. 

 2023 ; Lei et al.  2023 ). Today, most of the refrigeration 

cycles in the air conditioning sector are vapor compres-

sion refrigeration cycles. Conventional vapor compres-

sion refrigeration cycles work by electricity. Generating 

electricity and heat by burning fossil fuels causes a large 

chunk of greenhouse gases as well as air pollution (Hossei-

nizadeh et al.  2023 ). The use of refrigeration cycles with 

thermal energy has attracted a lot of attention, considering 

the limitation of energy resources and the need to reduce 

harmful environmental eff ects. Unlike the compression 

refrigeration cycle, the ERC does not need a compressor 

and contains an ejector, condenser, expansion valve, evap-

orator, pump, and generator (Chen et al.  2023 ; Jahangiri 

et al.  2023 ; Amin  2023 ; Zou et al.  2023 ; Zhu et al.  2023 ; 

Dai et al.  2023 ; Liu et al.  2023 ; Tan et al.  2023 ; zhang 

Wang  2023 ; Cong and Zhang  2023 ). 

 Sankarlal et al. ( 2006 ), during an experimental study, 

investigated an ERC that works with ammonia and inves-

tigated the impact of condenser, generator, and evaporator 

temperatures on the performance of the ERC and showed 

that the ejector ER and the cycle performance coeffi  cient 

enhances as the temperature of the generator raises, and 

decreases as the temperature of the condenser increases. 

Tahani et al. ( 2015 ) studied the thermodynamic simulation 

of the condensation refrigeration cycle using ejector and 

separator. According to the results, by adding the ejector to 

the common compression refrigeration cycle, the perfor-

mance coeffi  cient of the system increases, and the energy 

consumption decreases by about 35%. 

 Bencharif et al. ( 2020 ) examined the impact of injecting 

working fl uid droplets on the performance of an ejector-

based refrigeration cycle. The ejector intended can be used 

for heating and cooling applications. They developed a 

thermodynamic model in MATLAB and used R245fa 

working fl uid. They showed that the injection of drop-

lets at the diff user end with various temperatures ranging 

from 20 to 26 °C has a considerable eff ect on the ejec-

tor performance and cycle effi  ciency. Sanaye et al. ( 2019 ) 

combined a vapor-vapor ERC with a vapor–liquid ERC to 

increase the refrigeration cycle’s performance coeffi  cient 

also showed that the proposed cycle enhances the perfor-

mance coeffi  cient and exergy effi  ciency by 18% and 25% 

and reduces electricity consumption and annual cost by 

31% and 8%. Riaz et al. ( 2020 ) simulated and optimized 

an ERC in EES software. In this research, they presented a 

new analytical model to predict the ejectors’s performance. 

This model can calculate the ejector ER for existing work-

ing conditions. They showed that the designed ERC can 

produce 1.8 MW of cooling. Wang et al. ( 2018 ) used a 

computational fl uid dynamics model to predict ejector 

performance in diff erent operating conditions. This model 

has investigated the impacts of the initial nozzle outlet 

position and area ratio on the effi  ciency of the ejector and 

has shown that the optimal area ratio enhances linearly 

with the initial fl ow pressure, and the optimal value of 

the initial nozzle outlet position decreases with increasing 

initial fl ow pressure. Xue et al. ( 2020 ) proposed a two-

stage vacuum ejector to improve the performance of the 

MED-TVC desalination system. They used CFD to simu-

late the ejector and plotted the Mach number as well as 

pressure distribution along the axis of the ejector. They 

showed that the new ejector can provide a suction pressure 

of nearly 5.3 under the conditions of initial fl uid pressure 

of 0.6 MPa and discharge pressure of 0.1 MPa. Also, in 

the vacuum environment, the evaporation temperature can 

be decreased to about 35 K. 

 The geometry of the primary nozzle (PN) is one of the 

parameters aff ecting the performance of the ejector. There-

fore, Alyari et al. ( 2021 ) examined the impact of replac-

ing the PN of parallel fl ow instead of the primary conical 

nozzle on the effi  ciency of the ejector experimentally. They 

demonstrated that using a parallel fl ow nozzle increases the 

ER of the ejector. Galindo et al. ( 2020 ) evaluated the solar 

ERC from the point of view of maximizing effi  ciency with 

three refrigerants with low environmental impact. They used 

R1234yf, R1234ze, and R600a refrigerants and used com-

putational fl uid dynamics to demonstrate the behavior of the 

refrigerants. They indicated that R1234yf refrigerant has the 

best performance regarding overall system effi  ciency. 

 Today, researchers have shown that condensation occurs 

in steam ejectors, and two-phase fl ow is seen in the ejector 

(Aliabadi and Bahiraei  2021 ). Zhang et al. ( 2020 ) used the 

Benson surface tension model and introduced a new model 

to simulate the fl ow in the ejector. They were able to increase 

the effi  ciency of the ejector by optimizing the PN of the 

ejector. Li et al. ( 2019 ) proposed to use of a steam ejector 

for a fi re suppression system because the pressurized steam 

droplets can quickly extinguish the fi re with a two-phase 

fl ow. They claimed that using steam can reduce water con-

sumption. They used wet steam to understand droplet con-

densation and evaporation better and provided an evaluation 

of initial fl ow humidity and ER. They were able to improve 

the system performance by 23% by reducing the humidity 

of the secondary fl ow. Ariafar et al. ( 2015 ) investigated the 

reason for the diff erence between the IGM and the WSM in 
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numerically predicting the behavior of the fl ow inside the 

ejector. They stated that the condensation’s impact on the 

mixing layer growth is the major cause for the better predic-

tion of the suction ratio in the wet steam model. 

 Ejector outlet pressure is one of the boundary conditions 

in the simulation of the ejector, which has a considerable 

impact on the simulation of the fl ow behavior. The primary 

objective of this investigation is to examine the impact of 

outlet pressure on the steam fl ow behavior in the ejector. 

This study has studied the impact of outlet pressure on the 

phenomenon of condensation and evaporation, and it has 

shown what eff ect the outlet pressure has on the liquid and 

vapor phases. 

    Governing equations and solution details 

 Navier–Stokes equations are solved accompanied by equa-

tions of the wetness fraction and number of droplets using 

the single fl uid and Eulerian-Eulerian approach. The govern-

ing equations of liquid and steam phases are simultaneously 

solved, and due to the tiny diameter of water droplets, the 

slip velocity between the liquid and steam phases is disre-

garded (Aliabadi et al.  2020a ). The following assumptions 

are considered for the equations governing the ultrasonic 

ejector (Zhang et al.  2019 ):

    •  The fl ow has axial symmetry.  

   •  The fl ow is solved in the steady frame.    

 The equations of momentum, continuity, number of 

drops, humidity, also energy are as follows (Aliabadi et al. 

 2020b ).
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phases, respectively. The classical nucleation equation is 

given by Aliabadi et al. ( 2021 ).

       

 Kantrowitz correction is utilized in the relation in Eq. ( 6 ).

       

   ∅     is the coeffi  cient of temperature correction and is cal-

culated from Eq. ( 8 ) (Aliabadi et al.  2020b ).
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     is the droplet growth (Ariafar et al.  2015 ).

       

 By two mass sources, the phase change is calculated 

(Aliabadi et al.  2020a ).

      

       

 Two mass sources are used to defi ne phase change for 

nucleation (   Γ
1
     ) and droplet growth (   Γ

2
     ). The major param-

eter for an ejector can be described as the entertainment 

ratio. This parameter is defi ned as:

      

where primary and secondary mass fl ow rates are depicted 

by   ṁp     and   ṁs     , respectively. In the current study, the SST 

k − ω turbulence model (Aliabadi et al.  2021 ) is utilized for 

the RANS method. The convective fl uxes were computed 

using the Roe method; also, for space discretization, the 

upwind approach with second-order accuracy was employed. 

An implicit density-based coupled solver is employed to 

solve the condensing fl ow in turbine blades. When the resid-

uals are smaller than   10
−8     for all parameters, the convergence 

criteria are taken into account as satisfactory. 

    Results 

 Output pressure is considered one of the basic parameters in 

steam ejector performance. The drive fl ow pressure, suction 

fl ow pressure, as well as outlet pressure are used to simulate 
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the ejector. This study’s primary objective is to examine the 

impact of the ejector outlet pressure on the fl ow behavior. 

For this review, pressures of 3600 Pa, 4000 Pa, 4100 Pa, 

4200 Pa, 4300 Pa, 4400 Pa and 4500 Pa are considered. The 

considered values for the pressure were chosen so that they 

could show the process of ejector performance changes from 

double-choking to single-choking. The pressure of 3600 Pa 

is in double-choking zone and the pressure of 4500 Pa is the 

limiting pressure where the ER is zero. Other pressures are 

in single-choking zone. 

 Also, the eff ect of outlet pressure on condensation and 

evaporation processes is investigated, and droplet growth 

and droplet radius size are shown. This study examines 

the eff ect of outlet pressure on two-phase fl ow as well as 

helps a lot in understanding it correctly. Rangtrakon ejector 

(Ruangtrakoon et al.  2011 ) is used to check the eff ect of out-

let pressure. Primary and secondary fl ows are in a saturation 

state. Much experimental work has been done on the ejector 

by Ruangtrakoon, which has resulted in valuable experimen-

tal data. This study has considered primary fl ow pressure as 

well as secondary fl ow pressure of 270 kPa and 1.28 kPa, 

respectively, for all outlet pressures. Figure  1  displays the 

schematic view of the ejector. In general, a steam ejector 

contains four main components: (i) PN zone, (ii) mixing 

zone, (iii) constant area zone, and (iv) diff user zone.         

   Geometry of ejector 

 A geometry of steam ejector is shown in Fig.  2 . The length 

of mixing chamber, the length of diff user and the length 

of throat are 130 mm, 180 mm and 114 mm. high pressure 

steam from the generator, known as a primary fl ow, expands 

and accelerates through the PN. This results a supersonic jet 

stream of the primary fl ow which creates a very low pressure 

region at the NXP and subsequently in the chamber of mix-

ing. This low pressure region draws a secondary fl ow from 

the evaporator into the chamber of mixing. The primary fl ow 

and the secondary fl ow then mix together in the chamber 

of mixing. Due to a high momentum of the primary fl ow, 

the mixed stream is still in supersonic region. By the end of 

the chamber of mixing, a normal shock, series of oblique 

shocks, or a pseudo shock are induced. The shock causes 

a major compression eff ect and a sudden drop in the fl ow 

speed from supersonic to subsonic. A further compression 

of the fl ow is achieved as it is brought to stagnation through 

  Fig. 1       Ejector schematic  

  Fig. 2       Geometry of steam ejector  
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a subsonic diff user. The ejector is discharged at a pressure 

equal to the pressure in the condenser.         

    Validation 

 Validation can be used to evaluate the numerical solution’s 

accuracy, which shows the correctness of the modeling done. 

This part deals with the validation of the numerical solu-

tion. Ruangtrakoon laboratory data is used for validation in 

this study. The numerical simulation validations are listed in 

Table  1 . The pressures of primary fl ow, secondary fl ow, also 

outlet fl ow are 270 kPa, 1.037 kPa, and 2.8 kPa, respectively. 

The value of the ER in numerical solution and laboratory 

data is 0.43 and 0.44, respectively, and the error value of 

2.2% is observed in the prediction of the ER. The amount of 

error is insignifi cant, which shows that the numerical solu-

tion has the necessary accuracy.  

    Grid-solution independence 

 One of the most influential parameters in simulation is 

the number of computational cells. As the number of cells 

increases, the solution changes. No change in the solution is 

observed after a certain number of cells, or the change in the 

solution is not signifi cant, and this number of computational 

cells is called the optimal number. 

 The mesh generations process has been handled with 

GAMBIT 2.4.6. A 2D axi symmetric domain has been 

applied for modeling the ejector. This study is used to inves-

tigate the number of computational cells of 11,000 quadri-

lateral elements, 32,000 quadrilateral elements, and 70,000 

quadrilateral elements, and the ER is calculated in each of 

these computational grids. The grid-solution independ-

ence is listed in Table  2 . There is no signifi cant diff erence 

between 32,000 and 70,000 computational cells. Thirty-two 

thousand computing cells are used to reduce the volume of 

calculations. The computational domain of the ejector is dis-

played in Fig.  3 . The details of number of grids in diff erent 

part of ejector for optimum grid are seen in Table  3 .           

    The eff ect of outlet pressure on the structure of fl ow 
in the ejector 

 This part examines the impact of exhaust pressure on the 

behavior of the fl ow inside the ejector. Ejector, a device used 

to suck fl ow from the evaporator in a refrigeration cycle. It is 

necessary to make a low-pressure zone in the ejector to draw 

the fl ow. This low-pressure region is created by the primary 

fl ow at the end of the PN as well as the beginning of the mix-

ing zone. The ejector output pressure should be low enough 

to create this area. The importance of the outlet pressure is 

in the suction of the secondary fl ow into the ejector. 

 This part examines the eff ect of the outlet pressure of the 

ejector on pressure distribution, temperature distribution, 

and Mach number distribution. Pressures of 3600 Pa, 4000 

Pa, 4200 Pa, and 4500 Pa are used to check the impact of 

outlet pressure. The primary fl ow pressure is 270 kPa, and 

the secondary fl ow pressure is 1.2 kPa. The impact of outlet 

pressure on static pressure distribution is shown in Fig.  4 . It 

is clear that the impact of the outlet pressure on the pressure 

in the fi gure. As the outlet pressure decreases, more pressure 

decrease is seen in the ejector when the expansion-compres-

sion occurs. The lowest pressure in the ejector is around 0.08 

m, and for outlet pressures of 3600 Pa, 4000 Pa, 4200 Pa, 

and 4500 Pa, the logarithmic numbers are 1.99, 2.01, 2.10, 

  Table 1       Validation of Ruangtrakoon ejector (Zhang et al.  2020 ). Pri-

mary, secondary, and discharge pressures are 270 kPa, 1.037 kPa and 

2.8 kPa  

    Numerical1    Experiment1    Error [%]  

   ER     0.43    0.44    2.2  

  Table 2       Mesh study  

  Cell number    11000    32000    70000  

   ER     42    43    43  

  Fig. 3       Computation domain 

inside the ejector  

  Table 3       The details of number 

of grids in diff erent part of 

ejector for optimum grid  

    Cell number  

  Primary nozzle    2400  

  Mixing chamber    8800  

  Throat    8200  

  Diff user    12000  

  Suction chmaber    400  
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and 2.19, respectively. Aerodynamic shocks occur, and the 

pressure value increases after reaching the lowest value. The 

compression-expansion process occurs continuously due to 

the occurrence of the shock train. According to Fig.  4 , the 

outlet pressure does not change the pressure distribution in 

the PN.         

 Outlet pressure’s impact on velocity distribution is shown 

in Fig.  5  by graph and contour. An ejector is a device in 

which supersonic velocity can be seen. It can almost be 

said that there is no signifi cant diff erence in velocity in the 

PN. But in the constant area zone, the mixing zone and the 

diff user of the diff erence in the graph and contour of the 

velocity are clear, especially in the diff user where the big-

gest diff erence in velocity can be seen for pressures of 3600 

Pa, 4000 Pa, 4200 Pa, and 4500 Pa. For example, it can be 

said that by increasing the outlet pressure, a greater decrease 

in velocity can be shown at x ≥ 0.15 m. For example, the 

velocity at x = 0.2 m and pressures of 3600 Pa, 4000 Pa, 

4200 Pa, and 4500 Pa are 1181 m/s, 1046 m/s, 850 m/s, as 

well as 701 m/s, respectively. The velocity at the exit and in 

the centerline of the ejector for pressures of 3600 Pa, 4000 

Pa, 4200 Pa, and 4500 Pa are 76 m/s, 69 m/s, 64 m/s, and 

52 m/s. As the outlet pressure increases, the outlet veloc-

ity also decreases. Figure  5  proves that the outlet pressure 

strongly has a considerable impact on the velocity distribu-

tion inside the ejector as well as exerts fundamental changes 

in the length of the jet core.         

 One of the most important fl ow parameters is the static 

temperature distribution, the analysis of which reveals valu-

able information about the fl ow behavior. The occurrence of 

aerodynamic shocks raises the temperature, as well as the 

expansion of the fl ow decreases the temperature. In fact, it 

can be said that sudden changes in temperature indicate the 

occurrence of aerodynamic shocks that can be easily seen in 

the ejector. Figure  6  demonstrates the impact of outlet pres-

sure on temperature distribution in the ejector. The tempera-

ture at the inlet of the primary fl ow is 403 K, and it decreases 

due to the expansion of the temperature fl ow. The tempera-

ture reaches the minimum value outside the PN and in the 

chamber of mixing due to the strong expansion of the fl ow. 

The minimum temperature value is around x = 0.08 m, and 

for pressures of 3600 Pa, 4000 Pa, 4200 Pa, and 4500 Pa are 

163.3 K, 163.5 K, 169 K, and 174 K, respectively. Then, the 

temperature increases due to the occurrence of aerodynamic 

shocks, and then large fl uctuations in the fl ow are seen due 

to expansion compression. Then, an increase in temperature 

is observed, after which the temperature reaches almost a 

constant value. This increase in temperature is due to the 

single-phase fl ow, which is explained in the next section.         

    The impact of outlet pressure on the production 
of the liquid phase in the ejector 

 Condensation and evaporation are among the phenomena 

observed in the steam ejector. The expansion rate in the ejec-

tor is very high, causing non-equilibrium thermodynamics 

to dominate the fl ow and a liquid phase forms in the ejec-

tor as nucleation occurs. The formation of a liquid phase 

prevents a sharp drop in the temperature in the ejector by 

releasing latent heat. Figure  7  demonstrates the eff ect of 

outlet pressure on the liquid phase. The output pressure has 

almost no signifi cant eff ect on the maximum LMF. The LMF 

becomes zero at x = 0.41 m, x = 0.36 m, x = 0.32 m, and 

x = 0.27 m for pressures of 3600 Pa, 4000 Pa, 4200 Pa, and 

  Fig. 4       Discharge pressure’s 

impact on the static pressure 

distribution in steam ejector  
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     Conclusion 

 The use of renewable refrigeration cycles has increased due 

to environmental issues and global warming. ERC is very 

important because of its compatibility with the environ-

ment. The ejector is the most signifi cant part of this cycle. 

This study examines the impact of ejector outlet pressure 

on the structure of fl ow inside the ejector. Eulerian–Eule-

rian model, k–ω SST of turbulence model, and Kantrowitz 

nucleation model were used to simulate the ejector. The 

eff ect of outlet pressures of 3600 Pa, 4000 Pa, 4200 Pa, and 

4500 Pa on the distribution of temperature, pressure, veloc-

ity, and LMF was investigated after validation. According 

to the results, the outlet pressure has a great impact on the 

distribution of fl ow in the steam ejector. As the outlet pres-

sure decreases, a greater pressure drop is observed in the 

ejector when expansion-compression occurs. It can almost 

be said that the velocity diff erence in the PN is insignifi -

cant. But the diff erence in the velocity graph and contour is 

clear in the zone of mixing, zone of constant area, and dif-

fuser, especially in the diff user where the biggest diff erence 

in velocity can be seen for pressures of 3600 Pa, 4000 Pa, 

4200 Pa, and 4500 Pa. The temperature reaches the mini-

mum value outside the nozzle primary and in the zone mix-

ing due to the strong expansion of the fl ow. The minimum 

temperature value is around x = 0.08 m, and for pressures 
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  Fig. 6       Eff ect of discharge pressure on temperature distribution in steam ejector  
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of 3600 Pa, 4000 Pa, 4200 Pa, and 4500 Pa are 163.3 K, 

163.5 K, 169 K, and 174 K, respectively. The outlet pressure 

has no substantial eff ect on the maximum LMF. As the outlet 

pressure is enhanced, the fl ow becomes single-phase sooner. 

The outlet pressure strongly has an impact on the ejector and 

ER’s performance, and as the outlet pressure rises beyond a 

certain value, the ER decreases. 
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