
 

1. Introduction 

An ejector is a device that utilises the Venturi effect to create 

a vacuum and entrain gas or vapour from a desired vessel or sys-

tem. In this study, the two-stage ejector (TSE) operates with wa-

ter vapour as a working fluid for both primary and secondary 

flows, leveraging the constant rate of momentum change 

(CRMC) approach to enhance the ejector performance. It works 

similarly to a vacuum pump but without any moving parts. In 

the early 19th century (1942), the ejector model was developed 

by Keenan J. H. and Neumann E. P. These ejectors are built on 

constant area and pressure mixing (CAM and CPM) approaches. 

Several efforts have been made to optimise the ejector parame-

ters, viz. nozzle parameters [1], mixing section geometrical pa-

rameters [2], diffuser geometrical parameters [3] and ejector op-

erating parameters [4]. Even after all efforts made to improve 

both CAM and CPM single stage ejectors, their performance is 

limited. It is found that the CPM ejector exhibits a better perfor-

mance than that of the CAM ejectors [5]. A novel method for  

a comprehensive analysis of geometric properties that can be 

used to alter the mass flow ratio and the hydrogen mass flow 

was introduced. Additionally, the dynamic behaviour of the fuel 

cell system's ejector was investigated in [6]. According to en-

ergy, exergy, and economic considerations, the goal of the re-

cent study [7] was to thoroughly examine the performance of  

a solar ejector cooling system. It was meant to provide a com-

plete view of the solar cooling system performance under typical 

operational circumstances. 
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Abstract 

A two-stage ejector based on a constant rate of momentum change is a geometrical arrangement of a single-stage ejector to 
further improve its performance, utilising water vapour as a working fluid for both primary and secondary flows. Creating an 
additional secondary inlet in the single-stage ejector helps to further entrain the secondary mass flow, resulting in a better 
entrainment ratio. The present study utilises the constant rate of momentum change, and a 1D gas dynamic approach to 
compute the geometrical profile and flow parameters using MATLAB. The numerical software ANSYS Fluent 18.0 is utilised 
to analyse the two-stage ejector geometry. The global performance ejector entrainment was computed at on and off design 
conditions. The results show that the two-stage ejector entrainment ratio is significantly higher than that of the previously 
studied single-stage ejector. The entrainment ratio of the two-stage ejector increases to reach the on-design value of operating 
conditions, and then starts decreasing.  
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Nomenclature 

L – length, m 

M – Mach number  

ṁ – mass flow rate, kg/s 

T – temperature, K 

Pd – discharge pressure, Pa 

Ps – suction pressure, Pa 

u – velocity, m/s 

 

Greek symbols 

ρ – density, kg/m3  

φ – entrainment ratio  

 

Subscripts  

e – exit flow 

I, J – space component 

m – mixing 

n – nozzle 

o – stagnation condition 

p – primary fluid flow 

s – secondary fluid flow 

s1 – secondary fluid flow (Stage I) 

s2 – secondary fluid flow (Stage II) 

 

Abbreviations and Acronyms 

CAM – constant area mixing 

CFD – computational fluid dynamics 

CPM – constant pressure mixing  

CRMC – constant rate of momentum change 

RANS – Reynolds-averaged Navier-Stokes 

SSE – single-stage ejector 

TEWI – total equivalent warming impact 

TSE – two-stage ejector 

Kanbur et al. (2025) [8] used a coupled CFD and thermody-

namic model to define outlet boundary conditions through mul-

tiphase CFD simulations. The study claims that this framework 

reduces reliance on experimental data. A comprehensive assess-

ment of energy, exergy, and economic factors conducted by 

Ogaili et al. [9] highlights an integrated solar-thermal power sys-

tem, which leads to more sustainable and cost-effective energy 

solutions. The single-compression multi-temperature ejector re-

frigeration sequence architecture is proposed by Fabris et al. 

[10] for last-mile deliveries of multi-temperature goods in urban 

environments. The design of ejectors helps effectively to reduce 

the overall carbon footprint associated with road transport re-

frigeration systems. These results have significant implications 

for the design and deployment of hybrid refrigeration systems 

that seek to reduce their ecological influence while upholding 

operational flexibility [11]. 

The current investigation involved an experimental analysis 

of a gas ejector with a spindle calculated for use with propane 

(R290) as a working fluid. The performance of the ejector was 

assessed using conventional literature notation, the critical tem-

perature and entrainment ratio, which are the supreme important 

factors for adjusting cooling capability in ejector-based refriger-

ation methods [12]. In order to optimise the ejector performance, 

the surrogate model developed in [13] uses a multi-objective 

evolutionary approach to increase entrainment and compression 

ratios while reducing entropy output. The stagnation tempera-

ture ratio is found to be one of the main factors that enhances 

mixing layer growth and ejector performance. The optimised 

ejector shows a roughly 25% boost in efficiency over a non-op-

timised one. The study [14] looks at how well four cutting-edge 

cascaded refrigeration systems work to cool at lower tempera-

tures while consuming less energy. In a flash binary geothermal 

cycle, the study [15] offers a new method to increase the effi-

ciency of a geothermal-based power plant by substituting an 

ejector for conventional expansion valves. 

A two-stage ejector (TSE) is a type of ejector system that 

involves two stages of compression or fluid entrainment to 

achieve the desired pressure or flow rate (refer to Fig. 1). Ejec-

tors, also known as jet pumps, are devices that use the principle 

of fluid dynamics to transfer or compress fluids. They operate 

by entraining a secondary fluid or gas using a high-speed pri-

mary fluid, typically at a nozzle or diffuser, creating a low-pres-

sure section that draws in the secondary fluid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1. Performance evaluation 

Performance evaluation of a TSE involves assessing the effi-

ciency and effectiveness of a system that uses two ejectors in 

series to entrain and compress the secondary fluid (suction 

fluid). This configuration allows for higher compression ratios 

and is often used in applications requiring higher pressures, such 

as in studies involving entrainment ratio, discharge pressure, 

suction pressure, critical pressure ratio, and experimental test-

ing. 

1.2. Entrainment ratio 

The entrainment ratio of a two-stage ejector denotes the propor-

tion of mass flow rate attributed to the secondary fluid (often 

referred to as entrained or suction fluid) with respect to the flow 

rate of primary fluid (typically termed motive fluid) within each 

stage of the ejector. The equation which can be used to calculate 

the entrainment ratio is given as follows: 

 𝐸𝑅 =
𝑚̇𝑠,1+𝑚̇𝑠,2

𝑚̇𝑝
 . (1) 

Here, ṁs,1 is the mass flow rate of the secondary fluid en-

trained at the first stage, where the primary fluid (motive fluid) 

 

Fig. 1. Schematic of a two-stage ejector. 
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interacts with the secondary fluid. The mixed fluid from the first 

stage then acts as the motive fluid for the second stage, entrain-

ing an additional secondary mass flow rate ṁs2 at the second in-

let. This distinction ensures that the contributions of both stages 

to the overall entrainment are clearly captured. 

1.3. Compression ratio/lift pressure ratio 

The compression ratio is given as follows: 

 𝐶𝑅 =
𝑃𝑑𝑖𝑠

𝑃𝑠𝑢𝑐
. (2) 

Here, Pdis denotes the pressure at the discharge boundary, and 

Psuc signifies the pressure at the suction boundary. 

Although single-stage ejectors are frequently used to create 

vacuum, they have some disadvantages that can affect their per-

formance in some applications, including limited vacuum gen-

eration, decreased efficiency, reduced performance at low pres-

sures, and a larger size. However, the addition of a two-stage 

ejector contributes to getting over these restrictions as explained 

by various researchers.  

In the study of a two-stage ejector [16], the numerical tech-

nique utilising Navier-Stokes equations and the theoretical as-

sessment using a 1-dimensional model have been used to criti-

cally evaluate the flow phenomena within ejector systems. Ex-

isting experimental data were used to validate both numerical 

and theoretical results. In [17], to determine the ideal design pa-

rameters, numerical studies utilising computational methods 

were used to estimate the performance phenomena of the two-

stage ejector system. It has been suggested that a TSE system is 

a valuable different configuration for making use of the fired 

thrust of the discharged flow. As compared to the traditional sin-

gle-stage ejector system, the performance can be greatly en-

hanced. It is shown in [18] that the two-stage ejector-diffuser 

system performs approximately four times better than the single 

ejector system. A trial exploration of a two-stage ejector refrig-

eration system, encompassing activities such as design of the 

system, operation, and empirical assessment was made in [19]. 

It was examined using independently varying temperatures for 

evaporation and condensation to examine the likelihood for  

a system performance change. The blended performances of 

both the ejectors used in the two-stage ejector-based multi-evap-

orator refrigeration system (TEMERS) were examined in [20] 

utilising a two-dimensional CFD modelling method. First, the 

cooling capacity requirements of the refrigeration and air-con-

ditioning chamber define the main nozzle diameters. Using the 

verified Reynolds-averaged Navier–Stokes (RANS) simulation 

model, a shape optimisation was performed to maximise the en-

trainment performance of the R134a two-phase ejector [21]. The 

suggested review updates the body of prior research on the topic 

by talking about the pertinent and latest material. Expressive and 

latest improvements in refrigeration cycles, two-phase ejector 

modelling and other potential applications are shown and ad-

dressed in their respective contexts [22]. The concept of a two-

stage ejector design was proposed, incorporating a second inlet. 

In the replication, the steam ejector refrigeration system's varied 

operating parameters were used to evaluate the TSE perfor-

mance, which was then compared to the SSE performance [23]. 

The current two-stage ejector, which is CRMC-based, can high-

light recent and important developments in the area based on 

supersonic design. ANSYS Fluent 14.0 was used to examine the 

calculated model numerically for the specified design input pa-

rameters and was validated by numerical data [24]. Using ther-

modynamic analytical techniques, the two-stage cascade refrig-

eration cycle (CARC) with an enhanced ejector was compared 

in [25] with the conventional CARC for effectiveness. It has 

been suggested that the TSE should replace the single-stage 

ejector due to its superior geometrical configuration, which al-

lows better utilisation of the discharge flow’s terminated mo-

mentum to generate secondary flow [26]. To upgrade the energy 

effectiveness of the refrigeration system on a fishing craft, the 

study [27] proposed a TSE based subzero refrigeration system 

in order to construct and achieve the best entrainment perfor-

mance, where each stage's specified parameter is developed with 

the consideration of the area ratio. A pattern of established and 

newly developed exergy approaches is utilised in [28] to assess 

the exergy destruction properties inside the system. Another in-

vestigation provides the optimum design and process control 

methodologies for the hydrogen passage system with a dual 

ejector to support all aspects of PEMFC system processes [29]. 

To enhance CO2 two-phase ejectors' off-design performance,  

a new swirl-bypass nozzle ejector-based design is put forth in 

[30]. A 3D multiphase CFD is used to investigate the design of 

such a device. This study looks at the impact of adding an ejector 

to two-phase cascades for refrigeration at very low tempera-

tures. The impacts of various ejector configurations on thermo-

dynamics, the environment, and the economy are compared. The 

main characteristics examined are the volumetric chilling capac-

ity, best cascade temperature, economic analysis, and total equi-

valent warming impact (TEWI). The impact of various refriger-

ants on the cycle of low-temperature of the two-stage cascade is 

also examined [31]. The report [32] presents the findings of  

a computer-based fluid dynamic study on the TSE execution in 

a system of refrigeration using a steam ejector, along with  

a comparison to an SSE without altering the ejector’s area ratio. 

There is a discussion of the elevated entrainment ratio, coeffi-

cient of performance (COP), and the additional adaptable TSE 

functioning.  

Environmentally friendly refrigerants are replacing those 

whose use is either completely prohibited or highly restricted by 

the Kyoto Protocol. One such refrigerant, R134a, has had its use 

restricted and will eventually be completely outlawed. R134a 

has several substitutes, and various studies have been performed 

to determine possible replacements based on performance crite-

ria. In the study [33], the effects of using R1234ze€, R1234yf, 

or R600a as an alternative for R134a in the ejector-based bus air 

conditioning for single and dual ejectors were investigated. 

Given the increasing demand for heating, the implementation of 

high-efficacy heating within combined heat and power systems 

is regarded as a pragmatic method toward conserving energy 

and reducing emissions [34]. A novel two-stage ejector featur-

ing a control switching technique is presented in [35]. The main 

purpose is to ensure consistent and stable performance of the 

TSE across a wide range of primary flow pressures. To achieve 

this, an optimal switching approach has been devised. Accord-
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ing to the numerical findings, when 60% of the pressure reaches 

the specified primary flow pressure, the TSE demonstrates an 

impressive 79.4% increase in entrainment ratio as compared to 

the traditional single-stage ejector. 

Recently, the multi-stage ejector is considered as a high-per-

formance device as compared to a single stage ejector. In the 

present study, the 1-D gas dynamic model of a single stage ejec-

tor is modified by creating a second opening at the exit of the 

mixing section, where the secondary flow can again be dragged 

through the momentum of the mixed fluid from a single stage. 

ANSYS Fluent 18.0 is used to analyse the two-stage ejector ge-

ometry for on and off design operating conditions. 

2. Mathematical computation of the two-stage  

ejector geometry 

The analysis is limited to the axi-symmetric ejector. This section 

explains the compressible flow theory in one dimension, utilis-

ing the CRMC method with frictional effects for real fluids. The 

design approach is based on the equations of steady flow in an 

adiabatic steady-state system.  

2.1. Computation of flow properties at the exit from 

the mixing region for a two-stage ejector. 

In addition, SSE [36] was modified to become a TSE. Utilising 

superfluous momentum from the initial stage to further entrain 

the secondary flow is made possible by the TSE’s additional en-

trainment passageway at the mixing section's outlet. The geom-

etry calculation procedure for a TSE is nearly identical to that of 

a single-stage supersonic ejector, except for the calculation of 

the ejector's second stage. To determine the equilibrium proper-

ties at the ejector section J-J', which is necessary for computing 

the TSE diffuser region, certain alterations were completed to 

the creation of section J-J', which is shown in Fig. 2. The regions 

of nozzle and mixing area of the computed two-stage ejector re-

main the same as those of the single-stage ejector (SSE), but the 

diffuser section of TSE was computed separately. The geometry 

of TSE is computed using the CRMC approach with the key pa-

rameters including the nozzle diameter (dn = 99.5 mm), mixing 

section length (Lm = 95 mm), and diffuser length (Ld = 250 mm), 

as illustrated in Fig. 3. These parameters are derived from the 

1D gas dynamic model to ensure optimal entrainment and pres-

sure recovery.  

 𝐶𝑛,𝑒 = 𝐶𝑚,𝑒, (3) 

 𝜑 → 𝜑 =
𝑚𝑠,2̇

𝑚̇𝑚,𝑒
, (4) 

 𝑚̇𝑚,𝑒 = 𝑚̇𝑝 + 𝑚̇𝑠1, (5) 

 𝑇0,𝑝 → 𝑇𝑜,𝑚, (6) 

 𝑇0,𝑠1 → 𝑇𝑜,𝑠2, (7) 

 𝑇0,𝑠1 → 𝑇0,𝑠2, (8) 

 𝜌0,𝑠1 → 𝜌0,𝑠2. (9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Selection of design conditions 

The working fluid for both primary and secondary flows is water 

vapour (steam). Steam superheating is critical for ejector perfor-

mance, as it ensures that the primary flow remains gaseous dur-

ing expansion in the nozzle, preventing condensation that could 

disrupt supersonic flow and reduce entrainment efficiency. The 

degree of superheating, defined as the temperature difference 

above the saturation point at a given pressure, enhances the ther-

mal energy available for driving the entrainment process. For 

 

Fig. 2. Discrete modelling of a two-stage ejector. 

 

Fig. 3. CRMC two-stage ejector system. 
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the primary flow, a superheating degree is approximately 30 K 

above the saturation temperature, which ensures stable operation 

and maximises momentum transfer to the secondary flow. 

The primary flow is superheated steam at a pressure of  

2.2 bar and temperature of 423 K, with a superheating degree of 

approximately 30 K above the saturation temperature. The sec-

ondary flow is at 0.014 bar and 300 K, as specified in Table 1. 

To conduct the analytical and numerical examination, the design 

data points specified in Table 1 were taken into consideration. 

 

 

 

 

 

 

 

 

 

 

3. Computational analysis 

The chapter describes the use of a 1-D gas dynamic approach 

and computational fluid dynamics (CFD) for designing and op-

timisation of ejector systems. The 1-D gas dynamic approach 

considers axi-symmetric, steady, turbulent, compressible flow 

that is equivalent to area-averaged axis-symmetric flow. This 

approach is used to generate the ejector geometry, which is re-

quired for CFD analysis. The ANSYS Fluent 18.0 commercial 

software is used for CFD analysis, and it is specifically designed 

for simulating turbulent supersonic flow. This software is effi-

cient in optimising and simulating flow properties, which can 

help in improving the ejector system's performance. It is im-

portant to note that CFD analysis can only be performed when 

the geometry is known. Therefore, the 1-D gas dynamic CRMC 

approach is a necessary step in the ejector system design pro-

cess. The ejector geometries are quantified through a compre-

hensive study using ANSYS Fluent 18.0. Overall, the combina-

tion of the 1-D gas dynamic approach and CFD analysis can pro-

vide a powerful tool for designing and optimising ejector sys-

tems. 

The evaluation of flow properties such as the Mach number, 

pressure, and temperature has been carried out along ejector’s 

axial direction. The computation of the 'entrainment ratio,' a uni-

versal performance parameter, has been supported by the out-

comes predicted by the 1-D gas dynamic model under on-design 

conditions. Additionally, the ejector's off-design features were 

examined to ascertain its adaptability to varying operating con-

ditions and working fluids in diverse fields of application. In the 

off-design investigation, parameters were varied one at a time, 

while the remaining parameters were kept constant. 

The Navier-Stokes equation was numerically solved for the 

2-dimensional axi-symmetric field using a steady-state turbu-

lence model. Listed below are the governing equations in the 

compact Cartesian form [36]:  

 mass equation: 

 
𝜕

𝜕𝑥𝑖
 (𝜌𝑢𝑗) =  0, (10) 

 momentum equation: 

 
𝜕

𝜕𝑥𝑖
  (𝜌𝑢𝑖𝑢𝑗) = − 

 𝜕𝑃

𝜕𝑥𝑖
+

𝜕𝜏𝑗𝑖

𝜕𝑥𝑗
, (11) 

where: 

 𝜏𝑖𝑗 = 
𝑒𝑓𝑓

(
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3


𝑒𝑓𝑓

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛽𝑖𝑗 , (12) 

 energy equation: 

 
𝜕

𝜕𝑥𝑖
(𝑢𝑖(𝜌𝐸 + 𝑃)) =▽⃗⃗⃗ . (𝜀𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥𝑖
+ 𝑢𝑗𝜏𝑗𝑖). (13) 

Here, ρ is the mixture density, u is the velocity vector, E  total 

energy, P  pressure, εeff  effective thermal conductivity, μeff  

effective dynamic viscosity and βij is the Kronecker function. 

The shear stress transport (SST) kω turbulence model was 

selected for numerical simulation of the supersonic ejector con-

figuration due to its superior ability to capture mixing layers and 

simulate free shear flows in round and radial jets, which are crit-

ical for accurately modelling the complex flow interactions in 

TSE. Unlike the kε model, which is less effective in resolving 

near-wall effects and separated flows, the kω SST model com-

bines the robustness of kω near walls with the accuracy of kε 

in free-stream regions, making it ideal for this study (Ariafar et 

al. [37]). Below are the governing equations of this model: 

 turbulence kinetic energy: 

 
𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(µ +

µ𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘, (14) 

 specific dissipation rate: 

 
𝜕

𝜕𝑥𝑖
(𝜌𝜔𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(µ +

µ𝑡

𝜎𝜔
)

𝜕𝜔

𝜕𝑥𝑗
] + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔.  

(15) 

Here: 

 𝐺𝑘 = − 𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ̅ 𝜕𝑢𝑗

𝜕𝑥𝑖
 ,        𝑌𝑘 = 𝜌𝛽∗𝑘𝜔,         𝑌𝜔 = 𝜌𝛽𝜔2,  

 𝐷𝑤 = 2(1 − 𝐹1) 𝜌𝜎𝜔,2  
1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑗
,  

where Gk, Yk and Sk are the generation of turbulent kinetic energy 

owing to mean velocity gradients, the generation of turbulence 

kinetic energy owing to buoyancy and the influence of the vari-

able dilatation in compressible turbulence on the overall dissi-

pation rate, respectively. These terms are expressed as in AN-

SYS Fluent 18.0 (user manual). 𝐺𝜔 and 𝑌𝜔 represent generation 

and dissipation of omega, respectively. 

ANSYS Fluent 18.0 was used to employ control volume-

based discretisation techniques in solving the governing equa-

tions of the problem. The equation’s conventional terms were 

discretised using a second-order upwind approach in order to at-

tain higher-order precision. After that, an implicit method was 

used to resolve the subsequent arithmetic equations using a den-

sity-based joint solver. The algorithm stability was maintained 

by setting a CFL criterion of 5. At the primary and secondary 

flow exits and inlets of both ejectors, the pressure boundary con-

dition was applied. In order to achieve greater orthogonality and 

Table 1. Design data points for two-stage ejector. 

Parameters Primary flow Secondary flow 

Pressure (Pa) 2.2105 1103 

Temperature(K) 423 300 

Degree of superheating (K) 30 0 (saturated) 

Mass flow rate(kg/s) 0.01  

Nozzle exit position = 0   
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better control over mesh quality, the structured quadrilateral 

mesh was employed in the computational zone of TSE geome-

tries (Fig. 4). There were comparatively more cells used in the 

area with the higher velocity gradient.  

The boundaries are assumed to have zero normal gradients 

(refer to Fig. 5), resulting in no-slip conditions. In all simulation 

scenarios, the convergence criterion for the continuity equation 

and various equations, including X and Y velocities, energy, tur-

bulence kinetic energy, and turbulence dissipation rate, is set  

to 10-5. For the TSE geometry, the residual convergence crite-

rion for the continuity equation is 10-9. The supersonic flow 

computational model is solved using a second-order upwind 

scheme with an under-relaxation factor of 0.3, and standard wall 

treatment is used near the wall. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1. Grid Independence study  

The kω SST model was used to conduct a grid independence 

study on both computational domains. Initially, 60 432 elements 

were created. The grid-independence study was conducted to as-

sess the performance parameter known as the "entrainment ra-

tio”. This study involved increasing the number of grid elements 

from 60 432 to 110 246. The results indicated that the variation 

was less than 5%. Based on this assessment, the number of ele-

ments was established at 110 246. However, a higher number of 

grid elements was defined in the ejector’s mixing region to ac-

curately capture the mixing phenomenon. The mesh quality was 

assessed based on the mesh orthogonality and aspect ratio. The 

results (refer to Table 2) indicate that changes of the entrainment 

ratio were insignificant beyond ~110 246 elements, thus further 

study was conducted using the number of cells around this value. 

 

 

 

 

 

 

 

 

 

 

4. Validation of the CRMC approach for the two-

stage ejector diffuser section 

The validation of the 1D ejector model incorporating the CRMC 

approach with CFD was carried out. The purpose of this valida-

tion was to verify the 1D ejector model before advancing to the 

study of operating parameters. On-design data (see Table 1) 

were used for this analysis. The results obtained from the CFD 

study, particularly the static pressure, were compared with those 

calculated from the 1D ejector model under design conditions. 

In the CFD results, the combined flow of the single-stage ejector 

and the secondary auxiliary fluid enters and mixes at the second 

stage, exhibiting oscillations near the diffuser inlet. However, 

this behaviour is not captured by the 1D ejector model. The 

static pressure variation along the diffuser region of the 1D ejec-

tor model and CFD centreline results are shown in Fig. 6. Mixed 

fluid of SSE and secondary auxiliary fluid exchange their kinetic 

energy and momentum during mixing and grasp up to equilib-

rium with uniform flow properties. The flow downstream of the 

diffuser shows a diminishing deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Detailed mesh used for TSE computational domain.  

Model No. No. of cell Entrainment ratio (𝝋) 

TM-1 60432 0.624 

TM-2 80642 0.649 

TM-3 110246 0.657 

TM-4 130324 0.658 

TM-5 150132 0.656 

 
 

Fig. 6. Variation of static pressure along the diffuser section under on-

design conditions (Po,p = 2.2 bar, Po,s=0.014 bar, Pe= 0.01925 bar). 

 

Fig. 5. Boundary conditions employed in TSE ejector computational domain. 

 

Fig. 4. CRMC two-stage ejector computational domain. 
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5. Results and discussion 

The computational study has been performed on the two-stage 

ejector model, which was considered for mathematical study. 

The effect of operating parameters on the performance of the 

ejector model is presented here. Mach number contours are em-

ployed to analyse the operating effects on the performance.  

Figure 7 shows the contours of Mach number. The flow char-

acteristics within the ejector can be perceived along with first 

and second series of oblique shock waves, diamond wave and 

shear layer. The primary supersonic flow and secondary sub- 

sonic flow start interacting after entering the mixing section, and 

move towards the second stage with uniform flow properties. 

The effective area plays an important role for entering secondary 

flow. The uniformly mixed fluid from SSE acts as the primary 

fluid, enabling further entrainment of secondary fluid in TSE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1. On-design study  

A CFD examination was conducted to analyse the design of two-

stage ejectors. Figure 8 displays the pressure fluctuations during 

the regions of mixing and diffuser. At stage I, the primary and 

secondary fluid flows strongly interact, causing pressure pulsa-

tion in the mixing section. Furthermore, pressure oscillation was 

noted in the diffuser section as a result of the contact of second-

ary and mixed flow at stage II.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The pressure gradually increased in the diffuser region after 

the mixing of the motive and secondary fluids at both stages. 

The static pressure at the diffuser section exit was predicted to 

be 0.01925 bar through numerical analysis. 

Figure 9 depicts the Mach number fluctuation throughout the 

two-stage ejector. The anticipated Mach number at the centre-

line calculated numerically is 4.3, while the design Mach num-

ber determined analytically is 3.03. The average Mach number 

was taken from the analytical design, whereas the centreline 

Mach number was obtained from the CFD investigation. 

Figure 10 displays the overall pressure fluctuation occurring 

alongside the mixing and diffuser region of TSE. The mixing 

section exhibits a discernible loss of total pressure (as depicted 

in Fig. 10) owing to the strong interaction between primary and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Static pressure variation along the two-stage ejector under  

on-design conditions (Po,p = 2.2 bar, Po,s=0.014 bar, Pe= 0.01925 bar). 

 

Fig. 9. Mach number variation along the two-stage ejector under  

on-design conditions (Po,p = 2.2 bar, Po,s=0.014 bar, Pe= 0.01925 bar). 

 

Fig. 10. Total pressure variation along the two-stage ejector under  

on-design conditions (Po,p = 2.2 bar, Po,s=0.014 bar, Pe= 0.01925 bar). 

 

Fig. 7. Mach number contours of the two-stage ejector under on-design conditions (Po,p = 2.2 bar, Po,s=0.014 bar, Pe= 0.01925 bar). 
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secondary fluid at the section inlet. The shift in the total pressure 

occurs gradually and uniformly, thanks to the CRMC method 

that prevents any thermodynamic shock occurring at the diffuser 

section inlet, unlike for the conventional ejector system. 

Figure 11 illustrates the changes in static temperature as it 

traverses the mixing and diffuser sections of a two-stage ejector 

system. The static temperature experiences a decrease initially 

in stage I because of the interplay between the primary and sec-

ondary fluid flows. However, it subsequently gradually in-

creases along the diffuser section and ultimately reaches 358 K 

at the exit of the diffuser section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2. Off-design optimisation 

Numerical analysis has been conducted to examine the 

performance of the TSE at different operating pressures. One 

operating pressure was altered at a time while the other remained 

constant as per the design. The numerical analysis optimised the 

TSE performance by evaluating the entrainment ratio (φ) under 

varying primary flow pressure, exit pressure, and nozzle exit 

position (NXP). The results (Fig. 12) show that the entrainment 

ratio peaks at a primary flow pressure of 2.2 bar under on-design 

conditions.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12 depicts the correlation between the entrainment ra-

tio and the total pressure of the primary flow. The mass inflow 

and momentum during the nozzle's flow at exit increase when 

the primary flow's total pressure is raised. In the area of the mix-

ing section, this increase in momentum speeds up the entrain-

ment process. Nevertheless, the secondary mass flow rate that 

must be entrained in Stages I and II increases more slowly than 

the primary mass flow rate. Consequently, the entrainment ratio 

shows an initial rise in stages I and II as the primary flow total 

pressure increases (below the on-design primary flow total pres-

sure of approximately 2.2 bar). After this point, the entrainment 

ratio begins to decrease. 

Figure 13 displays the Mach number contours of a two-stage 

ejector, which can help explain the physical phenomena related 

to this pattern. When the primary flow total pressure increases, 

the secondary shock location moves downstream, causing the 

pressure within the suction section to increase for the same exit 

pressure (Pe = 0.01925 bar). However, above the on-design 

point, an increase in primary flow pressure decreases the pres-

sure difference inside the suction chamber, reducing the trend to 

entrain secondary flow. Moreover, due to a decrease in the ef-

fective area at stages I and II, the ejector can operate at higher 

critical pressure levels. Consequently, the overall entrainment 

ratio decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 depicts how the entrainment ratio changes with the 

exit pressure. This numerical investigation was conducted when 

NXP was equal to zero. The ejector's performance curvature is 

classified into three types: choked, unchoked and reverse flow. 

As the exit pressure rises, the oblique shock becomes more pow-

erful, and shock waves travel upstream. As a result, both of the 

flows, i.e. primary and secondary flows, are disrupted at stages 

I and II.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Static temperature variation along the two-stage ejector under 

on-design conditions (Po,p = 2.2 bar, Po,s=0.014 bar, Pe= 0.01925 bar). 

 

Fig. 14 Effect of exit pressure on entrainment ratio (φ). 

 

 

Fig. 13. Primary flow pressure impact on secondary shock position. 

 

Fig. 12. Effect of entrainment ratio (φ) on primary flow total pressure. 
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When the exit pressure is further increased, the shock waves 

become stronger and impede the secondary flow from entraining 

at stages I and II, leading to a reduction in the entrainment ratio. 

In this investigation, the ejector was found to operate under 

double fluid choking at pressures up to 0.01925 bar, with mini-

mal variation in the entrainment ratio. However, when the  

primary fluid alone was choked (between 0.01925 bar and  

0.02300 bar), there was a dramatic decrease in the system's en-

trainment ratio. The system reached its breakdown point at 

0.02350 bar. 

To avoid choking of both primary and secondary flows dur-

ing reverse flow, the primary flow is directed into the suction 

chamber. This study shows that the ejector must operate in 

a choked flow region, with a critical pressure separation, to 

achieve the highest entrainment ratio. 

The Mach number contours in Fig. 15 illustrate how the 

shock position of TSE is influenced by the exit pressure. The 

second series oblique shock wave position's distance decreases 

with the increasing exit pressure, which affects the mixing phe-

nomenon in the stage I and II entrainment zone. Still, the en-

trainment ratio stays constant up to the on-design departure pres-

sure (Pe = 0.01925 bar). Beyond this threshold, the entrainment 

ratio decreases as exit pressure rises. This study, which relies 

solely on the CRMC theory, identified the critical exit pressure 

as the on-design condition for the two-stage ejector through an-

alytical analysis. Numerical analysis confirms that the ejector 

performs optimally under double choked conditions (primary 

and secondary flow) at the on-design exit pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The placement of the nozzle exit is a critical geometric factor 

for two-stage ejectors as it dictates the expansion angles of the 

jet and the converging passageway that induces flow in the en-

trainment region. In the two-stage ejector system, the entrain-

ment area is not explicitly calculated through analytical model-

ling. To assess the impact of the nozzle exit position, the varia-

tion was tested comparative to the on-design situation  

(NXP = 0) in both the upstream (−4 mm) and downstream  

(+3 mm) directions of the flow at 1 mm intervals (refer to  

Fig. 16). The numerical results demonstrate that the entrainment 

ratio increases up to −2 mm when moving away from NXP = 0 

in the upstream direction, followed by a decrease. Conversely, 

moving from NXP = 0 into the mixing area when going down-

stream decreases the entrainment. As a whole, it is clear that ad-

justing the nozzle exit location away or towards the mixing area 

from NXP=0 results in a significant alteration of the entrainment 

ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By altering the expansion of the jet and induced flow path-

ways, entrainment varies with NXP. In the mixing portion, mov-

ing downstream lowers the induced flow passage and expansion 

angle, which lessens entrainment. Furthermore, the momentum 

of motive flow responsible for induced secondary flow de-

creases with the increasing distance from the suction port be-

cause of positive NXPs. On the other hand, ejector entrainment 

performance is enhanced when positioned upstream (up to  

2 mm from the mixing plane inlet), which increases the expan-

sion angle and induced flow passage. The findings of the CFD 

and 1-D analyses are compared in Fig. 17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Conclusions  

The physics based two-stage ejector was designed and validated 

using on-design CFD results. Operational characteristics like the 

main fluid pressure, exit fluid back pressure, and nozzle exit lo-

cation were also subjected to numerical analysis. It has been ex-

amined how operating parameters affect the entrainment ratio. 

The following is a list of the study's findings: 

 

Fig. 17. Comparison of 1-D and CFD entrainment ratios (on-design). 

 

Fig. 15. Impact of exit pressure on secondary shock position. 

 

Fig. 16. Effect of entrainment ratio (φ) on nozzle exit position (NXP). 
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 The flow characteristic inside the two-stage ejector plays 

a very important role in identifying the oblique shock po-

sitions, diamond type wave, effective area and shear layer, 

and in developing a high performance ejector. 

 Mach number contours are taken into consideration in or-

der to forecast the entrainment effect and the flow behav-

iour inside the ejector. 

 The CFD results of static pressure variation closely match 

the 1D on design ejector obtained results. 

 The entrainment ratio increases with the increase in pri-

mary pressure up to the on-design pressure. Beyond this 

value, the entrainment ratio starts to fall if the exit pressure 

increases. 
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