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Abstract. The geometrical parameters of the ejector significantly affect its performance in boosting 

the flow from low-pressure gas wells. Several studies have identified that primary nozzle exit 

position (NXP), primary nozzle exit diameter (Dp), and mixing tube diameter (Dmt) are among the 

most influential factors. In this study, computational fluid dynamics (CFD) simulation is used to 

investigate the effects of these parameters on the entrainment ratio and isentropic efficiency of the 

ejector, particularly by analyzing the velocity and pressure fields within the ejector. After model 

construction and validation against published data, we found that the optimal ejector geometry is 

NXP/Dt = 6.346, Dmt/Dt = 2.615, and Dp/Dt = 1.275. The maximum entrainment ratio and 

corresponding ejector efficiency at the optimum geometry are 76.3% and 29.6%, respectively. The 

optimum geometry is obtained when the double-choking flow forms within the mixing chamber, 

as indicated by the velocity and pressure profiles. These findings align with our previous study, 

further emphasizing the impact of flow profiles on ejector performance. Furthermore, a general 

cubic regression equation is developed for ejector optimization by combining geometrical and 

operational parameters. 
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INTRODUCTION 

 

Natural gas is one of the most widely 

used fossil fuels due to its relatively clean 

combustion and high energy efficiency 

(Mokhatab et al., 2019). Natural gas 

production often involves challenges related 

to variations in flow pressure and velocity 

among production wells. The challenges 

become more evident in mature and 

declining gas fields where low-pressure wells 

often struggle to produce sufficient gas flow 

due to reservoir depletion. Conventionally, 

surface gas compressors are installed to 

boost the gas pressure. However, this solution 

requires significant capital investment and 

high operational costs, particularly for power 

consumption and maintenance. A feasible 

alternative to traditional compression 

methods is the use of gas ejectors, which 

utilize the high-pressure gas from adjacent 

wells as motive fluid to enhance production 

from low-pressure wells (Ping & Brian, 2020). 

The performance of a gas ejector is 

influenced by various factors, including 

operating conditions, fluid properties, and 

the ejector’s geometric configuration. 

Previous studies have demonstrated that 
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geometrical parameters such as primary 

nozzle exit diameter (Dp), mixing tube 

diameter (Dmt), and primary nozzle exit 

position (NXP) significantly impact the 

ejector’s entrainment ratio (Amin et al., 2019; 

Falsafioon et al., 2019). Another study also 

highlights the importance of NXP and mixing 

tube length (Lmt) on the ejector entrainment 

ratio, with NXP showing an optimum value. In 

contrast, the mixing tube length reached a 

plateau profile after a certain value (Chen et 

al., 2013). However, for some geometric 

variations, their effect on ejector efficiency is 

not notable, and the effect of operating 

conditions is more significant. It is also 

confirmed that the ejector efficiency profile is 

closely related to the velocity profiles in the 

mixing chamber and mixing tube under 

different operating conditions. Double-

choking flow inside the mixing tube will 

improve the ejector efficiency (Kurniawan et 

al., 2023; Tang et al., 2020).  

This study aims to investigate the impact 

of a broader range of geometric parameters 

on the efficiency of a natural gas ejector-

booster using Computational Fluid Dynamics 

(CFD) simulations by developing a validated 

CFD model, analyzing geometric variations, 

and identifying optimal configurations that 

maximize ejector efficiency. Furthermore, the 

results are applied to ejector optimization by 

simultaneously considering both operational 

and geometrical aspects. 

Lastly, this research can aid with the 

design and optimization of a gas ejector, 

particularly for low-pressure upstream oil and 

gas industries. This study demonstrates how 

to optimize the gas ejector, including 

geometrical configuration, maximum 

entrainment ratio, and associated ejector 

efficiency. The findings of this study 

significantly advance the quickly expanding 

fields of using ejectors rather than costly 

compressors for low-pressure gas. 

 

METHODS 

The current research method was 

illustrated in Fig. 1. The detailed steps for CFD 

model construction and simulation were 

outlined in our previous work (Kurniawan et 

al., 2023). After the setup, the model was 

optimized through a grid sensitivity analysis 

and validated against experimental data 

published by Chong et al. (2009)  

 

 

Fig. 1: Ejector geometry evaluation flow chart 
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The ejector geometry was constructed 

as a 2D axisymmetric model, following the 

work of Setyono et al. (2022), as shown in Fig. 

2. The basic geometry specifications were 

presented in Table 1. 

 

Table 1. Specifications of ejector-booster 

geometry 

Parameter Value 

[mm] 

Parameter Value 

[mm] 

Dm-in 50 Dmix 29 

Dm-out 22 Ddisch 80 

Dth 13 Lp-c 150 

Lm 200 Lconv 130 

Lm-c 120 Lmix 100 

Lm-d 60 Ldiff 300 

Dconv 90   

 

The range of geometrical parameters in 

this study was adopted from Amin et al. 

(2019) to enable direct comparison with the 

reported simulation results. 

To evaluate the ejector performance, two 

dependent variables were determined, i.e., 

mass entrainment ratio (φ) and ejector 

efficiency (η), which were defined by 

Equations 1-2 (Liu, 2014). 

 

𝜑 =
𝑚̇𝑠

𝑚̇𝑚
          (1) 

 

𝜂 = 𝜑
(ℎ𝑠,𝑖𝑠𝑒𝑛

′ − ℎ𝑠)

(ℎ𝑚 − ℎ𝑚,𝑖𝑠𝑒𝑛
′ )

 (2) 

 

The enthalpy of methane gas for each 

corresponding condition was obtained from 

the pressure-enthalpy available in the 

thermo-dynamic handbook (Kidnay et al., 

2019). 

 

CFD Modeling and Simulation 

CFD was employed by solving the 

continuity, flow, and other constitutive 

equations, depending on the modeling 

scope. The flow equation in this study was the 

Navier-Stokes equation, which was treated by 

Reynolds averaging to account for 

turbulence. The equation is written in 

Equation (3). 

 

𝜕

𝜕𝑡
(𝜌𝒖𝒊) +

𝜕

𝜕𝑥𝑗
(𝜌𝒖𝒊𝒖𝒋) 

= −
𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝒖𝒊

𝜕𝑥𝑗
+

𝜕𝒖𝒋

𝜕𝑥𝑖
−

2

3
𝛿𝑖𝑗

𝜕𝒖𝑰

𝜕𝑥𝐼
)] 

     +
𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) (3) 

 

Fig. 2: Ejector geometrical parameters 
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where ρ was gas density [kg/m3], 𝒖𝒊 was 

velocity in the i direction [m/s], and μ was gas 

viscosity [kg/m s]. 

The last term on the right-hand side of 

the equation was called the Reynolds stress, 

which arises from turbulence fluctuations. To 

calculate the Reynolds stress, a Boussinesq 

hypothesis was applied by following Equation 

4. 

 

−𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  

= 𝜇𝑡 (
𝜕𝒖𝒊

𝜕𝑥𝑗

+
𝜕𝒖𝒋

𝜕𝑥𝑖

) −
2

3
(𝜌𝑘 + 𝜇𝑡

𝜕𝒖𝒌

𝜕𝑥𝑘

) 𝛿𝑖𝑗 

 

(4) 

 

where 𝑢𝑖
′𝑢𝑗

′ showed velocity fluctuation, μt 

was turbulent viscosity [kg/m s], and k was 

turbulence kinetic energy (m-2s-2) (ANSYS, 

2021). To calculate the turbulence viscosity, μt, 

several approaches could be used, each of 

which determines the turbulence model. 

Fig. 3 illustrates the simulation workflow 

for implementing the above calculation using 

Ansys Fluent R1 2025 (student license). The 

meshing was configured to achieve the ideal 

mesh quality. Fig. 4 displays the meshing 

configuration. To select the appropriate 

number of grid cells, a grid sensitivity study 

was performed by comparing simulation 

results for varying numbers of grid cells. As 

illustrated in Fig. 5, 86,298 grid cell numbers 

were selected as optimal to achieve the 

simulation accuracy while maintaining the 

computational load within the computer’s 

ability (Xu et al., 2019) 

In this study, natural gas was 

represented by CH4 (methane). The fluid 

model specifications are detailed in Table 2. 

The selection of the gas model is based on 

the work of Setyono et al. (2022). For thermal 

properties, both heat capacity and thermal 

conductivity were assumed constant due to 

the low system temperature, with the inlet 

stream temperatures set at 300 K. However, 

for viscosity, a pressure-dependent formula 

derived from literature data on methane was 

incorporated into the simulator. 

 

 

Fig. 3: CFD simulation workflow 
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Fig. 4: Geometry modelling and meshing 

 

 

Fig. 5: Grid sensitivity analysis 

 

 

Fig. 6: Model validation result (Modified 

after Chong et al., 2009) 

 

To accurately model the sonic 

(compressible) gas flow inside the ejector, a 

density-based solver was applied with the 

following settings: 

• Formulation: implicit;  

• Flux scheme: AUSM;  

• Solution steering flow type: transonic.  

 

Table 2. Material specifications 

Parameter Value 

Gas compound Methane (CH4) 

ρ Ideal gas model 

Cp 2222 J/kg.K 

K 0.0332 W/mK 

μ (pressure 

dependent) 

(5.586x10-13*P [Pa] + 

9.185x10-6) kg/m s 

MW 16.04303 kg/kmol 

 

The RNG k-ε turbulence model was 

employed in this study because previous 

work demonstrated agreement with 

experimental results, particularly for shock-

wave structure and mass flow rate in single-

phase ideal-gas flow. It also performed well 

at high strain rates, as was typical for gas 

ejectors. The model was implemented by 

adding two transport equations for k and ε 

(Xiao et al., 2022). Additionally, the 

compressibility effect was included, and the 

inlet and outlet pressures were specified as 

boundary conditions. 
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RESULTS AND DISCUSSION 

 

Model Validation 

The model validation is conducted by 

comparing the simulation result with the data 

published by Chong et al. (2009). Since they 

focused their work on operating conditions, 

the detailed ejector geometry is not revealed. 

Consequently, some discrepancies in our 

simulation results are probably due to 

geometrical differences. However, by 

selecting the closest geometry configuration 

and operating condition, we found that our 

simulation remains within the range of the 

experimental results. Fig. 6 presents the 

comparison of the entrainment ratio between 

the experimental and simulation results.  

 

The Effects of NXP/Dt on the Entrainment 

Ratio and Ejector Efficiency 

The effect of NXP/Dt on φ and η is 

presented in Fig. 7. From the plot, we observe 

that the φ and η decrease with increasing 

NXP/Dt, for Dmt/Dt 1.550–2.260. At higher Dmt, 

the φ and η increase with NXP/Dt, reaching 

an optimum value at NXP/Dt = 6.346. A 

similar trend is observed across all Dp/Dt 

ranges. Amin et al. (2019) reported the 

optimal NXP/Dt of 1.978. However, the trend 

is similar to what we observe, especially for 

NXP/Dt < 6. 

A similar optimum trend was also 

observed by Yan et al. (2023). Falsafioon et al. 

(2019) also observed a similar trend and 

reported an optimal NXP/Dt of 4.267 with an 

entrainment ratio of 55%. They also observed 

that further increasing the distance between 

the primary nozzle exit and the mixing tube 

further reduces the entrainment ratio. 

Fig. 8 depicts the velocity profile for 

different NXP/Dt. A sonic line separates the 

subsonic and supersonic flow regions. This 

result correlates with the entrainment ratio 

profile. The highest entrainment ratio is 

achieved when the sonic line extends furthest 

in the mixing tube, that is, at NXP/Dt = 6.346. 

Falsafioon et al. (2019) explained that the 

maximum entrainment ratio occurs when 

double-choking flow is established in the 

mixing chamber. The interaction between the 

sonic line and the mixing-tube wall forms a 

converging flow medium that accelerates the 

secondary flow to sonic speed (Amin et al., 

2019). When the primary nozzle exit is too 

close to the mixing tube, there is less area for 

secondary flow to mix with primary flow. 

However, if it is too far, the primary flow loses 

its energy as it enters the mixing tube, so the 

suction of the secondary flow decreases. Also, 

when the sonic line is not close enough to the 

mixing-tube wall, the secondary flow 

operates in sub-critical mode and is affected 

by the discharge pressure. If the flow in the 

mixing tube is already in the critical mode, the 

entrainment ratio increases along with the 

effective annular area between the sonic line 

and the mixing tube wall. Therefore, for 

optimum NXP, a balance between critical flow 

mode and effective area is necessary (Chen et 

al., 2013). 

 

The Effect of Dmt/Dt on the Entrainment 

Ratio and Ejector Efficiency  

The effect of Dmt/Dt toward φ and η is 

more notable than NXP and Dp as presented 

in Figure 9. Optimum mixing diameter is 

obtained at Dmt/Dt = 2.2 – 2.6. A similar trend 

was observed by Amin et al. (2019), who 

reported an optimum Dmt/Dt of 1.9178, 

beyond which the entrainment ratio 

decreased rapidly. Zhang et al. (2023) 

suggested that, for a smaller mixing tube 

diameter, the total pressure loss due to 

interaction between the sonic flow and the 

mixing-chamber wall is too severe. Therefore, 

the diamond shock wave could not 
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propagate further downstream in the mixing 

tube. The smaller mixing tube also means a 

smaller effective area for entrained flow. On 

the other hand, at Dmt larger than the 

optimum, the energy from the primary flow is 

insufficient to push the flow in the mixing 

chamber, and even recirculation is observed 

inside the mixing tube, thereby reducing the 

entrainment ratio.  

The explanations above are supported 

by the velocity profile for several Dmt as 

depicted in Figure 10. The maximum 

entrained ratio is obtained at Dmt/Dt = 2.615. 

The sonic line is located close to the mixing 

tube wall, and the secondary flow is 

accelerated from less than 0.3 Ma up to 0.9 

Ma. For Dmt/Dt = 2.970, the sonic line is 

shorter and does not interact with the tube 

wall; there, the acceleration is not observed. 

For Dmt/Dt less than 2.615, the sonic line is 

located at the mixing-tube wall, reducing the 

effective area for secondary flow entrainment 

and consequently lowering the entrainment 

ratio. 

 

The Effect of Dp/Dt on the Entrainment 

Ratio and Ejector Efficiency  

The effect of Dp/Dt toward φ and η is 

illustrated in Fig. 11. All conditions show the 

optimum Dp/Dt at 1.275. Amin et al. (2019) 

observed a similar trend of increasing φ with 

increasing Dp/Dt, with an optimum at 1.4069, 

and further increase in Dp/Dt did not 

significantly improve φ. Yan et al. (2023) 

reported a similar trend for nozzle exit 

diameter, using the angle of the divergent 

section of the primary nozzle as a variable. 

They suggested that the optimum condition 

occurs when the shock wave cluster number, 

shock chain length, and the shock intensity 

are maximized. They also pointed out that 

attenuation between adjacent shocks 

correlates with the overall intensity of the 

shock chain.  

 

 

Fig. 7: Effect of NXP/Dt toward entrainment ratio and ejector efficiency 
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Fig. 8: Velocity profile for NXP/Dt variation 

 

 

Fig. 9: Effect of Dmt/Dt toward entrainment ratio and ejector efficiency 
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Fig. 10: Velocity profile for Dmt/Dt variation 

 

As described in Fig. 12, at the optimum 

Dp/Dt of 1.275, the shockwave-cluster 

number reaches six, and the intensity of the 

shockwave is preserved, as indicated by the 

velocity scale of consecutive shockwaves. It is 

different for larger Dp/Dt (1.450). Although 

the first shock wave reaches 3 Ma, the 

subsequent shock wave decelerates to 

approximately 2 Ma, indicating a loss of 

primary flow energy. 

Fig. 13 displays the pressure profiles for 

Dp/Dt of 1.100, 1.275, and 1.450, along with 

the expansion state at the motive nozzle 

outlet. The fully expanded state occurs when 

the motive nozzle outlet pressure is similar to 

the suction pressure. In contrast, the over-

expanded state occurs when the motive 

nozzle outlet pressure is less than the suction 

pressure. (Li et al., 2021) obtained the 

maximum φ at the full-expanded state, when 

the ratio of Pd/Ps = 2.52. As the ratio 

decreased, i.e., at higher discharge pressure, 

the maximum φ is attained at the over-

expanded state. The Pd/Ps of the current work 

is 1.67, and from the pressure profile, the 

maximum φ occurs at an over-expanded 

state for Dp/Dt of 1.275. Therefore, the trend 

of φ in this work is related to the expansion 

state of the motive nozzle exit as explained by 

Li et al. (2021). 

 

Optimization of Gas Ejector-Booster 

By integrating the result from our 

previous study (Kurniawan et al., 2023) with 

the present work, an extended simulation 

result is obtained and correlated using a 

generalized cubic regression (Equation 5). 

The model incorporates three key 

geometrical parameters, i.e., NXP/Dt, Dmt/Dt, 

and Dp/Dt, along with the pressure ratio (N) 

as independent variables to estimate the 

isentropic ejector efficiency (η). The 
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corresponding regression coefficients are 

obtained in Table 3.  

 

𝑦(𝑥1, … , 𝑥𝑛) 

= 𝐵0 + ∑ 𝐵𝑖𝑥𝑖

𝑛

𝑖=1

+ ∑ 𝐵𝑖𝑖𝑥𝑖
2

𝑛

𝑖=1

+ ∑ 𝐵𝑖𝑗𝑥𝑖𝑥𝑗

𝑖<𝑗

 

+ ∑ 𝐵𝑖𝑖𝑖𝑥𝑖
3

𝑛

𝑖=1

+ ∑ 𝐵𝑖𝑖𝑗𝑥𝑖
2𝑥𝑗

𝑖≠𝑗

+ ∑ 𝐵𝑖𝑗𝑘𝑥𝑖𝑥𝑗𝑥𝑘

𝑖<𝑗<𝑘

 

 

(

5) 

The comparison between the simulation 

results and the polynomial regression is 

displayed in Fig. 14. A strong correlation is 

indicated, with R2 = 0.965. Therefore, within 

the investigated range of geometrical and 

operating conditions, this regression 

equation reliably captured the system 

behavior observed in CFD simulations.  

 

 

Fig. 11: Effect of Dp/Dt toward entrainment ratio and ejector efficiency 

 

Fig. 12: Velocity profile for Dp/Dt variation 
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Fig. 13: Pressure profile for Dp/Dt variation 

 

 

Table 3. Regression coefficients 

B0 2.809 B12  -0.003 B24 12.292 

B1 -0.729 B13  -0.010 B25 0.020 

B2 -4.174 B14  -0.082 B26 -0.422 

B3 1.713 B15  -0.005 B27 -13.014 

B4 0.213 B16  -0.314 B28 5.092 

B5 0.218 B17  0.575 B29 -0.219 

B6 0.155 B18  -108.572 B30 -0.943 

B7 -0.185 B19  -0.007 B31 -0.005 

B8 7.162 B20  -0.003 B32 -2.220 

B9 0.380 B21  -0.900 B33 0.044 

B10 -0.016 B22  0.004 B34 9.858 

B11 0.011 B23  -0.038   

 

Accordingly, the equation can be used as 

a predictive tool for ejector design under 

specified operating conditions, for the 

application of adjustable nozzles under 

variable operating conditions (Chen et al., 

2017), and for adjusting operating conditions 

for a fixed ejector geometry to achieve 

maximum ejector efficiency.   

 

 

Fig. 14: Comparison between η obtained by 

simulation and regression 

 

 

CONCLUSIONS 

 

A CFD simulation of a natural gas 

ejector-booster system with geometrical 

variations has been conducted.  A validated 

CFD model is constructed to investigate the 

effects of geometrical parameters, i.e., nozzle 

exit position, primary nozzle exit diameter, 
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and mixing tube diameter. The optimal 

ejector geometry is NXP/Dt = 6.346, Dmt/Dt = 

2.615, and Dp/Dt = 1.275. The maximum 

entrainment ratio and corresponding 

isentropic efficiency at the optimum 

geometry are 76.3% and 29.6%. The observed 

trend in the entrainment ratio with geometry 

variations is explained by the velocity and 

pressure profiles within the mixing chamber. 

It is concluded that geometrical 

configurations that promote double-choking 

flow in the mixing chamber result in higher 

entrainment ratios and ejector efficiencies. 

These findings are consistent with our 

previous research, which varied the operating 

conditions, and further highlight the 

relationship between velocity profiles and 

ejector performance. Finally, the generalized 

cubic regression model developed in this 

study accurately predicts ejector 

performance (R2=0.965) and can be 

effectively used as a practical tool for design 

and optimization of gas ejector–booster 

systems under varying geometrical and 

operating conditions. The CFD simulation 

enabled by this study will benefit the 

upstream gas company sector’s ejector 

design. 

 

NOMENCLATURE 

 

Pm  : motive pressure [psig]  

Ps  : suction pressure [psig]  

Pd  : discharge pressure [psig] 

T   : temperature [°C]   

Dt  : diameter of motive nozzle throat 

[mm] 

Dp  : diameter of motive nozzle exit [mm] 

Dmt  : diameter of mixing tube [mm] 

NXP  : distance of motive nozzle exit to 

mixing tube entrance [mm] 

φ   : entrainment ratio [%] 

η  : Ejector efficiency [%] 

N  : pressure ratio (
𝑃𝑑−𝑃𝑠

𝑃𝑚−𝑃𝑑
)  [%] 

𝑚̇𝑠  : mass flow rate of suction stream 

[kg/s] 

𝑚̇𝑚  : mass flow rate of motive stream 

[kg/s] 

ℎ𝑚  : specific enthalpy of motive stream 

[kJ/kg] 

ℎ𝑠 : specific enthalpy of motive stream 

[kJ/kg] 

ℎ′𝑚,𝑖𝑠𝑒𝑛 : specific enthalpy of isentropic 

expansion of motive stream to 

discharge pressure [kJ/kg] 

ℎ′𝑠,𝑖𝑠𝑒𝑛  : specific enthalpy of isentropic 

compression of suction stream to 

discharge pressure [kJ/kg] 

ρ  : gas density [kg/m3] 

Cp  : gas heat capacity [J/kg K] 

k  : gas thermal conductivity [W/m K] 

μ   : gas viscosity [kg/m s] 

MW  : gas molecular weight [kg/kmol] 
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