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Abstract.  
 
This study proposes a combined two-dimensional (2D) and three-dimensional (3D) CFD-
based optimization workflow with Latin Hypercube Sampling (LHS) for vacuum ejector 
nozzles operating in the supersonic flow regime. The reliability of the numerical framework 
is first established through detailed validation against experimental measurements under 
both open- and closed-suction operating conditions. The results demonstrate that the adopted 
CFD setup, boundary conditions, and the RNG 𝑘𝑘 -𝜀𝜀  turbulence model can accurately 
reproduce the measured ejector performance. The numerical simulations further provide 
detailed insights into the internal supersonic flow structures, including oblique shocks, shock 
reflections, and downstream shock trains. 
 
Building on this validated CFD framework, the combined 2D–3D optimization workflow is 
applied, in which a 2D axisymmetric model is coupled with LHS to perform large-scale 
parametric screening of ejector geometries with enhanced suction performance. The most 
promising configurations identified from the 2D–LHS optimization are subsequently 
reconstructed and verified using full 3D simulations. The close agreement in predicted 
performance improvement between the 2D optimization results and the corresponding 3D 
validation confirms the reliability of the proposed workflow. Owing to its reduced 
computational cost and validated predictive accuracy, the methodology provides a practical 
and efficient design tool for the development of energy-efficient vacuum ejectors and is well 
suited for industrial applications. 
 

Keywords. Vacuum ejector, Supersonic flow, CFD simulation, Turbulence modeling, RNG 
𝑘𝑘-𝜀𝜀 model, Axisymmetric model, Latin Hypercube Sampling (LHS), Optimization 
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1. INTRODUCTION 
Vacuum ejectors are widely used for generating negative pressure in industrial automation 
and material handling, particularly in systems for gripping, holding, and transporting 
components.  

To better understand and quantify the influence of ejector geometry on overall performance, 
Computational Fluid Dynamics (CFD) has been extensively applied. Several studies have 
reported that 3D CFD simulations can accurately reproduce the flow phenomena observed 
in Schlieren visualization experiments, confirming the capability of numerical models to 
capture shock-wave and pseudo-shock structures within ejector nozzles. Zhu and Jiang [1] 
demonstrated that experimentally observed shock trains can be accurately predicted by 3D 
simulations, while Chen et al. [2] confirmed close agreement between numerical 
reconstruction of the first shock wave and experimental data. Similar investigations on Laval 
nozzles showed that Large-Eddy Simulation (LES) achieves excellent consistency with 
Schlieren results, capturing multi-shock pseudo-shock systems and shock–boundary layer 
interactions [3]. 

Although 3D CFD simulations can provide highly accurate representations of ejector flow 
fields, their considerable computational expense makes them impractical for large-scale 
optimization studies and industrial applications. Consequently, an increasing number of 
publications have focused on two-dimensional (2D) CFD analyses as a more efficient 
alternative. Gagan et al. [4] and Schieder [5] demonstrated that 2D axisymmetric simulations 
can approximate 3D results with reasonable accuracy for most ejector configurations. More 
recently, Little et al. [6] compared 2D CFD predictions with Schlieren and shadowgraph 
visualization results for a large-scale air ejector and reported strong agreement between 
simulation and experimental observations under on-design operating conditions, confirming 
that 2D CFD can reliably capture key flow features and performance trends. These findings 
indicate that, while 3D modeling remains indispensable for resolving complex flow 
interactions, 2D CFD provides a validated and computationally efficient approach for ejector 
design and performance evaluation. 

CFD-based optimization studies have identified several geometric parameters that strongly 
influence ejector performance. Wang et al. [7] found that the divergent angle and throat 
length of the primary nozzle are critical to the entrainment ratio, while Ruangtrakoon et al. 
[8] showed that the throat diameter and area ratio affect both entrainment capability and 
back pressure. Dong et al. [9] highlighted an optimal range of mixing chamber length for 
peak performance, and Wang et al. [10] demonstrated that 2D CFD can effectively guide 
design optimization before 3D validation. Building on this, Yann et al. [11] optimized three 
key geometries—the constant-pressure mixing chamber length, throat diameter, and 
constant-area mixing chamber length—under varying nozzle configurations, showing that 
the coupling between these dimensions and nozzle geometry plays a decisive role in shock 
structure and energy efficiency. 

Building upon these previous efforts, the present study proposes an integrated methodology 
that combines 2D and 3D CFD simulations with Latin Hypercube Sampling (LHS) for 
efficient and accurate ejector optimization. The LHS method ensures uniform coverage of 
the parameter space with far fewer samples compared to conventional random sampling 
[12]. In this framework, the ejector geometry is parameterized so that each key geometric 
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parameter can be systematically varied within a predefined range. Using the LHS method, 
multiple combinations of these structural parameters are generated, resulting in a large set 
of sample ejector configurations that comprehensively cover the multidimensional design 
space. The 2D model, established through appropriate geometric simplification, is applied 
to simulate each sample configuration under identical boundary conditions, allowing rapid 
evaluation of suction performance. The most promising configurations obtained from the 
2D simulations are subsequently reconstructed as full 3D models under identical 
computational and boundary conditions, to quantify the performance improvement achieved 
through optimization. This combined CFD–LHS framework enables systematic and 
accelerated optimization of ejector geometry, providing both high computational efficiency 
and reliable performance enhancement. 

 

2. MEASUREMENT 
The vacuum ejector investigated in this study is the nozzle module of a compact industrial 
ejector supplied by a leading manufacturer of vacuum-handling technology. A custom-
designed adapter was used to mount the ejector on the experimental test bench while 
preserving the original inlet, suction, and outlet flow paths and ensuring airtight connections.  

Figure 2.1 Experimental setup for vacuum ejector performance measurement with 
corresponding schematic diagram. 

 
As shown in Figure 2.1, compressed air from the supply line passes through a filter–regulator 
unit and a pressure sensor before entering the motive nozzle as the primary flow. The inlet 
pressure 𝑝𝑝01 is measured upstream of the ejector, while the suction pressure 𝑝𝑝02 is recorded 
at the suction port using a vacuum sensor. The entrained air flow rate is monitored by a 
volume-flow sensor installed in the suction line. 

A ball valve positioned between the flow sensor and the atmosphere allows adjustment of 
the suction-port boundary condition. With the valve open, ambient air is entrained into the 
ejector and the suction pressure can be continuously varied to represent different loading 
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conditions (open case). When the valve is fully closed, the suction port is sealed and no air 
is entrained, corresponding to zero suction flow (closed case). This setup enables systematic 
characterization of ejector performance over a wide range of suction pressures and operating 
conditions. The experimental results are presented in Section 4 and compared with 
numerical simulations to evaluate the predictive accuracy of the CFD model. 

 

3. CFD MODELING 
Following the experimental measurements presented in the previous chapter, this section 
focuses on the numerical modeling of the ejector system. The modeling procedure begins 
with the governing conservation equations and the applied turbulence modeling approach, 
which together form the theoretical basis of the simulation framework. Subsequently, the 
3D computational model is introduced, followed by a grid-independence study to ensure 
solution accuracy. To enhance computational efficiency, a 2D axisymmetric model is then 
developed as a simplified representation of the ejector geometry. 

 

3.1. Fundamentals 

3.1.1. Governing equations 

The governing equations of the steady compressible flow inside the ejector are expressed in 
conservative form as follows. The mass conservation equation is given by 

 
𝜕𝜕(𝜌𝜌𝑢𝑢𝑖𝑖)
𝜕𝜕𝑥𝑥𝑖𝑖

= 0 , (3.1) 

where 𝜌𝜌 denotes the local fluid density, 𝑢𝑢𝑖𝑖 the velocity component in the 𝑥𝑥𝑖𝑖 direction. 

The momentum conservation equation is written as 

 
𝜕𝜕(𝜌𝜌𝜌𝜌𝑖𝑖𝑢𝑢𝑗𝑗)
𝜕𝜕𝑥𝑥𝑗𝑗

= 𝜌𝜌𝑓𝑓𝑖𝑖 −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖
+ 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
[𝜇𝜇 (𝜕𝜕𝑢𝑢𝑗𝑗𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗
) − 2

3 𝜇𝜇𝛿𝛿𝑖𝑖𝑖𝑖
𝜕𝜕𝑢𝑢𝑘𝑘
𝜕𝜕𝑥𝑥𝑘𝑘
]⏟                

𝜏𝜏𝑖𝑖𝑖𝑖

 , 
(3.2) 

where 𝑝𝑝 represents the static pressure, 𝑓𝑓𝑖𝑖 the body-force component per unit mass, and 𝜇𝜇 
the dynamic viscosity of the working fluid; subscripts 𝑖𝑖 , 𝑗𝑗  and 𝑙𝑙  denote Cartesian 
coordinates following the Einstein summation convention; 𝛿𝛿𝑖𝑖𝑖𝑖 is the Kronecker delta and 
𝜏𝜏𝑖𝑖𝑖𝑖 the viscous stress tensor. 

The energy conservation equation is expressed as 

 
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
[𝑢𝑢𝑖𝑖(𝜌𝜌𝜌𝜌 + 𝑝𝑝)] = −

𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖
(∑ ℎ𝑗𝑗𝐽𝐽𝑗𝑗𝑗𝑗 ) + 𝑆𝑆ℎ ,  (3.3) 

where 𝐸𝐸 denotes the total energy per unit mass, ℎ𝑗𝑗 the specific enthalpy of the 𝑗𝑗th species, 
𝐽𝐽𝑗𝑗,𝑖𝑖  the diffusive mass flux of species 𝑗𝑗 in the 𝑥𝑥𝑖𝑖  direction, and the 𝑆𝑆ℎ  the volumetric 
energy source term accounting for additional heat transfer or dissipation effects. 
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3.1.2. Turbulence model 

Accurate turbulence modeling is fundamental to the numerical prediction of high–Mach-
number flows, making the selection of an appropriate turbulence model a critical component 
of the computational setup. Several studies have examined the applicability of different 
turbulence models for ejector flow simulations. Bartosiewicz et al. [11] conducted a 
comparative assessment of six turbulence closures for supersonic ejectors and reported that 
the RNG 𝑘𝑘-𝜀𝜀 and SST 𝑘𝑘-𝜔𝜔 models yielded the best agreement with experimental pressure 
distributions. Zhu et al. [13] performed a geometry-optimization study involving three 
turbulence models and found that the RNG 𝑘𝑘 - 𝜀𝜀  formulation provided the closest 
correlation with the measured entrainment ratios. In a subsequent investigation, Zhu and 
Jiang [1] combined Schlieren visualization with three-dimensional CFD analysis and 
confirmed that the RNG 𝑘𝑘-𝜀𝜀 model reproduced the shock-wave wavelength and mixing 
characteristics more accurately than other models. Collectively, these studies demonstrate 
that the RNG 𝑘𝑘-𝜀𝜀 model delivers reliable and consistent performance in predicting the flow 
features of single-phase supersonic ejectors. Therefore, this turbulence model is adopted in 
the present work to describe the turbulent flow field within the vacuum ejector. 

For compressible turbulent flows, the instantaneous velocity field is decomposed into mean 
and fluctuating components using Favre (density-weighted) averaging. Accordingly, the 
velocity components are expressed as [14] 

 𝑢𝑢𝑖𝑖 = 𝑢̃𝑢𝑖𝑖 + 𝑢𝑢𝑖𝑖′′,  𝑢̃𝑢𝑖𝑖 =
𝜌𝜌𝑢𝑢𝑖̇𝑖̅̅ ̅̅ ̅
𝜌̅𝜌 ,  𝜌𝜌𝑢𝑢𝑖̇𝑖′′̅̅ ̅̅ ̅ = 0 , (3.4) 

where 𝑢̃𝑢𝑖𝑖 denotes the Favre-averaged velocity and 𝑢𝑢𝑖𝑖′′ represents the corresponding 
density-weighted fluctuation. 

Applying the Favre-averaging procedure to the compressible Navier–Stokes equations 
yields the Favre-averaged momentum equations, in which additional terms arise due to 
the turbulent velocity fluctuations. The resulting Favre-averaged momentum equation 
can be written as: 

 
𝜕𝜕(𝜌̅𝜌𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗)
𝜕𝜕𝑥𝑥𝑗𝑗

= 𝜌̅𝜌𝑓𝑓𝑖𝑖 −
𝜕𝜕𝑝̅𝑝
𝜕𝜕𝑥𝑥𝑖𝑖
+ 𝜕𝜕𝜏̅𝜏𝑖𝑖𝑖𝑖

𝜕𝜕𝑥𝑥𝑗𝑗
+ 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
(−𝜌̅𝜌𝑢𝑢𝑖̇𝑖′′𝑢𝑢𝑗̇𝑗′′̃ )⏟        

𝑅𝑅𝑖𝑖𝑖𝑖

  (3.5) 

In Eq. (3.5), the term −𝜌̅𝜌𝑢𝑢𝑖̇𝑖′′𝑢𝑢𝑗̇𝑗′′̃  represents the Reynolds stress tensor, which accounts for 
the momentum transport induced by turbulent fluctuations. Since this term introduces 
additional unknowns, the system of equations requires closure through an appropriate 
turbulence model. 

In the present study, the Boussinesq eddy-viscosity hypothesis is adopted to relate the 
Reynolds stresses to the mean strain-rate tensor. Under this assumption, the Reynolds stress 
tensor is defined as 

 𝑅𝑅𝑖𝑖𝑖𝑖 = −𝜌̅𝜌𝑢𝑢𝑖̇𝑖′′𝑢𝑢𝑗̇𝑗′′̃ = 𝜇𝜇𝑡𝑡 (
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗
+ 𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖
) − 2

3 𝜌̅𝜌𝑘𝑘𝛿𝛿𝑖𝑖𝑖𝑖 , (3.6) 

where 𝜇𝜇𝑡𝑡 is the turbulent viscosity and 𝑘𝑘 the turbulent kinetic energy.  
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Based on the Reynolds-stress closure in Eq. (3.6), the production of turbulent kinetic energy 
due to mean velocity gradients, 𝐺𝐺𝑘𝑘, is defined as the contraction of the Reynolds stresses 
with the mean velocity gradients and is written as 

 𝐺𝐺𝑘𝑘 = 𝑅𝑅𝑖𝑖𝑖𝑖
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

 . (3.6b) 

To complete the turbulence closure, transport equations for the turbulent kinetic energy 𝑘𝑘 
and its dissipation rate 𝜀𝜀 are introduced. In this work, the Renormalization Group (RNG) 
𝑘𝑘-𝜀𝜀 model is employed, as it has been shown to provide reliable predictions for high-speed 
compressible flows with strong shock–turbulence interactions. 

The steady Favre-averaged transport equation for the turbulent kinetic energy 𝑘𝑘, including 
compressibility effects, is given by 

 𝜕𝜕(𝜌̅𝜌𝑢𝑢𝑖𝑖𝑘𝑘)
𝜕𝜕𝑥𝑥𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

(𝜇̅𝜇 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

+ 𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

) + 𝐺𝐺𝑘𝑘 + 𝐺𝐺𝑏𝑏 − 𝜌̅𝜌𝜀𝜀 − 𝑌𝑌𝑀𝑀 + 𝑆𝑆𝑘𝑘 , (3.7) 

where 𝐺𝐺𝑘𝑘  denotes represents the production of turbulent kinetic energy due to mean 
velocity gradients, 𝐺𝐺𝑏𝑏  denotes the production due to buoyancy effects, and 𝑆𝑆𝑘𝑘  is an 
optional user-defined source term. The term 𝑌𝑌𝑀𝑀 = 2𝜌̅𝜌𝜖𝜖𝑀𝑀𝑡𝑡

2  accounts for the additional 
dilatational dissipation arising from compressibility, following the model proposed by 
Sarkar (1991). The turbulent Mach number is defined as 𝑀𝑀𝑡𝑡 = √2𝑘𝑘/𝑎𝑎, where 𝑎𝑎 is the local 
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is specific to the RNG formulation and represents a correction accounting for the interaction 
between turbulence dissipation and mean strain rate, which enhances the model’s 
performance in rapidly strained and high-shear flows. All empirical constants adopt their 
default values as implemented in ANSYS Fluent 2024R2. 
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Speed Numerics (HSN) scheme and the built-in Solution Steering strategy of the density-
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3.2. 3D modeling 

To ensure the accuracy of the numerical results, the 3D simulation model was developed 
based on the internal configuration of the vacuum ejector assembled with the adapter, as 
illustrated in Figure 3.1. The annular gap volume, originally present in the compact ejector 
design, was also reproduced in the model to accurately represent the real operating 
condition, in which suction occurs from a single direction toward the ejector. 

Figure 3.1 3D vacuum ejector model with annular gap volume 

The computational domain was discretized using a poly-hexcore mesh generated in Fluent 
Meshing, as illustrated in Figure 3.2. This hybrid configuration combines structured hex-
core regions with polyhedral transition zones, providing a good balance between mesh 
quality, numerical accuracy, and computational efficiency [16]. 

Figure 3.2 3D computational mesh of the vacuum ejector and detailed view 

 
Figure 3.3 Comparison of Mach number distributions along the ejector centerline for 

different mesh resolutions 
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A grid independence study with three mesh resolutions was conducted to assess the 
influence of mesh density on simulation accuracy (Figure 3.3). The coarse, medium, and 
fine meshes contained approximately 3.26, 9.81, and 15.03 million cells, respectively. While 
the coarse mesh fails to adequately resolve the shock structures along the ejector centerline, 
the medium and fine meshes yield nearly identical Mach number distributions. Therefore, 
the medium mesh was selected for all subsequent simulations as an optimal compromise 
between numerical accuracy and computational cost. 

 

3.3. Model reduction from 3D to 2D axisymmetric 

Although three-dimensional CFD simulations yield highly accurate predictions of the ejector 
flow field, each case requires approximately five hours to complete on the TU Dresden high-
performance computing (HPC) cluster (256 cores, Intel® Xeon® Platinum 8470). 
Consequently, such simulations are impractical for extensive parametric studies involving 
multiple geometric variations.  

Figure 3.4 Transition from the 3D model to the simplified 2D axisymmetric model 

To enhance computational efficiency, the model was progressively simplified, as illustrated 
in Figure 3.4. In the first step, the 3D ejector with the annular gap volume was reduced to a 
rotationally symmetric configuration, which preserves the main internal flow structures 
while omitting external domains. In the second step, this geometry was further simplified to 
a 2D axisymmetric model for parametric analysis. 

In this process, it is important to note that the 2D axisymmetric simulations in ANSYS 
Fluent are solved in cylindrical coordinates, where all flow variables are expressed as 
functions of the radial and axial directions. Although the azimuthal (swirl) velocity 
component is neglected, previous validation work [5] has demonstrated that 2D 
axisymmetric formulations can still accurately capture the essential supersonic jet 
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characteristics, including shock-wave structures and entrainment behavior. Therefore, 2D 
simulations provide a reliable and computationally efficient approach for modeling 
supersonic ejector flows, particularly during the preliminary optimization phase. 

 

3.4. Boundary condition and numerical setup 

To ensure that the numerical model accurately represents the experimental operating 
conditions, the boundary conditions and numerical settings of the three-dimensional (3D) 
CFD simulations are summarized in Table 1. Two operating modes were investigated: the 
open case, in which the inlet pressure was kept constant while the suction pressure was 
varied to represent different loading conditions, and the closed case, in which the suction 
port was sealed and defined as a wall boundary while the inlet pressure was varied. 

Table 1 Overview of boundary conditions and simulation parameters 

Boundary 
conditions 

 
Open case Closed case 

Type  Value  Type  Value  
Inlet Pressure 

inlet 
4.8 bar Pressure 

inlet 
2.3…6 bar 

Suction Pressure 
inlet 

-210…-810 mbar Wall  – 

Outlet Pressure 
outlet 

Atmosphere Pressure 
outlet 

Atmosphere 

Numerical 
setup 

Solver Density-based 
Formulation Implicit 
Turbulence 
model 

RNG 𝑘𝑘-𝜀𝜀 

Wall 
treatment 

Standard wall function 

Material Air 

 

4. RESULTS AND DISCUSSION 
The boundary conditions and numerical settings summarized in Table 1 were implemented 
to analyse the flow characteristics and performance of the vacuum ejector under both open- 
and closed-suction operating conditions. In this section, the predicted internal flow 
structures obtained from different CFD models are first compared, followed by a 
quantitative validation against experimental measurements. Based on these results, the 
applicability of simplified axisymmetric models is discussed. 
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4.1. Flow-field comparison of different CFD models 

Figure 4.1 compares the Mach-number contours obtained from the full 3D model, the 3D 
axisymmetric model, and the 2D axisymmetric model under identical boundary conditions. 
All three simulations predict the formation of the first oblique shock at nearly the same axial 
location, with comparable inclination and strength. This close agreement indicates that the 
generation of the initial shock is predominantly governed by the motive-nozzle geometry 
and can be robustly captured by both three-dimensional and axisymmetric formulations. 

Downstream of the first shock, noticeable differences emerge between the full 3D model 
and the two axisymmetric configurations. In the full 3D simulation, the suction flow enters 
the ejector through a geometrically asymmetric inlet connected to the annular gap volume, 
resulting in localized three-dimensional flow interactions that influence the subsequent 
development of the supersonic jet. In contrast, the axisymmetric models employ an idealized 
annular suction boundary, which leads to a more circumferentially uniform inflow and, 
consequently, a more symmetric Mach-number distribution within the ejector. 

 
Figure 4.1 Mach-number contours of the full 3D (top), 3D axisymmetric (middle), and 2D 

axisymmetric (bottom) CFD simulations 

When comparing the two axisymmetric simulations, the Mach-number distributions 
predicted by the 2D and 3D axisymmetric models are found to be qualitatively similar over 
most of the flow domain. Minor differences are mainly reflected in a smoother and less 
sharply defined shock train in the 2D solution, which can be attributed to the inherent 
limitations of the two-dimensional formulation, such as the inability to resolve three-
dimensional effects including azimuthal velocity components, asymmetric mixing, and 
localized shock–turbulence interactions. Nevertheless, the overall expansion–compression 
pattern, shock spacing, and decay of the supersonic core remain consistent between the two 
axisymmetric models. 

Mach number 
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4.2. Quantitative validation against experimental data 

The simulation results for both the open- (left) and closed-suction (right) cases within the 
operating range are presented in Figure 4.2. In this context, the vacuum level is defined as 
the pressure difference between the ambient atmospheric pressure and the absolute pressure 
measured near the suction port, i.e., Vacuum = 𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎. 
For the full 3D model, the predicted suction volumetric flow rates under open-suction 
conditions show excellent agreement with the experimental measurements. A similarly close 
correspondence is observed for the vacuum level under closed-suction conditions. This 
consistency across both operating modes demonstrates the validity of the applied boundary 
conditions, numerical setup, and turbulence modeling strategy, confirming that the adopted 
CFD framework can accurately reproduce the ejector performance. 

The simplified 3D axisymmetric and 2D axisymmetric models successfully capture the 
overall performance trends of the ejector but predict slightly higher suction volumetric flow 
rates under open-suction conditions. As discussed in Section 3.3 and illustrated in Figure 
3.4, this deviation arises from the geometric simplification of the suction region. In the 
axisymmetric configurations, the suction boundary is represented as an idealized annular 
surface, which effectively enlarges the area available for entrained air compared with the 
asymmetric suction inlet of the full 3D model. This enlarged entrainment area facilitates a 
greater inflow of secondary air and consequently leads to an overprediction of the suction 
flow rate in the open-suction case. 

 
Figure 4.2 Comparison of experimental and simulation results for the open (left) and 

closed (right) suction cases using different CFD models 

Under closed-suction conditions, however, the differences between the three models become 
negligible. Since the suction port is defined as a wall boundary and no external air is 
entrained, the internal flow field is no longer influenced by the suction boundary geometry. 
Instead, the ejector performance is primarily governed by the expansion, shock formation, 
and recompression processes of the motive jet. As a result, all three modeling approaches 
yield nearly identical predictions of the vacuum level. 
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4.3. Discussion and implications for model reduction 

Taken together, the qualitative flow-field comparison and the quantitative validation against 
experimental data demonstrate that the dominant supersonic flow features and overall 
ejector performance are consistently captured by the axisymmetric formulations. While the 
full 3D model provides the most detailed representation of the internal flow field, the close 
agreement between the 2D and 3D axisymmetric results indicates that, once axisymmetry is 
assumed, the additional dimensional reduction introduces only limited deviations in the 
predicted flow field. 

This finding supports the use of the 2D axisymmetric model for large-scale parametric 
simulations and preliminary geometry screening, where computational efficiency is 
essential and the primary interest lies in comparative performance trends rather than in 
detailed three-dimensional flow structures. 

 

5. EJECTOR OPTIMIZATION WITH LATIN HYPER CUBE SAMPLING 
In the present study, the optimization is conducted primarily under open-suction operating 
conditions, as this case directly reflects the ejector performance relevant to energy efficiency 
during practical operation. As stated in [17], the geometric parameters of a vacuum ejector 
strongly interact with one another, and it is therefore more meaningful to vary the key 
parameters simultaneously rather than individually. The vacuum ejector is parameterized as 
illustrated in Figure 5.1, and its geometry is defined by several characteristic dimensions 
that determine the internal flow passages. 

 
Figure 5.1 Parameterized geometry of the vacuum ejector 

Based on previous studies, the throat section of the motive nozzle plays a crucial role in 
compressing and accelerating the primary flow to Mach number M=1 [18][19]. Variations 
of the throat radius Rt significantly affect the mass flow rate of the induced secondary stream 
and, consequently, alter the overall operating range of the ejector. Furthermore, changing Rt 
would require substantial modifications to both the motive and receiving nozzle geometries, 
thus reducing the comparability between the optimized and reference geometries. For this 
reason, Rt was not considered as a design variable in the present optimization. This approach 
also reflects the practice in commercial compact ejector product lines, where different 
models are primarily distinguished by their inlet mass-flow capacities rather than by 
variations in the throat size. 

The definitions of the geometric parameters and their respective variation ranges are 
summarized in Table 2. 
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Using the LHS method, a total of 1500 sample geometries were generated based on the 
parameter ranges listed in Table 2. The sample size was selected to ensure sufficient 
coverage of the high-dimensional parameter space while maintaining a feasible 
computational cost [20]. 

Since the primary objective of the present study is the enhancement of energy efficiency, 
the optimization process was conducted with a clear emphasis on the open-suction operating 
condition, which accounts for approximately 80% of the overall performance weighting. 
The closed-suction case was incorporated as a secondary criterion (20%) to ensure that the 
optimized geometries still maintain an acceptable vacuum level. 

In the first selection stage, all geometries exhibiting a higher suction volumetric flow rate 
than the reference ejector under open-suction conditions were retained as candidate 
geometries. Because the throat radius 𝑅𝑅𝑡𝑡 was kept constant, the primary mass flow rate at 
a given operating point remained nearly identical across all simulations, allowing direct 
comparison of the normalized suction volumetric flow rate without additional correction. 

Table 2 Definition and variation ranges of the geometric parameters 
Parameter Description Variation range  
Rt Throat radius of the motive nozzle - 
Lt Length of the motive nozzle throat section -45% ... 750% 
Lmd Length of diverge section of motive nozzle -75% ... 150% 
θmd Angle of diverge section of motive nozzle -85% ... 235% 
θrc Angle of converged section of receiving 

nozzle 
-85% ... 165% 

Lrc Length of converged section of receiving 
nozzle 

-15% ... 470% 

Rrm Radius of mixing chamber -5% ... 25% 
Lrm Length of mixing chamber -35% ... 160% 
Lrd Length of diverge section of receiving nozzle -20% ... 380% 

 

In the second stage, the retained candidate geometries were further evaluated under closed-
suction conditions. A weighted performance metric combining the improvements in open- 
and closed-suction cases was then applied to rank the candidate geometries. Based on this 
weighted evaluation, two optimized ejector geometries, denoted as Opti1 and Opti2, were 
selected for detailed comparison. 

The simulated performance of the optimized ejector geometries under both open- and 
closed-suction conditions is presented in Figure 5.2. The relative improvements are 
evaluated with respect to their corresponding reference configurations: the 2D results are 
normalized by the baseline 2D axisymmetric model shown in Figure 4.2, while the 3D 
results are referenced to the baseline full 3D model simulations. This consistent 
benchmarking strategy ensures that the optimization outcomes are assessed within the same 
modeling framework and avoids cross-dimensional bias. 
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In the open-suction case, the 2D axisymmetric and full 3D models exhibit highly consistent 
improvement trends across the investigated operating range. Both optimized geometries 
show similar relative gains in suction volumetric flow rate, and the agreement between the 
2D-based predictions and their 3D validation results is particularly pronounced. This strong 
correspondence confirms that the adopted optimization strategy—screening candidate 
geometries using computationally efficient 2D simulations and subsequently validating the 
most promising designs with full 3D models—is both reliable and effective. Moreover, it 
demonstrates that two-dimensional simulations are capable of capturing the dominant 
performance trends relevant to energy-efficiency enhancement. 

Under closed-suction conditions, although the quantitative improvements predicted by the 
2D and 3D models differ slightly, the overall trends remain consistent. An important 
observation from the right-hand plot of Figure 5.2 is that enhanced suction performance 
under open-suction conditions is accompanied by a reduction in the achievable vacuum level 
under closed-suction operation. This behavior indicates an inherent trade-off between 
maximizing energy-efficient suction capacity and attaining high vacuum levels, suggesting 
that these two objectives cannot be simultaneously optimized within a single ejector 
geometry. 
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6. CONCLUSION 
This study has demonstrated the accuracy and practical feasibility of an integrated CFD-
based optimization methodology for vacuum ejector nozzles operating in the supersonic 
flow regime. By systematically combining experimental measurements with three-
dimensional and two-dimensional numerical simulations, the reliability of the adopted CFD 
setup was established across both open- and closed-suction operating conditions. In 
particular, the RNG 𝑘𝑘-𝜀𝜀 turbulence model was shown to accurately predict the suction 
volumetric flow rate in the open-suction case as well as the achievable vacuum level under 
closed-suction conditions, confirming its suitability for modeling supersonic ejector flows. 

A key outcome of this work is the validation of a computationally efficient optimization 
framework that integrates 2D axisymmetric simulations with Latin Hypercube Sampling 
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improvement trends across the investigated operating range. Both optimized geometries 
show similar relative gains in suction volumetric flow rate, and the agreement between the 
2D-based predictions and their 3D validation results is particularly pronounced. This strong 
correspondence confirms that the adopted optimization strategy—screening candidate 
geometries using computationally efficient 2D simulations and subsequently validating the 
most promising designs with full 3D models—is both reliable and effective. Moreover, it 
demonstrates that two-dimensional simulations are capable of capturing the dominant 
performance trends relevant to energy-efficiency enhancement. 

Under closed-suction conditions, although the quantitative improvements predicted by the 
2D and 3D models differ slightly, the overall trends remain consistent. An important 
observation from the right-hand plot of Figure 5.2 is that enhanced suction performance 
under open-suction conditions is accompanied by a reduction in the achievable vacuum level 
under closed-suction operation. This behavior indicates an inherent trade-off between 
maximizing energy-efficient suction capacity and attaining high vacuum levels, suggesting 
that these two objectives cannot be simultaneously optimized within a single ejector 
geometry. 
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6. CONCLUSION 
This study has demonstrated the accuracy and practical feasibility of an integrated CFD-
based optimization methodology for vacuum ejector nozzles operating in the supersonic 
flow regime. By systematically combining experimental measurements with three-
dimensional and two-dimensional numerical simulations, the reliability of the adopted CFD 
setup was established across both open- and closed-suction operating conditions. In 
particular, the RNG 𝑘𝑘-𝜀𝜀  turbulence model was shown to accurately predict the suction 
volumetric flow rate in the open-suction case as well as the achievable vacuum level under 
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(LHS) for large-scale parameter screening, followed by targeted full 3D model validation. 
The strong agreement observed between the optimization trends obtained from the 2D 
simulations and their corresponding 3D validation results demonstrates that the proposed 
workflow provides a reliable basis for identifying energy-efficient ejector geometries while 
significantly reducing computational cost. This confirms that simplified axisymmetric 
models, when properly validated, can be effectively employed in early-stage design and 
optimization of supersonic flow components. 

The optimization results further reveal an inherent trade-off between maximizing suction 
capacity and achieving high vacuum levels, indicating that these performance objectives 
cannot be simultaneously optimized within a single ejector configuration. Consequently, the 
design of high-performance vacuum ejectors requires a balanced consideration of energy 
efficiency and attainable vacuum level, depending on the intended application. 

Future work will extend the present methodology beyond numerical optimization by 
manufacturing and experimentally testing the optimized geometries to assess their real-
world performance. Moreover, the proposed CFD–LHS framework is inherently applicable 
to a broad class of fluid-dynamic optimization problems in which the geometry can be 
parameterized and globally optimal configurations are sought. This includes, but is not 
limited to, ejector designs and other complex flow devices, where robust global exploration 
of the design space is required under strongly nonlinear flow conditions. 
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