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Numerical optimization of ejector for enhanced hydrogen recirculation in 
proton exchange membrane fuel cells

Masoud Arabbeiki , Mohsen Mansourkiaei , Domenico Ferrero * , Massimo Santarelli
Department of Energy (DENERG), Politecnico di Torino, 10129, Turin, Italy

H I G H L I G H T S

• CFD and Box-Behnken design used for PEMFC ejector optimization.
• NSGA-II and desirability function improved ejector’s entrainment ratio.
• Choked flow maintained in ejector under both design and off-design conditions.
• Key geometric parameters significantly impact ejector performance.
• Optimized ejector geometry enhances PEMFC hydrogen recirculation by 20 %.
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A B S T R A C T

In proton exchange membrane fuel cell (PEMFC) systems, ejectors enable hydrogen recirculation without 
parasitic power consumption. However, their performance is highly sensitive to design parameters and operating 
conditions, often leading to inefficiencies under off-design conditions. This study develops a comprehensive 
numerical optimization framework integrating computational fluid dynamics (CFD), design of experiments 
(DoE), regression modeling, and multi-objective optimization to enhance ejector performance. A Box-Behnken 
design explores five key geometrical parameters, while a quadratic regression model establishes correlations 
between design variables and performance. Two optimization techniques, Non-dominated Sorting Genetic Al
gorithm (NSGA-II) and Desirability Function (DF), are applied to maximize the entrainment ratio while main
taining choked flow conditions with Mach number specifically considered at the nozzle throat. Results identify 
nozzle throat diameter (NTD) and nozzle exit position (NXP) as most critical parameters governing ejector 
performance. The optimized ejector achieves a 20 % entrainment ratio improvement and enhanced performance 
across design and off-design conditions. Additionally, optimization suppresses shockwave formation, improving 
flow stability and recirculation efficiency. This study introduces a novel simulation-based optimization approach 
for PEMFC ejectors, providing a systematic methodology to improve efficiency and adaptability. The findings 
advance hydrogen fuel cell technology by improving fuel utilization and operational flexibility, enhancing 
ejectors viability for real-world applications.

1. Introduction

In recent years, hydrogen energy and fuel cell technology have 
gained increasing recognition for addressing critical global problems 
related to energy storage, environmental pollution, and the demanding 
goal of attaining net zero emissions [1,2]. Hydrogen is highly attractive 
in terms of flexibility as an eco-friendly vector of energy as the world 
gradually moves towards newer and cleaner systems of energy conver
sion [3]. Fuel cells, especially proton exchange membrane fuel cells 

(PEMFC), have proved very efficient in converting hydrogen into elec
trical energy with only water as a by-product, therefore giving a clear 
opportunity to seriously reduce greenhouse gas emissions [4]. This 
advanced technology aligns with the growing demand for renewable 
energy sources and presents a carbon-neutral outlook for the future of 
cleaner transportation systems, electricity generation, and energy stor
age applications [5,6].

A crucial aspect of PEMFC operation is hydrogen recirculation, 
which ensures efficient fuel utilization and longevity of the fuel cell 
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stack [7]. Since hydrogen is an expensive fuel, excess hydrogen must be 
recycled and fed back into the fuel cell to increase its utilization and 
efficiency. Various hydrogen recirculation methods exist, including 
mechanical pumps, ejectors, and electrochemical pumps, each offering 
distinct advantages [8]. Amongst these, ejectors are significant due to 
their simple design, low cost, and zero energy consumption in operation 
[9]. These benefits have led to their application in fields such as 
seawater desalination, aerospace, refrigeration, automotive industries, 
and solid oxide fuel cells [10–13].

An ejector is a device designed to mix two fluid streams through two 
inlets leading to a single output [14]. Its operation involves promoting 
supersonic flow, using components such as nozzle, suction chamber, 
mixing chamber, and diffusion chamber. The performance of an ejector 
is influenced by parameters like chamber dimensions, fluid properties, 
and operating conditions. The entrainment ratio, defined as the ratio of 
the secondary fluid’s mass flow rate to the primary fluid’s mass flow 
rate, is a key performance metric [15].

While ejectors offer significant advantages, their performance is 
highly dependent on operating conditions. When designed with fixed 
geometric parameters, they achieve optimal performance only under 
specific conditions. Operating outside these conditions results in 
reduced efficiency, backflow of the secondary stream, and even local 
hydrogen starvation, which can negatively impact the fuel cell’s 
longevity. Various studies have attempted to optimize ejector perfor
mance through different approaches. For example, Zou et al. [16] tried 
to optimize the ejector used for heat pump system of an electric vehicle 
by means of genetic algorithm, ultimately observing improvements in 
overall performance of system under both heating and cooling condi
tions. Zhang et al. [17] proposed a multi-objective optimization method 
based on genetic algorithms in order to optimize the nozzle geometry of 
a steam ejector. The results represented an increase of around 27 % in 
entrainment ratio compared with the initial design. Shukla et al. [18] 
optimized some geometrical parameters of a refrigeration ejector such 
as nozzle throat diameter, mixing chamber, and diffuser length using 
neural network and genetic algorithm and they have found improve
ment in terms of entrainment ratio observing only a 3.67 % difference 
between the predicted and simulation results. Li et al. [19] focused on 
optimizing the geometric parameters of a carbon capture system’s 
condensation ejector. They individually adjusted the length and diam
eter of the mixing chamber, as well as the distance from the nozzle exit 
to the mixing chamber inlet. Their sensitivity analysis showed that the 
diameter of the mixing chamber had the most significant effect on the 
entrainment ratio.

The integration of ejectors into PEMFC systems has gained interest, 
but challenges remain in ensuring efficiency across varying operating 
conditions. To address these challenges, researchers have explored 
structural modifications, including parallel ejectors, multi-nozzle ejec
tors, bypass ejectors, and variable ejectors. However, these solutions 
increase system complexity and manufacturing costs. Instead, opti
mizing the geometric parameters of a single-nozzle ejector which can 
cover a wider operational range, remains a key focus. To this end, Bai 
et al. [20] optimized key geometric parameters of the ejector, such as 
mixing chamber length, diffuser length, nozzle exit position, and 
diffuser outlet diameter, using a hybrid artificial fish swarm algorithm. 
Their optimized ejector achieved a higher entrainment ratio in wider 
operational range, compared to the design optimized by Maghsoodi 
et al. [21]. Similarly, Shen et al. [22] conducted orthogonal experiments 
combined with single-factor analysis to investigate the effects of critical 
parameters, including nozzle throat diameter, nozzle exit position, 
nozzle opening angle, and mixing chamber diameter, on the perfor
mance of the ejector in the PEMFC anodic recirculation system.

While some researchers have proposed modifying the ejector struc
ture with new geometric configurations, such as parallel ejectors, multi- 
nozzle ejectors, bypass ejectors, variable ejectors, and combining 
blowers with ejectors in parallel, to extend the operational range 
[23–28], others argue that such approaches increase system complexity 

and raise manufacturing and control costs [29]. As a result, developing 
an optimal single-nozzle ejector capable of operating over an expanded 
range remains a key focus. In pursuit of this, Ma et al. [30] conducted a 
2D computational fluid dynamics (CFD) analysis along with sensitivity 
analysis on various ejector geometries to evaluate the impact of pa
rameters such as nozzle throat diameter, nozzle exit position, mixing 
chamber and secondary inlet diameters. Their results demonstrated that 
optimizing these parameters for a single-nozzle ejector can significantly 
extend the operational range. Additionally, Hou et al. [31] implemented 
a multi-objective optimization by weighting the entrainment ratio for 
both low and high operational conditions. They also performed experi
mental tests to validate their findings, which proved effective in 
enhancing the entrainment ratio and covering a broader range of PEMFC 
operating conditions.

The Box-Behnken Design (BBD) is an efficient response surface 
methodology used to develop quadratic models while minimizing 
computational and experimental costs. By strategically selecting mid
points and avoiding extreme points, BBD effectively captures both linear 
and interaction effects, making it well-suited for optimizing ejector 
performance [32]. In this study, a linear regression analysis was per
formed using a dataset of 46 geometric configurations of the ejector, 
generated through a Design of Experiments (DoE) approach based on 
BBD, and simulated using a 3D CFD model. The focus was on optimizing 
five key geometrical parameters namely Nozzle throat diameter (NTD), 
Nozzle exit position (NXP), Mixing chamber length (MCL), Diffuser 
length (DL), and Diffuser divergent angle (DDA), with Mach number 
(Ma) and entrainment ratio (ω) as the response variables. The BBD 
design was chosen due to its ability to efficiently construct quadratic 
polynomial models, enabling analysis of both individual and interaction 
effects among the ejector’s geometric parameters. This approach helped 
identify significant parameter interactions influencing ejector perfor
mance. Additionally, statistical graphical tools, such as main effect plots 
and Pareto charts, were used to illustrate the impact of each parameter. 
Two multi-objective optimization algorithms, the Non-dominated Sort
ing Genetic Algorithm (NSGA-II) and Desirability Function (DF), were 
applied to optimize the ejector’s geometry, aiming to maximize the 
entrainment ratio while maintaining choked flow conditions across both 
design and off-design operations.

2. Materials and methods

The framework implemented in this study is illustrated in Fig. 1. This 
research established the CFD modeling of an ejector suitable for a 100 
kW PEMFC stack, a typical size for automotive applications. The model 
considers several geometrical parameters, including nozzle throat 
diameter, nozzle exit position, mixing chamber length, diffuser length, 
and diffuser divergent angle, to prepare a dataset according to the DoE 
method i.e. Box-Behnken design. Furthermore, the designed geometric 
configurations were numerically simulated using the model to obtain 
the magnitudes of the entrainment ratio and Mach number as the two 
main performance indicators for the ejector. The results were then 
analyzed using statistical approaches to determine how the ejector’s 
geometric parameters affect its performance. Subsequently, the DF and 
NSGA-II optimization algorithms were applied to optimize the ejector 
geometry to increase the entrainment ratio while keeping the ejector in 
the choked region. Finally, the values of the ω and Ma for the optimum 
ejector geometry, as predicted by the aforementioned optimization al
gorithms, were evaluated using numerical modeling.

2.1. Ejector principle and design

Fig. 2(a) illustrates an ejector-based hydrogen recirculation system, 
which includes a hydrogen cylinder, pressure regulator valve, ejector, 
proton exchange membrane fuel cell (PEMFC), gas-water separator, and 
purge valve. The ejector recirculates unutilized hydrogen from the 
anode outlet of the PEMFC system through the secondary inlet. The 
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performance of the ejector is influenced by the PEMFC operating con
ditions, particularly variations in hydrogen supply pressure. While the 
ejector operates efficiently at lower power outputs, its effectiveness may 
decline at higher power outputs due to increased energy losses associ
ated with elevated hydrogen supply pressure.

Fig. 2(b) provides a detailed schematic of the ejector, highlighting its 
key geometrical parameters such as NTD, NXP, MCL, DL, and DDA. These 
parameters play a crucial role in the ejector’s performance and are 
fundamental to its design. The ω is commonly used to evaluate the 
ejector’s performance in the PEMFC system, expressed as: 

ω=
ṁs

ṁp
(1) 

where ṁs denotes the mass flow rate of the secondary gas coming from 
the anode outlet, and ṁp is the mass flow rate of the primary gas entering 

the primary nozzle of the ejector.
The NTD is one of the most critical dimensions in ejector design [33], 

as it directly influences the hydrogen flow rate and entrainment per
formance. It is determined based on the maximum fuel consumption rate 
and the maximum pressure of the primary flow, assuming critical flow 
conditions and ideal gas behavior. The NTD is calculated as follows [34]: 

ṅp,in ×Mw,p =C× π
(

Dnt

2

)2

×Pp,in ×105

×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γ ×
Mw,p

R ×
(
Tp,in + 273.15

)×

(
2

γ + 1

)γ+1
γ− 1

√
√
√
√ (2) 

where the fuel consumption rate depends on the stack current and 
number of cells of stack as below: 

Fig. 1. A schematic representation of the method employed in this work, which is a combination of CFD, design of experiments (DoE), regression analysis, and multi- 
objective optimization.

Fig. 2. Representation of: (a) schematic diagram of an ejector-based hydrogen supply system for a PEM fuel cell, and (b) schematic diagram of initial ejector ge
ometry together with its various sections and dimensions.
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ṅp,in =
Ncell × I
2 × F

(3) 

All the parameters used in equations (2) and (3) are listed in Table 1
and the rest of geometries shown in Fig. 2(b) are considered based on the 
experimental study conducted by Xue et al. [24] who designed ejectors 
for a wide range of PEMFC stack sizes up to 100 kW, ensuring 
compatibility with our system. This selection ensures that the ejector 
operates efficiently under various hydrogen flow conditions and pre
vents backflow or choking.

2.2. Numerical modeling

2.2.1. Governing equations
To conduct the numerical simulations, several assumptions were 

made. Firstly, the fluid inside the ejector is considered to be pure 
hydrogen and compressible under steady-state conditions. Moreover, 
the fluid is assumed to behave as an ideal gas, with the effects of gravity 
being ignored. Since the simulation is performed under steady-state 
conditions, only boundary conditions are required, and no initial con
ditions are needed. Furthermore, the inner wall of the ejector is regarded 
as adiabatic, and phase changes are neglected, as they have been shown 
to have a negligible effect on the overall performance of the ejector [35]. 
Based on these assumptions, the governing equations utilized for nu
merical simulations are as follows:

The mass continuity equation: 

∇.(ρv⇀)=0 (4) 

The momentum equations: 

∇.

(

ρv⇀i v
⇀

j

)

= − ∇P+∇.τ + ρg⇀ (5) 

τ = μ
[(

∇v⇀+∇v⇀
T)

−
2
3
∇.v⇀I

]

(6) 

The energy conservation equation: 

∇.[v⇀(ρE+P)] =∇.

(

keff∇T −
∑

hj J
⇀

j + v⇀τ
)

(7) 

The species transport equation: 

∇.

(

ρv⇀iYq

)

= − ∇.J
⇀

q (8) 

Since the flow is compressible, density (ρ) varies with pressure and 
temperature, which is calculated using equation of state as below: 

P= ρRT (9) 

where in governing equations (equations (4)–(8)), i and j are the vectors’ 
directions. ρ represents the fluid density, and vi and vj denote the ve
locity components. The term P refers to the pressure, while T is tem
perature, and R is the specific gas constant. The stress tensor is denoted 
by τ, and g represents the gravitational acceleration. The internal energy 

per unit mass is given by E, and hj corresponds to the enthalpy. The 
species diffusion flux is represented by Jq, and keff denotes the effective 
thermal conductivity, which governs heat transport within the fluid.

Based on our previous literature review [36], the RNG k-ε is the most 
utilized turbulence model among others to study the fluid flow inside the 
ejectors used in PEMFC systems. Therefore, this model has been selected 
in order to assess the fluid turbulence in ejector using the following 
equations: 

∂
∂xj

(ρkvi)+ ρε+YM =
∂

∂xj

(

αkμeff
∂k
∂xj

)

+Gk +Gb + Sk (10) 

∂
∂xj

(ρεvi)+C2ερ
ε2

k
+Rε =

∂
∂xj

(

αεμeff
∂ε
∂xj

)

+C1ερ
ε
k
(Gk +C3εGb) + Sε

(11) 

with 

μeff = μ + μt (12) 

μt = ρCμ
k2

ε (13) 

Gk = μt

(
∂vi

∂xj

∂vj

∂xi

)

(14) 

Gb = βgi
μt

Prt

∂T
∂xi

(15) 

YM =CMρ k
a2 (16) 

where in the turbulence model, the turbulent kinetic energy is denoted 
by k, while ε represents the turbulent dissipation rate, μeff is the effective 
viscosity, μt is the turbulent viscosity and, Cμ is the model constant. The 
terms Gk and Gb correspond to the production of turbulence due to mean 
velocity gradients and buoyancy, respectively. The compressibility ef
fect is accounted for by YM, whereas Sk and Sε represent source terms. 
The inverse turbulent Prandtl numbers for k and ε are given by αk and αε, 
respectively. The empirical constants C1ε, C2ε, and C3ε influence the 
turbulence dissipation equation. Additionally, Rε is an extra term that 
accounts for high-strain-rate effects, improving the accuracy of the 
turbulence model. T is the temperature, β is the thermal expansion co
efficient, gi is the gravitational acceleration, and Prt is the turbulent 
Prandtl number. Moreover, CM is the model constant, and a is the speed 
of sound.

2.2.2. Boundary conditions
In this research, the ejector is tailored for a 100 kW PEMFC, with the 

ability to provide a maximum power of 101 kW and a minimum power 
of 8.5 kW based on study by Han et al. [27]. Therefore, the fuel cell 
stack’s operating conditions are detailed in Table 2. The boundary 
conditions for the numerical simulation are established according to 
these operating conditions, as shown in Table 3. It is noteworthy to 

Table 1 
Parameters used in equations (2) and (3) to obtain nozzle throat diameter.

Parameter Explanation Value Unit

ṅp,in Max hydrogen consumption 0.7979 mol/s
Pp,in Max primary inlet pressure 6 Bara
F Faraday constant 96,485 C/mol
R Universal gas constant 8.3145 J/(K mol)
Tp, in Primary inlet temperature 20 ◦C
Mw,p Molar weight 2.016 × 10− 3 kg/mol
γ Isentropic expansion factor 1.4 –
C Nozzle discharge coefficient 0.97 –
I Current 240 A
Ncell Number of cells 370 –

Table 2 
The operating conditions of the ejector for a 100 kW PEMFC [27].

Pstack [kW] Vcell [V] ṁp [kg/s] Panode [kPa] Tanode [K] ΔPanode [kPa]

8 0.82 0.00011 133.3 331.2 3.1
17 0.80 0.00021 142.8 333.2 4.3
24 0.78 0.00032 152.2 335.2 5.4
31 0.76 0.00043 161.6 337.2 6.6
39 0.75 0.00054 171.1 339.2 7.7
53 0.73 0.00075 189.9 342.2 9.8
66 0.71 0.00097 208.7 346.2 11.2
78 0.69 0.00118 227.6 349.2 12.5
90 0.67 0.00140 246.5 350.2 13.8
101 0.65 0.00161 265.3 351.2 15.1
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mention that in experimental studies, mass flow rate and pressure at the 
primary inlet are more commonly measured than velocity due to the 
feasibility of direct measurement. Therefore, specifying mass flow rate 
as a boundary condition aligns with real-world data availability. Addi
tionally, the secondary inlet is defined using anode outlet pressure, 
which is typically measured in PEMFC systems.

2.2.3. Numerical solution
The simulations in this study were conducted in 3D using COMSOL 

Multiphysics 6.2, which employs the finite element method to discretize 
the model. The momentum, energy, and mass transport within the 
ejector were obtained using the MUMPS (MUltifrontal Massively Par
allel sparse direct Solver) as the solver, whereas, the GMRES (General
ized Minimum RESidual) method was employed to solve the energy 
conservation equation. For each variable, a minimum convergence cri
terion of 10− 6 was assumed.

2.2.4. Grid generation and grid independency
In this study, the built-in meshing tool of COMSOL Multiphysics 6.2 

was used to mesh the ejector model with tetrahedral elements. The mesh 
size was further refined in critical regions using the adaptive mesh 
refinement method (Fig. 3(a)).

Moreover, to ensure the model’s independence from the number of 
cells and to find the most appropriate grid size that balances computa
tional cost and accuracy, Mach number and entrainment ratio were used 
as criteria to assess the stability of results tracking if there are any 
changes in their values with an increasing number of cells. The grid 
independence study indicated that refining beyond 391,336 cells 
resulted in less than a 1 % deviation in the normalized Mach number and 
entrainment ratio, as shown in Fig. 3(b); therefore, this grid size was 
used for further simulations.

2.3. Design of experiments (DoE) & regression analysis

The Box-Behnken Design (BBD) was used to obtain a set of ejector’s 
configurations for five independent variables at three levels. The BBD 

was selected for this study due to its ability to efficiently explore the 
relationships between multiple variables while minimizing the number 
of combinations of variables required. Unlike full factorial designs, BBD 
reduces the number of high-cost simulations by avoiding combinations 
where all factors are at their extreme levels, yet it still provides 
comprehensive information about both the interactions and quadratic 
effects of the independent variables [37]. This makes BBD particularly 
well-suited for optimizing complex geometries like those of ejectors, as it 
balances design complexity with computational resource efficiency. The 
BBD uses the following formula in order to calculate the number of 
combinations [38]: 

N= 2k(k − 1) + C0 (17) 

where k is number of independent variables and C0 is the number of 
central points.

In this study, based on the design limitations, the design space has 
been determined (Table 4); Then, due to the fact that there are five in
dependent variables and six central points, a numerical layout consisting 
of 46 combinations of parameters was generated as shown in Table 5.

After the completion of numerical simulations for all the combina
tions shown in Table 5, a regression model has been fitted to the dataset. 
The general form of a second-order polynomial regression model is as 
follows [39]: 

Y = β0 +
∑k

i=1
βiXi +

∑k

i=1
βiiX2

i +
∑k

i=1

∑k

i∕=j=1
βijXiXj + e (18) 

where Y denotes the response function i.e., ω and Ma in this study, Xi and 
Xj are the independent variables, β0 is the constant coefficient, βi, βii, and 
βij are the coefficients of linear, quadratic, and interaction terms, 
respectively, k is the number of independent variables which is equal to 
5 in this study and e is the error.

Table 3 
The boundary conditions used for CFD simulations.

Boundary Setting Value

Primary inlet Mass flow rate ṁp in Table 2 @ 298.2 K
Secondary inlet Pressure Ps=Panode-ΔPanode in Table 2
Outlet Pressure Panode in Table 2
Wall No-slip and adiabatic 0 W/m2

Fig. 3. Representation of (a) computational domain and grid structure of the ejector, and (b) grid independence study considering the magnitudes of both Ma and ω

Table 4 
Design space including the studied independent variables and their levels.

Independent variables Symbol Level I Level II Level III

Nozzle throat diameter [mm] NTD 1.5 2 2.5
Nozzle exit position [mm] NXP 0 2 4
Mixing chamber length [mm] MCL 5 8 11
Diffuser length [mm] DL 50 70 90
Diffuser divergent angle [◦] DDA 1 3 5
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2.4. Multi-objective optimization

The optimization process, based on the fitted regression model, was 
performed using two different optimization methods: the non- 
dominated sorting genetic algorithm (NSGA-II) and the desirability 
function (DF) approach. These methods were applied to compare their 
effectiveness in optimizing ejector performance. Using two different 
methods allowed for cross-validation of the results, ensuring the reli
ability and robustness of the optimal solutions. The objective functions 
in both methods were identical, formulated as follows: 

max
X

[ω(X), − |Mamax(X) − 1|] (19) 

with constraint of: 

Xmin
i ≤Xi ≤ Xmax

i , i = 1, 2,…,5 (20) 

where ω(X) is the entrainment ratio, modeled as a function of design 
variables, Mamax(X) is maximum Mach number, which is optimized to 
remain close to 1 by minimizing its absolute deviation, Xi represents the 
five design variables namely NTD, NXP, MCL, DL, and DDA, and Xmin

i and 
Xmax

i define the lower and upper levels, respectively, as reported in 
Table 4.

NSGA-II is an efficient multi-objective optimization algorithm that 
enhances the traditional genetic algorithm framework by incorporating 
non-dominated sorting and crowding distance mechanisms to maintain 
diversity among solutions [40]. It ranks the population on distinct fronts 
based on Pareto dominance, where a solution x dominates another so
lution y if it is at least as good in all objectives and strictly better in at 
least one. To preserve diversity, NSGA-II calculates the crowding dis
tance di for each solution using the equation below [39]: 

di =
∑M

j=1

(
f i+1
j − f i− 1

j

fmax
j − fmin

j

)

(21) 

where f i+1
j and f i− 1

j are the neighboring objective values. The selection 
mechanism utilizes a crowded comparison operator based on rank and 
crowding distance to prioritize solutions. Crossover and mutation op
erators are employed to generate offspring, and elitism is used to 
combine parent and offspring populations, ensuring that the best solu
tions are retained for future generations.

The DF method is a statistical approach that converts multiple re

sponses into a single composite score to aid decision-making. Each 
response is assigned a desirability value di between 0 (undesirable) and 1 
(most desirable) based on its proximity to target values. The overall 
desirability is calculated by combining these individual scores, using the 
following equation [41]: 

D=(d1(Y1)d2(Y2)…dζ(Yζ))
1/ζ (22) 

where, ζ represents the number of responses.

3. Results and discussion

3.1. Experimental validation

In this study, the CFD model is validated using results from two 
experimental studies. The first study conducted by Hou et al. [31] is used 
to validated the entrainment ratio as the global performance criteria, 
while the second study carried out by Sriveerakul et al. [42] is employed 
in order to validate the wall pressure as the local performance of ejector 
with an uncertainty of ±0.25 %. The experimental ejector models in 
these studies feature a single-nozzle configuration with an identical 
primary nozzle configuration, which is comparable to the geometry used 
in our numerical simulations. Moreover, the relative error (Err) is 
defined in order to compare the results of CFD analysis to those of ex
periments based on the following equation: 

Err=
⃒
⃒
⃒
⃒
XCFD − XEXP

XEXP

⃒
⃒
⃒
⃒ (23) 

where XCFD and XEXP stand for CFD numerical, and experimental-based 
magnitudes of global performance parameters, respectively.

Table 5 
Geometric configurations layout provided by BBD, in which 46 CFD simulations were assigned, considering three levels for each independent variable.

Config. No. NTD (mm) NXP (mm) MCL (mm) DL (mm) DDA (◦) Exp. No. NTD (mm) NXP (mm) MCL (mm) DL (mm) DDA (◦)

1 2 0 8 70 3 24 2 0 11 70 1
2 2 0 11 90 3 25 2 2 8 70 5
3 2 4 8 70 1 26 2 0 5 70 5
4 2 4 8 70 5 27 2 0 8 50 5
5 1.5 0 5 70 3 28 2 0 8 70 3
6 2 0 5 50 3 29 2 0 8 70 3
7 2 4 8 90 3 30 1.5 2 8 70 3
8 1.5 0 11 70 3 31 2.5 0 11 70 3
9 2 4 5 70 3 32 2.5 0 8 70 1
10 1.5 4 8 70 3 33 2 2 8 70 1
11 2.5 4 8 70 3 34 2 2 8 50 3
12 2.5 0 8 70 5 35 2.5 0 8 50 3
13 2 2 8 90 3 36 2 0 11 50 3
14 2.5 2 8 70 3 37 2 0 8 50 1
15 2 2 11 70 3 38 1.5 0 8 70 5
16 2 2 5 70 3 39 2 4 11 70 3
17 2 0 8 70 3 40 2 0 8 70 3
18 2 0 5 70 1 41 1.5 0 8 50 3
19 2 0 8 90 1 42 2 0 11 70 5
20 2 0 8 70 3 43 1.5 0 8 70 1
21 2.5 0 8 90 3 44 2.5 0 5 70 3
22 2 0 5 90 3 45 1.5 0 8 90 3
23 2 0 8 90 5 46 2 4 8 50 3

Table 6 
Comparing the results of numerical simulations and experimental tests [31].

ṁp [kg/s] Panode [kPa] Ps [kPa] ωCFD [− ] ωEXP [− ] Err [%]

0.000149 130.00 128.45 1.20 1.14 5.26
0.000297 140.00 135.23 1.53 1.49 2.68
0.000446 150.00 140.97 1.71 1.67 2.39
0.000595 160.00 148.06 1.62 1.54 5.19
0.000744 180.00 164.35 1.41 1.59 11.32
0.000892 190.00 171.34 1.65 1.51 9.27
0.001041 210.00 188.80 1.40 1.47 4.76
0.001339 230.00 201.80 1.41 1.40 0.71
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Table 6 compares the numerical and experimental global perfor
mance of the ejector. The maximum relative error in the entrainment 
ratio between the two approaches is 11.32 %, while the average devi
ation across all test cases is 5.2 %. These discrepancies could be attrib
uted to manufacturing imperfections in the ejector and measurement 
inaccuracies, as noted by Hou et al. [31]. Additionally, numerical errors 
may arise due to assumptions in turbulence modeling, boundary con
ditions, and mesh resolution. While further refinement, such as adjust
ing the turbulence model or improving mesh quality, could potentially 
reduce this error, the overall agreement between the CFD and experi
mental results is strong.

Furthermore, Fig. 4 illustrates that the wall pressure distribution 
predicted by the CFD model aligns closely with the experimental data. 
The average relative error in wall static pressure across all measurement 
points is 6.5 %. The pressure distribution follows the expected trend 
within the ejector: a low-pressure region is observed after the primary 
nozzle due to the expansion of the high-velocity jet, followed by pressure 
fluctuations in the mixing section caused by turbulent interactions be
tween the primary and secondary flows. As the flow progresses into the 
diffuser, the pressure gradually increases due to subsonic diffusion, 
enabling efficient pressure recovery. It is important to note that the 
boundary conditions used for this validation were chosen based on the 
experimental study to ensure consistency and enhance the reliability of 
the comparison. Overall, these results confirm that the CFD model 
effectively predicts the performance of the ejector.

3.2. Results of simulations on BBD matrix

CFD simulations are conducted based on the 46 geometric configu
rations created by Box-Behnken design (BBD). Subsequently, the mag
nitudes of responses (i.e., entrainment ratio and Ma number) were 
evaluated for each configuration and can be found in Table 7.

3.3. Statistical analysis

The regression equations incorporated all linear, quadratic, and 
interaction terms. To evaluate the model’s fit, key assumptions were 
examined, including case independence, normal distribution, and 
consistent variance across predictions (homoscedasticity) [43]. The 
backward elimination method was employed to discard insignificant 

terms. Nevertheless, due to the hierarchical nature of the model, certain 
lower-order terms, even if not statistically significant, were retained. In 
addition, the significance of the terms in the fitted model was confirmed 
based on their probability at a 95 % confidence level. Moreover, a 
10-fold cross-validation was performed to assess the model’s robustness 
and generalizability, ensuring reliable performance across different data 
subsets. Statistical analyses were conducted using Minitab® Statistical 
Software (version 21, Minitab, LLC, State College, PA, USA).

The 2nd order polynomial equations that were assigned to the re
sponses (i.e., ω, and Ma) are expressed in Equations (16) and (17), 
respectively. Moreover, the details of ANOVA results for ω and Ma are 
presented in Tables 8 and 9, respectively. 

ω=1.837 + 0.278NTD + 0.077NXP + 0.0031MCL − 0.0189DDA

− 0.1514NTD2 − 0.0058NXP2 − 0.0056DDA2 − 0.0061NXP × MCL

+ 0.0046MCL × DDA
(24) 

Ma=2.542 − 0.253NTD − 0.037NXP − 0.0056MCL − 0.147NTD2

+ 0.0061NXP2 − 0.012NTD
(25) 

The regression models for ω and Ma demonstrate strong predictive 
accuracy based on the ANOVA results (Tables 8 and 9). For ω, key 

Fig. 4. Comparison between numerical and experimental wall static pressure 
(Pp = 270.28 kPa, Tp = 130 ◦C, Ps = 1.228 kPa, Ts = 10 ◦C, Panode = 3.00 
kPa) [42].

Table 7 
Results of CFD simulation of 46 configurations created by BBD.

Config. No. ω Ma Config. No. ω Ma

1 1.84 1.4 24 1.86 1.4
2 1.85 1.38 25 1.79 1.38
3 1.85 1.36 26 1.66 1.4
4 1.78 1.3 27 1.76 1.4
5 1.88 1.81 28 1.76 1.4
6 1.76 1.42 29 1.76 1.4
7 1.75 1.4 30 1.97 1.7
8 1.96 1.78 31 1.66 0.90
9 1.85 1.35 32 1.61 0.93
10 1.95 1.73 33 1.85 1.36
11 1.66 0.88 34 1.85 1.36
12 1.50 0.91 35 1.63 0.95
13 1.86 1.35 36 1.85 1.35
14 1.54 0.91 37 1.84 1.4
15 1.84 1.32 38 1.91 1.8
16 1.86 1.35 39 1.83 1.35
17 1.83 1.4 40 1.83 1.4
18 1.78 1.41 41 1.95 1.76
19 1.84 1.4 42 1.85 1.4
20 1.84 1.4 43 1.95 1.8
21 1.65 0.95 44 1.55 1
22 1.77 1.41 45 1.95 1.8
23 1.76 1.4 46 1.83 1.35

Table 8 
Results of ANOVA for ω, together with coefficient of determination.

Source DF Adj. SS Adj. MS F-value p-value

Regression 9 0.5177 0.0575 105.20 0.000
NTD 1 0.0029 0.0029 5.41 0.026
NXP 1 0.0157 0.0157 28.72 0.000
MCL 1 0.0001 0.0001 0.24 0.625
DDA 1 0.0005 0.0005 0.95 0.335
NTD2 1 0.0141 0.0141 25.90 0.000
NXP2 1 0.0032 0.0032 5.96 0.020
DDA2 1 0.0055 0.0055 10.14 0.003
NXP × MCL 1 0.0102 0.0102 18.67 0.000
MCL × DDA 1 0.0030 0.0030 5.53 0.024
Error 36 0.0196 0.0007 ​ ​
Total 45 0.5373 ​ ​ ​
S R2 (%) R2

adj (%) R2
pred (%) 10-fold S 10-fold R2 (%)

0.0233 96.34 % 95.42 % 94.12 % 0.0284 93.08 %
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parameters such as NXP, NTD2, and NXP × MCL exhibit an extremely 
significant effect (p < 0.01), while NTD, NXP2, DDA2, NXP × MCL, and 
MCL × DDA show a significant effect (p < 0.05). Similarly, for Ma, the 
factors NXP, NTD2, and NXP2 are highly significant (p < 0.01), con
firming their strong influence on the response. The high R2 values 
indicate that both models fit the data well, with R2 exceeding 96 % for ω 
and 99 % for Ma, demonstrating their strong explanatory power.

To assess potential overfitting, 10-fold cross-validation R2 values 
were computed, yielding 93.08 % for ω and 99.20 % for Ma confirming 
that the models generalize well to unseen data. Additionally, stepwise 
regression with hierarchical constraints was applied to retain only sta
tistically justified terms, ensuring both interpretability and model sta
bility while minimizing unnecessary complexity.

The Pareto chart displays the absolute values of the normalized ef
fects, ranging from the largest to the smallest, enabling the assessment of 
both the magnitude and significance of each effect. In these plots, bars 
that extend beyond the reference line indicate statistically significant 
effects.

As can be seen in Fig. 5(a, and b), for the ω, the most influential 

factors include NXP, NTD2, and the interaction between NXP and MCL, 
while other terms such as DDA2, and NXP2 also contribute significantly. 
In contrast, the Ma is primarily influenced by NTD2, followed by NXP, 
and NXP2. The results indicate that NTD and NXP, along with their 
squared are critical parameters for both responses, underscoring their 
importance in optimizing the model’s performance. Although the Pareto 
chart helps compare the importance of each independent variable, the 
main effect plot is helpful in visualizing how changes in individual in
dependent variable impact the response variable. Fig. 5(c) demonstrates 
that NTD has the most significant negative effect on ω, as increasing NTD 
leads to a notable reduction. Similarly, NXP exhibits a non-linear effect, 
while MCL positively influences ω as its value increases. Both DL and 
DDA have minor impacts on this response. In contrast, Fig. 5(d) reveals 
that Ma is also highly sensitive to NTD, which exerts a strong negative 
effect. The impact of NXP is significant initially but levels off at higher 
values. In contrast, MCL, DL, and DDA have little to no effect on Ma. 
These findings are consistent with respect to those of pareto charts, 
highlighting the importance of optimizing NTD and NXP.

3.4. Optimization

The ANOVA results clarified the effectiveness and importance of 
each independent variable. Furthermore, it was demonstrated that to 
achieve a higher entrainment ratio while maintaining the ejector in a 
choked condition, an optimization process can be conducted to deter
mine the optimal ejector configuration. To achieve this, two optimiza
tion algorithms, namely NSGA-II, developed by scripting in Python and 
DF, acquired by Minitab® Statistical Software, were employed with the 
objective of maximizing the entrainment ratio while ensuring the ejector 
does not enter the supersonic regime. The predicted optimal designs 
were ultimately verified through CFD analysis to assess the extent of 
deviation from the predicted design results.

Fig. 6 presents a comparison of the ω magnitude between the initial 
design and the optimized design, alongside the verification of the 

Table 9 
Results of ANOVA for Ma, together with coefficient of determination.

Source DF Adj. SS Adj. MS F-value p-value

Regression 5 2.8869 0.5773 1432.35 0.000
NTD 1 0.0025 0.0025 6.27 0.016
NXP 1 0.0089 0.0089 22.11 0.000
MCL 1 0.0045 0.0045 11.30 0.002

NTD2 1 0.0139 0.0138 34.48 0.000
NXP2 1 0.0035 0.0035 8.79 0.005
Error 40 0.0161 0.0004 ​ ​
Total 45 2.9031 ​ ​ ​

S R2 (%) R2
adj (%) R2

pred (%) 10-fold S 10-fold R2 (%)

0.02 99.44 99.38 99.22 0.0225 99.20

Fig. 5. The Pareto chart of standardized effects at a significance level of α = 0.05 illustrates the impact of the linear, quadratic, and interaction forms of independent 
variables on the responses studied: (a) ω, and (b) Ma, and main effects plots, which show how each independent variable affects the response variable: (c) ω, and 
(d) Ma.
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optimized design using CFD analysis for both optimization algorithms. 
As can be seen in Fig. 6(a), both methods show a significant improve
ment in the entrainment ratio. The entrainment ratio increased by 
approximately 20 % for both methods, which is a substantial improve
ment from the initial design. Moreover, it can be observed that the 

overall performance of ejector in off-design conditions has been signif
icantly improved.

To further evaluate the impact of the optimization process on ejector 
performance, the Ma and wall static pressure distributions along the 
ejector centerline for both the optimized design and selected 

Fig. 6. (a) Comparison of the ω obtained for the initial geometry, the predictions from both NSGA-II and DF algorithms, and the simulation results for the optimized 
geometry, (b) performance of both initial and optimized (by NSGA-II) ejector in off-design conditions.

Fig. 7. Representation of, (a) the Ma magnitude along the centerline of ejector for optimized (by NSGA-II) and three other configurations, and (b) distribution of Ma 
in different ejector configurations.
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configurations (i.e., configuration numbers 11, 20, and 30, as repre
sented in Table 5) were analyzed. The Ma distribution along the ejector 
centerline, as shown in Fig. 7, highlights the performance differences 
between the optimized design and the configurations. The optimized 
profile (black line) exhibits a smooth and controlled Ma increase, 
peaking just below 1, indicative of subsonic flow throughout the ejector. 
This behavior is attributed to the optimized geometrical parameters of 
ejector, which promote gradual acceleration of the primary flow and 
more effective mixing with the secondary flow. By ensuring controlled 
expansion, the optimized design minimizes adverse pressure gradients, 
reducing the likelihood of shockwave formation and flow separation. 
Additionally, the gradual increase in Ma reflects efficient momentum 
exchange between the primary and secondary streams, preventing 
sudden velocity mismatches that could induce flow instabilities.

Maintaining the peak Ma just below 1 suggests that the ejector 
operates in a choked flow condition, where the flow reaches the 
maximum allowable velocity without transitioning to supersonic speeds. 
This condition prevents the formation of strong normal shocks, which 
would otherwise cause abrupt pressure drops and energy dissipation. In 
contrast, the geometric configurations investigated, particularly 
configuration 30 (green dashed line), reach a peak Ma of approximately 
1.8, indicating the presence of strong shocks that disrupt flow continu
ity. This is due to the inadequate control of flow expansion, leading to 
excessive acceleration and subsequent deceleration through shock in
teractions. These results are consistent with previous studies [44,45], 
which have demonstrated that such supersonic conditions can lead to 
significant energy losses, inefficiencies in hydrogen recirculation, and 
potential flow destabilization.

The static pressure distribution in the ejector, as illustrated in Fig. 8, 
further emphasizes the performance differences between the optimized 

design and the configurations investigated. The optimized profile dem
onstrates a gradual and consistent pressure drop along the ejector 
centerline (see Fig. 8(a)), reflecting smoother pressure recovery and 
better momentum transfer. This steady pressure reduction indicates 
efficient flow management, with minimal energy losses and fewer shock- 
induced disturbances. Similar findings were reported by Zhu et al. [46], 
who demonstrated that suppressing shock waves through geometric 
optimization improves pressure recovery and overall ejector perfor
mance. In contrast, Configuration 30 shows significant pressure fluctu
ations, particularly near the nozzle, where pressure spikes are indicative 
of strong shock waves. These sharp pressure changes can cause flow 
blockages, leading to inefficient mixing and reduced performance in 
hydrogen recirculation, consistent with the observations made by Li 
et al. [47]. The more abrupt and uneven pressure profile in Configura
tion 30 suggests poor flow control and energy dissipation, which con
trasts with the optimized design’s ability to maintain smoother pressure 
transitions. Zhu et al. [48] similarly observed that ejector designs opti
mized for pressure recovery exhibit reduced energy losses and better 
stability in flow management. The findings from this comparison high
light the critical role of optimizing geometric parameters like the NTD 
and NXP to achieve improved pressure recovery and overall ejector 
efficiency.

4. Conclusion

This study demonstrated the effectiveness of geometric optimization 
in enhancing the performance of hydrogen recirculation ejectors in 
PEMFC systems. By employing NSGA-II and the Desirability Function 
approach, the entrainment ratio improved by 20 %, leading to better 
hydrogen utilization and enhanced operational stability. The optimized 

Fig. 8. Representation of, (a) the magnitude of static pressure along the centerline of ejector for optimized (by NSGA-II) and three other configurations, and (b) 
distribution of static pressure along the ejector wall for different ejector configurations.
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ejector also maintained superior performance across a wider range of 
conditions, including off-design scenarios, reducing the risk of backflow 
and hydrogen starvation.

Despite these improvements, the study has some limitations. The 
optimization was performed under steady-state conditions, without ac
counting for transient effects or long-term degradation factors. More
over, the numerical model was validated using experimental data from 
the literature rather than direct experimental testing of the optimized 
design.

Future work will focus on integrating the optimized ejector into a full 
PEMFC system model to assess its impact on fuel utilization efficiency 
and power output. Experimental validation will be conducted to eval
uate hydrogen consumption and system efficiency changes. Addition
ally, transient and multi-phase flow conditions will be investigated, 
particularly the role of hydrogen recirculation in dynamic load re
sponses and long-term stack performance. Comparative analysis of 
performance metrics such as voltage efficiency, polarization behavior, 
and degradation rates will further quantify the benefits of ejector opti
mization. Furthermore, adaptive control strategies will be explored to 
enhance ejector performance under varying operating conditions, 
improving the robustness and efficiency of PEMFC systems.
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