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A B S T R A C T

In proton exchange membrane fuel cell (PEMFC) systems, unconsumed hydrogen recirculation is enabled by
utilizing an ejector, and the PEMFC system’s efficiency is thereby enhanced. Apart from the structural param-
eters, an ejector’s performance is also significantly affected by the non-equilibrium condensation phenomenon.
Therefore, the ejector structural parameters’ impact upon non-equilibrium condensation intensity and ejector
efficiency is investigated under design conditions. Structural optimization of the ejector is performed within its
operating range to uphold optimal efficiency in the presence of fluctuations in secondary flow pressure. The
result shows that non-equilibrium condensation negatively affects the ejector’s efficiency, but its impact di-
minishes with larger mixing chamber diameters and nozzle divergence angles. The optimized ejector performs
best with a 2.40 mm diameter mixing chamber and an 11.0o nozzle divergence angle. On average, the optimized
ejector’s performance improves by 16.8%, reaching a maximum improvement of 22.8% within the effective
operating range.

Nomenclature

Term
Dm Diameter of constant-area mixing chamber, m
Lm Length of constant-area mixing chamber, m
Lpm Length of constant-pressure chamber, m
θd Diffuser angle, ◦

Ld Diffuser length, m
θh Convergence angle of nozzle, ◦

θ Divergent angle of nozzle, ◦

Lh Length of nozzle divergence section, m
Dn Diameter of nozzle throat, m
Φin Inlet relative humidity, %
ms Secondary mass flow rate, kg/s
mp Primary mass flow rate, kg/s
Ps,in Secondary inlet pressure, Pa
Pp,in Primary inlet pressure, Pa
Pout Outlet pressure, Pa

1. Introduction

Currently, the escalation in energy consumption and the

intensification of global warming trends have far surpassed the capacity
of ecosystems to endure, significantly constraining societal and eco-
nomic development [1]. Hence, the advancement and application of
sustainable energy have become of paramount importance [2]. The
proton exchange membrane fuel cell (PEMFC) is regarded as one of the
energy-saving devices with promising application prospects [3]. They
are envisioned to make significant contributions to the sustainable
development of energy resources [4]. In typical scenarios, an excess of
hydrogen is utilized in the PEMFC anode to alleviate the possibility of
fuel deficits. However, liberating unutilized hydrogen directly into the
environment not only reduces the efficiency of PEMFC systems but also
poses potential environmental harm [5]. Hence, it is essential to recycle
surplus hydrogen [6].

PEMFC hydrogen supply systems can be categorized into three types
based on hydrogen circulation methods: Flow-Through Anode (FTA)
mode, Dead-End Anode (DEA) mode, and Recirculation mode [7]. In the
FTA mode, hydrogen continuously flows through the anode, with excess
hydrogen directly discharged from the stack, preventing circulation.
This method effectively prevents water accumulation and avoids
flooding, ensuring good performance and uniform current density.
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However, this mode results in lower hydrogen utilization efficiency and
poses significant safety risks due to the direct release of unused
hydrogen [8]. Therefore, it is rarely used in practice.

In the DEA mode, the anode outlet of the fuel cell is fully sealed,
enabling the complete utilization of hydrogen fuel. However, water
produced by the reaction continuously accumulates in the anode due to
diffusion, leading to inevitable performance decline over time [9]. To
address this issue, a purge valve is commonly used to periodically
remove accumulated water [10]. Wang et al. [11] developed and tested
an ejector for a 10 kW PEMFC system, finding good voltage consistency
in DEA mode at low stack current. However, performance deteriorated
at high current due to water accumulation in the anode channels. Jian
et al. [12] studied a PEMFCwith a dead-end anode experimentally. They
identified the optimal purge interval and duration for stable voltage and
high hydrogen utilization as 14.86 s and 0.44 s, respectively. Nikiforow
et al. [13] investigated hydrogen purging across various humidity levels,
purge times, and trigger criteria. Their results showed that an optimized
exhaust strategy can easily achieve high fuel efficiency (>99%). Wang
et al. [14] used a quasi-2D transient model to optimize purge strategies
under anode recirculation, finding that a 3% bleed rate is optimal for
energy efficiency. Higher bleed rates above 5% reduce the benefits of
increased voltage and lower nitrogen content. Tsai et al. [15] developed
a mathematical model to study the impact of purge strategies on energy
efficiency. They determined that the optimal purge duration is 0.2–0.4 s
for a 0.1 V voltage drop and 0.1 s for a 0.1 M fraction of nitrogen. Chen
et al. [16] observed severe carbon corrosion in the membrane electrode
assembly under the dead-end anode mode. Introducing a
time-controlled purge strategy significantly reduced the rate of carbon
corrosion. The anode purge strategy by Liu et al. [17] can improve
hydrogen utilization efficiency in practical PEMFC systems to 99%, ac-
counting for hydrogen crossover losses.

The recirculation mode uses excess hydrogen to remove water from
the stack, separates the liquid water with a gas-liquid separator, and
recirculates the hydrogen back to the anode. This mode enhances
hydrogen utilization and humidifies the primary flow, maintaining
optimal membrane hydration and performance. Despite its structural
complexity and control challenges, the recirculation mode achieves a
balance of higher efficiency, more uniform current density, and slower
performance degradation. Additionally, this mode improves water
management. The recirculation process creates forced convection in the
anode channels, promptly removing liquid water and preventing depo-
sition and blockage. Hwang [18] analyzed the three modes and found
that for stack power below 1.2 kW, the dead-end and recirculation
modes have similar efficiencies. However, above 1.2 kW, the recircu-
lation mode has higher system and stack efficiencies. Liu et al. [19]
experimentally studied the dynamic characteristics of gas purging in
PEMFCs and found that the performance of the fuel cell in the
dual-ejector recirculation mode is superior to that in the dead-endmode.
Liang et al. [20] studied large-scale PEMFCs under various anode stra-
tegies in typical automotive conditions. They found that the recircula-
tion mode’s self-humidification effect increased system efficiency to
35.23% under low relative humidity, significantly higher than the
26.51% in the flow-through mode and 29.92% in the DEA mode. Liu
et al. [21] used 3D printing to design hydrogen and oxygen recirculation
ejectors, finding that the dual-ejector recirculation mode improved
PEMFC stack performance by 4.75% compared to the DEA mode at 130
kPa.

The core of the hydrogen recirculation mode is the recirculation
component, which currently includes two main types: hydrogen circu-
lation pumps and ejectors. Table 1 summarizes the commonly used
recirculation components along with their advantages and disadvan-
tages. Active recirculation systems use hydrogen circulation pumps like
roots, claw, vortex, and centrifugal pumps. These pumps adjust speed to
control flow rate and pressure, meeting recirculation needs under
varying conditions. Circulation pumps offer advantages such as ease of
control and a wide operating range. However, they consume electrical

energy, increasing parasitic power consumption and reducing PEMFC
efficiency. High-speed rotating components also introduce vibration and
noise [22]. Gao et al. [7] reviewed hydrogen circulation pumps, de-
tailing mechanical pumps and solutions for safety, vibration, and noise.
Kong et al. [23] proposed a backflow groove to reduce outlet pulsation
in roots pumps, stabilizing pressure and mass flow, and enhancing fuel
cell stack longevity and stability. Feng et al. [24] created a 3D model of
the roots pump to predict flow rates and power consumption under
different conditions. They derived a relationship between volumetric
and isentropic efficiencies from CFD simulations. Xing et al. [25]
designed and tested a three-lobe helical rotor roots pump, showing that
pressure differential significantly affects flow rate and volumetric effi-
ciency, with leakage being the key efficiency factor. Liang et al. [26]
reviewed hydrogen recirculation devices for PEM fuel cells, noting is-
sues with traditional motor-driven compressors, such as high power
consumption, leakage, and noise. Han et al. [27] reviewed hydrogen
recirculation components for fuel cell vehicles, highlighting the strict
design requirements for mechanical pumps and the significant chal-
lenges posed by the oil-free design for bearings and seals.

Passive recirculation systems use ejectors to recirculate hydrogen,
leveraging the potential energy of fresh hydrogen for passive anode tail
gas recirculation [28]. The pressure differential between the hydrogen
reservoir and the PEMFC can provide a consistent pressure gradient for
the ejector [29]. Primary flow undergoes expansion within the nozzle,
resulting in reduced pressure and increased velocity. This lower pressure
triggers the secondary flow to enter the mixing chamber. After the
blending of primary and secondary flows, the diffuser restores pressure
before supplying the fuel cell, completing the recycling of hydrogen gas.
Compared to active systems, ejector-based passive recirculation offers
high reliability, zero parasitic power consumption, and low mainte-
nance costs [30]. However, it has a narrow operating range and is sen-
sitive to changes in operating conditions [31]. Since the geometric shape
is one of the key factors influencing the ejector’s efficiency, it should be
noted that significant challenges in terms of safety concerns associated
with hydrogen, high testing costs for fuel cell stacks, and the complex
operational characteristics of fuel cell systems pose considerable chal-
lenges to the research of ejectors. Thus, the studies rely on CFD
simulations.

Pei et al. [32] developed a hydrogen recirculation ejector Compu-
tational Fluid Dynamics (CFD) model equipped with steady-state char-
acteristic equations, subsequently, its primary geometric parameters are
optimized. Dong et al. [33] conducted numerical simulations on a steam
ejector, confirming that critical back pressure and ER first increase and
then decrease as the mixing chamber length increases. Wang et al. [34]
discovered that the optimal CAMC’s diameter (Condensing and Mixing

Table 1
Comparison of different hydrogen recirculation components.

hydrogen
recirculation
components

Advantages Disadvantages

Roots pumps
[23–25]

high operating reliability;
low driving power; low cost.

high sealing performance
requirements; oil pollution
and noise;

Claw pumps [26] high reliability; compact
structure good compression
ratio; long service life; strong
adaptability to working
conditions

need better design of the claw
pump tooth profile; poor
sealing performance; noise
and vibration

Vortex pumps
[27]

simple structure; high
operating stability

low efficiency; difficulties in
machining and assembly.

Centrifugal
pumps [51]

high flow rate; simple
structure; small size; high
efficiency; low cost.

prone to surge

Ejectors [32–38] compact structure; reliable
operation; no moving parts;
no pollution; no parasitic
power.

sensitive to changes in
working conditions; fuel
supply and fuel consumption
rates need to be matched
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Chamber) varies with operational conditions. Bian et al. [35] evaluated
the boundary layer separation effects’ impact, with a primary focus on
optimizing the structural design based on their evaluation. Liu et al. [36]
developed an advanced ejector model and then investigated the effects
of pressure variations, changes in water vapor and nitrogen mass frac-
tions, and ejector geometry dimensions. Yin et al. [37] established an
innovative model that considers non-axisymmetric flow and then in-
vestigates the secondary flow tube’s impart of the convergence angle
and entrance area. Yang et al. [38] employed a weakly correlated model
for the anode pressure drop characteristics, utilizing the porous jump
boundary, and investigating the impact of pressure and other parame-
ters. Song et al. [39] assessed a confocal twin-nozzle ejector under
various operating conditions and optimized its geometric parameters
accordingly. The results indicated that the optimal dimensions for the
mixing chamber are 22.0 mm in length and 5.5 mm in diameter. Under
standard operating conditions, the efficiency improved by 14.10%. Han
et al. [40] assessed the influence of bypass inlet axial angle, position,
and position, then determined the optimal result to be 10◦, 1.1, and 2
mm, respectively. The entrainment ratio was maximally enhanced by
22.1%. Yu et al. [41] designed a new auxiliary ejector and conducted
simulation verification. The working range is significantly influenced by
the auxiliary port’s position, width, and angle, and the optimal param-
eters vary with different PEMFC operating powers.

Given the intricate flows within the ejector, the impact of non-
equilibrium condensation is considerable and cannot be overlooked.
Yang et al. [42] investigated the complex characteristics of steam
condensation. The study unveiled an 11.71% overestimation of ER by
the dry gas in comparison to the wet gas. Zhang et al. [43] proposed an
improved performance evaluation model for steam ejector to facilitate
optimization. The results indicated that the enhanced model demon-
strated higher predictive accuracy compared to previous models. Han
et al. [44] analyzed the phase change characteristics’ impact. The results
revealed that condensation is harmful. Li et al. [45] simulated the flow
characteristics of the ejector under various operating conditions and
structures. The study revealed the impact of double-choking flow
characteristics on the ejector as well as the shock waves. Ding et al. [46]
developed a novel model considering phase change and entropy trans-
port. The study analyzed phase change characteristics under dry and wet
gas models. The results indicated that the model exhibited good pre-
dictive capabilities. Li et al. [47] investigated the influence of fluctu-
ating motive pressure. The study provided a mechanistic perspective,
revealing the inherent correlation between ejector efficiency and shock
waves. Yu et al. [48] investigated the transient properties of turbulent
vortices and uncovered the interconnections among operational pa-
rameters, fluid flow evolution traits, and structural features of
coaxial-nozzle ejectors (CNEs). The findings demonstrate that the
maximum enhancement of ER reaches 17.48%. Han et al. [49] explored
condensation and droplet behavior in the ejector. The results indicate
that the key factors influencing droplet size is supercooling degree.
Under operating conditions, the average droplet phase at the ejector
outlet increased by 26.5% relative to the original dimensions. Ding et al.
[50] analyzed the exergy performance of the ejector and found that
increasing the secondary flow temperature from 60 ◦C to 80 ◦C raises
exergy destruction from 330.28 kJ/kg to 390.23 kJ/kg, while the
destruction rate decreases from 29.85% to 26.19%.

Hydrogen circulation pumps and ejectors in PEMFC systems can both
replace each other and be used together to balance the high energy
consumption of circulation pumps and the narrow operating range of
ejectors. Jenssen et al. [52] proposed that automotive hydrogen man-
agement systems typically use a combination of circulation pumps and
ejectors to address the issues of low hydrogen inlet flow and poor
recirculation performance at low fuel cell output power. Kong et al. [53]
compared various pump-ejector coupling modes, finding that the PUE
(Pump Upstream of Ejector) mode had the lowest power consumption at
112 W, reducing power by 56.3% compared to the single pump mode
and 22.8% compared to the PDE (Pump Downstream of Ejector) mode.

Liang et al. [26] noted that placing the ejector in parallel with the cir-
culation pump combines their advantages, covering all operating con-
ditions and aligning with future development goals.

The ejector, which does not require parasitic power, is more prom-
ising for PEMFC systems compared to circulation pumps. Optimizing
ejectors is crucial as they can significantly enhance hydrogen supply
capacity when operating under effective conditions. While the ejector
can significantly enhance hydrogen supply capability under efficient
conditions, in practical situations, the secondary flow originates from
the waste gas produced after the fuel cell reaction, and its pressure is not
always constant [54]. To quantitatively assess the operational effi-
ciency, the entrainment ratio ER is defined as:

ER =
ms

mp
(1)

where ms and mp respectively are mass flow rates at secondary and
primary inlet.

Current research on the intricate phase-change phenomena within
ejectors is very limited. Understanding the varying patterns of phase-
change behavior inside ejectors is crucial for their efficient utilization
of green energy sources such as hydrogen [55]. In summary,
non-equilibrium condensation significantly influences the recirculation
performance of the ejector. While the impact of geometric parameters
and non-equilibrium condensation on ejector performance has been
widely discussed, a comprehensive study on how geometric parameters
specifically affect non-equilibrium condensation is still lacking. There-
fore, the study established a numerical model considering the phe-
nomenon of non-equilibrium condensation. A comparative analysis was
conducted to investigate the relationship between non-equilibrium
condensation, ejector structural parameters, and ejector performance.
Additionally, the impact of secondary flow pressure fluctuations on
ejector structural optimization was innovatively considered, and new
parameters were defined to reflect efficiency under varying conditions.
Ultimately, the optimal ejector structure was identified.

2. Numerical modeling

2.1. PEMFC system and ejector geometry

As shown in Fig. 1, the PEMFC system is equipped with a high-
pressure hydrogen tank, an ejector, a hydrogen recirculation pump, a
stack, a water separator, a pressure regulator, a check valve, a purge
valve, and two mass flow meters. The system operates in the PUE mode,
coupling the circulation pump and the ejector. This configuration
effectively expands the system’s operational range while significantly
reducing overall energy consumption [53]. High-pressure hydrogen
from the anode-side tank is depressurized before entering the stack,
where it reacts with pure oxygen at the cathode to produce water. Some
of this water is carried away by the unreacted oxygen at the cathode,
while the remaining water diffuses to the anode and is removed with
unreacted hydrogen. On the anode side, liquid water is separated by a
water separator. The saturated water vapor and unreacted hydrogen are
then passed through the circulation pump and enter the ejector. This
process not only ensures suitable humidity for the proton exchange
membrane by humidifying the pure hydrogen flow but also enhances
hydrogen utilization.

To prevent water vapor accumulation from reducing system effi-
ciency, a purge valve is introduced on the anode side to periodically
discharge excess water. Additionally, optimal water management is
achieved by adjusting the oxygen flow rate to remove moisture at the
cathode, using a water separator to eliminate liquid water from the
anode recirculation loop, and employing the ejector to introduce satu-
rated water vapor back into the stack. These actions work together to
maintain the proton exchange membrane at optimal humidity levels,
thereby preventing excessive dryness, which can lower fuel cell
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efficiency, and excessive moisture, which can cause water blockages and
impede gas transport, ultimately reducing cell performance. The oper-
ating temperature of the cell is set to 60 ◦C to balance reaction rates and
water management requirements. At lower temperatures, the reaction
rate within the cell decreases, the activation energy for electrochemical
reactions increases, and the evaporation rate of water slows down,

which can lead to excessive accumulation of liquid water and an
increased risk of flooding. Conversely, while higher temperatures
enhance reaction rates, they also increase the water evaporation rate,
potentially causing the proton exchange membrane to become overly
dry. This results in increased resistance and membrane dehydration,
ultimately affecting system efficiency and the longevity of the

Fig. 1. Schematic diagram of the PEMFCs. (a) The PEMFC system (b) Schematic diagram of the PEMFC stack.

Fig. 2. The baseline ejector in PEMFC system.
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membrane [56–58].
As shown in Fig. 2, an ejector consists of a primary nozzle, an

entraining entrance, a mixing chamber, and a diffuser. The baseline
ejector geometry is modeled as a two-dimensional axisymmetric struc-
ture to optimize computational resources [59]. The initial structural
parameters, including Dm and θ as key parameters, are listed in Table 2.
Table 3 provides the boundary conditions. With a gas-liquid separator
installed before the secondary flow inlet of the ejector, it is assumed that
all liquid water is removed, leaving only unreacted hydrogen and
saturated water vapor to enter the ejector. Consequently, the primary
flow consists of pure hydrogen, while the secondary flow is a mixture of
hydrogen and saturated water vapor. Since the hydrogen from the
high-pressure tank is stored at ambient temperature, the primary flow
inlet and outlet temperatures are set to 20 ◦C. Based on the calculated
dew point, the secondary flow inlet temperature is set to 60 ◦C. The
ejector’s outlet and secondary flow inlet pressures are estimated from
the PEMFC stack’s inlet and outlet pressures.

2.2. Numerical scheme

The governing equations are discretized using the finite volume
method, and combined with the physical properties and flow charac-
teristics of the working fluid, the model is simplified.

(1) The fluid satisfies the ideal gas state equation;
(2) The inner wall is thermally insulated and non-slip;

The convective term is spatially discretized using the second-order
upwind scheme, and the diffusion term is discretized using the central
difference method. The inlet boundary condition is defined as a constant
total pressure and temperature, while the outlet boundary condition is
set as a constant static pressure. In addition, considering the high ac-
curacy of SST k-ω turbulence model [60] in forecasting condensation
behavior, it is selected as the viscosity model in the ejector. What’s
more, a density-based implicit solver is used to calculate the flow area.
Furthermore, to calculate non-equilibrium condensation behavior of wet
gas flow, the User-defined scalars (UDS) and user-defined functions
(UDF) are used. And related parameters are stored in user-defined
memory (UDM).

2.3. Mathematical model

Non-equilibrium condensation is an important phase change phe-
nomena in ejector [61]. Therefore, considering this phenomenon in
numerical analysis is crucial. A mathematical model considering
non-equilibrium condensation is developed to simulate phase change
condensation in ejector. In this section, the mathematical foundations of
this study will be elaborated.

2.3.1. Wet hydrogen flow conservation equations
The effect of gravity is ignored when the internal control equation is

established. And the medium circulating through the hydrogen recir-
culation ejector is a gas-liquid mixture considering the phase change
process. The Navier-Stokes equations are the conservation equations and
the continuity, momentum and energy conservation equations are
respectively represented as follows.

∂ρ
∂t +∇(ρu) = Sm (2)

∂(ρu)
∂t +∇

(
ρuiuj

)
= − ∇p+∇(τ═) + SF (3)

∂(ρE)
∂t +∇[u (ρE+ p)] = − ∇

(

λ∇T −
∑

j
hjJj + τ═u

)

+Sh (4)

The fluid is a mixture, so the species transport equation is written as

∂
(
ρYj
)

∂t +∇
(
ρuYj

)
= − ∇Dj (5)

where u, p, ρ and E represent velocity, pressure, density and the total
energy respectively. hj, Yj and Dj represent the enthalpy, mass fraction

and diffusion flux of species j respectively. τ═ represents the stress tensor.
Sm SF and Sh represent mass, momentum and energy source terms
respectively. SF, Sm, Sh are designated by

Sm = − mv (6)

SF = − mvu (7)

Sh = mv
(
h − hlg

)
(8)

where hlg and mv represent the latent heat of condensation and mass
generation rate.

The droplet number N and liquid mass fraction Y are written as

∂(ρN)
∂t +∇(ρuN) = I (9)

∂(ρmY)
∂t +∇(ρmuY) = mv (10)

where I is the nucleation rate, the subscript m represents the mixture.

2.3.2. The droplet nucleation and growth model
The non-equilibrium condensation process includes nucleation and

droplet growth. When the water vapor reaches the saturation state, if the
cooling and depressurization continue and no external particles are
added, the water vapor does not immediately condense, but becomes
supersaturated. After that, the resulting droplets will grow rapidly.
Therefore, the liquid phase’s mass increase is defined as the droplet mass
generation rate mv, which is given by

mv =
4
3

πρlIr3c + 4πρlNr2
∂r
∂t

(11)

where the subscript l represents the liquid. r and rc represent the droplet
radius and critical radius respectively.

rc =
2σ

plRTlnS
(12)

Table 2
Detailed data listing of the baseline ejector.

Geometric parameters Dm Lm Lpm θd Ld θh θ Lh Dn

Values (mm) 2.00 16.00 1.80 5.00 45.72 13.50 0 0.25 0.50

Table 3
Settings of ejector boundary condition.

Boundary
conditions

Pressure
(bar)

Temperature
(K)

Mass fraction of H2O
(− )

Primary flow 3 293.15 0
Secondary flow 1.2 333.15 0.14
Outlet flow 1.25 293.15 –
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where σ, S and R represent liquid surface tension, the super saturation
ratio and gas constant.

σ =75.67×
Tg

647.3
− 256.889×

(
Tg

647.3

)2

+95.928×
(

Tg
647.3

)3

+85.27

(13)

The homogeneous nucleation rate using the classic nucleation theory
and corrected by Kantrowitz [62] is defined by Ref. [63]:

I =
qc

1+ θ
ρ2v
ρl

̅̅̅̅̅̅̅̅̅̅
2σ

πM3
m

√

exp
(

−
4πσr2c
3kBT

)

(14)

where θ, qc, and Mm represent non-isothermal correction factor, the
condensation factor and water molecular mass respectively. The
subscript v represents vapor. kB represents Boltzmann’s constant.

θ is related to the specific heat capacity ratio γ and is given by

θ =
2(γ − 1)

γ + 1
hlg
RT

(
hlg
RT

−
1
2

)

(15)

The droplet growth rate dr
dt is given by Ref. [64]:

dr
dt

=
λ(Ts − T)

(
1 −

rc
r

)

ρlhlgr
(

1
1+ 2βKn

+ 3.78(1 − v0)
Kn
Pr

) (16)

where Pr, λ and Kn represent Prandtl number, thermal conductivity and
Knudsen number respectively. the correction factor v0 is defined by

v0 =
RTs
hlg

(

α − 0.5 −
2 − qc
2qc

γ + 1
2γ

cpTs
hlg

)

(17)

where α = 9.

2.3.3. Visualization of mass transfer
The boundary of the mixing section is used to quantify the level of

mixing. And the species quality Φ represents the local mass fraction of
the secondary flow [65]. For more efficient analysis, the equipotential
line with Φ of 0.9 delineates the boundary between the mixed section
and the secondary flow, and the equipotential line with Φ of 0.1 marks
the boundary among the mixed section and the primary flow.

The species transfer model is then introduced to enable the visuali-
zation of the mass transfer throughout the mixing process. The gov-
erning equation is given by

∇(ρ v→Φ) = Δ J→+ S (18)

J→= −

(

ρDm +
μT

SCt

)

∇Φ (19)

where SCt, S and Dm represent turbulent Schmitt number, additional
generation rate, and mass diffusion term. The non-dimensional value of
SCt is 0.7 [66].

3. CFD validation

3.1. Grid independence verification

Grid-independent validation was conducted, and the grid is shown in
Fig. 3. To guarantee the predictive accuracy of the wet gas model
employed, Grid independence was assessed using the grid convergence
index (GCI) [67]. The validation of GCI is conducted based on the
refinement of error assessment within the framework of Richardson
extrapolation theory. The equation is as follows.

GCI =
Fs|ε|
rp − 1

× 100% (20)

where p, r, ε and Fs represent the algorithm’s order, proportion of
refinement factor, the relative discrepancy between two sets of grids and
the safety factor respectively. The value of Fs commonly is 3. A smaller
GCI indicates a better grid.

The established CFD model was employed to analyze three grid sets:
fine (85,200 cells), medium (74,495 cells) and coarse (57,900 cells).
With the outlet pressure as the experimental variable, the results indi-
cate that, concerning the discretization problem in grid calculations,
refining the grid does not sufficiently enhance the precision of CFD
computations. Therefore, employing 74,495 grids of moderate refine-
ment for further investigation strikes a balance between computational
precision and speed.

3.2. Validating via supersonic nozzle

Model validation was conducted to verify the precision of the wet gas
model. The dimensions of the nozzle and the grid are depicted in Fig. 4.
The operating fluid was moist air, and the inlet and outlet pressures are
set to 3 atm and 1 atm, respectively. To balance between computation
speed and computational costs, a grid independence verification was
conducted using a method similar to that in Section 3.1. The pressure
along the nozzle wall for various Φin is depicted in Fig. 5. It is evident
that the computational fluid mechanics simulation results closely match
the experimental results, indicating that the model is able to effectively
anticipate nucleation and growth processes.

3.3. Validating via hydrogen ejector

Based on the experimental data provided by K. Nikiforow [68], the
ejector’s geometric dimensions can be obtained. The two-dimensional
axisymmetric computational domain of the ejector and grid genera-
tion are illustrated in Fig. 3. The grid refinement was implemented on
the inner surface and the throat to enhance computational accuracy.
Four cases were chosen for validation, where Pp.in values were set as 3, 4,
5, and 6 bar, while secondary inlet pressure Ps = 1.2 bar, and outlet
pressure pout = 1.25 bar. The comparison between the simulated results
of the two models for ms and the experimental data is shown in Fig. 6.
According to the results, mp predicted by the two models are very
similar, with both models maintaining essentially the same status.
However, a significant discrepancy exists between ms predicted by the
two models. Generally, ms predicted by dry gas is higher.

Using the mean relative error (MRE) as an evaluation metric, the

Fig. 3. Geometry and mesh particulars.
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difference between the predictive accuracy of the experimental results
and the two models is depicted in Fig. 7. The formula for calculating the
MRE is as follows:

MRE =
1
n
∑n

i=1

⃒
⃒
⃒
⃒
(yi − yi)

yi

⃒
⃒
⃒
⃒ (21)

where yi and yi represent simulated and experimental data, respectively.
n represents the data volume.

The results demonstrate a significantly higher MRE between exper-
imental data and dry gas model, reaching 30.17%, whereas wet gas
shows an MRE of only 2.53% with experimental data. This suggests that,
in predicting non-equilibrium condensation behavior within the ejector,
wet gas model exhibits substantial advantages, presenting higher pre-
dictive capabilities and accuracy. Consequently, the mathematical
model established is applicable for simulating non-equilibrium
condensation phenomena within the ejector.

4. Results and discussion

4.1. Non-equilibrium condensation

Fig. 8 shows I and dr
dt distribution of the wet gas model when Pp,in = 3

bar, Ps,in = 1.2 bar and Pout = 1.25 bar. Droplet nucleation mainly occurs
in the mixing chamber, and I gradually decreases from the center to-
wards both sides, achieving a peak of 1.23 × 1027 m− 3⸱s− 1. On the other
hand, droplet growth mainly takes place in mixing chamber, continuing
until near the entrance of the diffuser, where it stops. The maximum I is
7.81 × 10− 4 m/s in this region.

The Mach number and pressure of two models are shown in Fig. 9. It
can be observed that the performance of two models exhibits similar
trends in terms of Mach number and pressure. In dry gas model, the
Mach number increases maximally to 1.275 after passing through the
nozzle, with the pressure dropping to a minimum of 1.079 bar. Simi-
larly, in the wet gas model, the Mach number increases maximally to
1.274, with the pressure dropping to a minimum of 1.081 bar. From the
results, it is apparent that dry gas model overestimates the pressure drop
and velocity increase at the nozzle outlet. Considering the crucial effect

Fig. 4. Dimensions and grid schematic.

Fig. 5. Comparison of CFD and experimental wall pressure data with
various Φin. Fig. 6. Comparion of ms under two models.

H. Ding et al. Renewable Energy 237 (2024) 121748 

7 



of the mixing chamber, the pressure and Mach number variation on the
axis are analyzed. Both the pressure and Mach number show oscillatory
changes in the mixing chamber, which means there are shock waves. On
the axial line, the pressure obtained from simulations using dry gas
model is significantly lower, while the Mach number is notably higher.
The reason for this phenomenon is that during the droplet formation
process, the droplets absorb energy from the gas-phase flow, releasing
latent heat, which reheats the mixed flow, causing a decrease in flow
velocity and an increase in pressure.

From the above results, the maximum pressure drop obtained by the
wet gas model is 1.919 bar, while dry gas model’s maximum pressure
drop is 1.921 bar. This implies that dry gas model exaggerates the
pressure difference. As the pressure difference increases, the entrain-
ment capability of the primary flow is enhanced. Undoubtedly, the false
exaggeration of entrainment performance by dry gas model has
occurred. In other words, the occurrence of non-equilibrium condensa-
tion phenomena is undesirable.

4.2. Geometric optimization

The ejector’s geometric design significantly influences the recircu-
lation efficiency. Key parameters include the throat diameter (Dm) and
the nozzle divergence angle (θ). Table 4 shows the ranges of values for
Dm and θ in the experiments.

4.2.1. Diameter of constant-area mixing chamber
Dm is a critical geometric parameter for the hydrogen recirculation

ejector. Numerical simulation sets Dm in the range of 2.0 mm–3.0 mm.

Fig. 10 a) demonstrates the distribution of droplet nucleation and
growth rates under various Dm. As the Dm increases, both the distribu-
tion range and peak value of droplet nucleation decrease to some extent.
When the Dm is 2.20, 2.40, 2.60, 2.65, and 2.80 mm respectively, the
peak values of droplet nucleation rate are 9.55 × 1026 m− 3⸱s− 1, 8.91 ×

1026 m− 3⸱s− 1, 8.13× 1026 m− 3⸱s− 1, 7.94× 1026 m− 3⸱s− 1 and 7.08× 1026

m− 3⸱s− 1. The peak values of I decrease in a relatively stable manner as
the diameter decreases, without significant abrupt decreases occurring
during the reduction process. For drdt, when Dm increases from 2.00 mm to
2.60 mm, both the magnitude and peak value of drdt decrease slightly. In
the case of a 0.20 mm span, as the Dm increases from 2.00 mm to 2.60
mm, the peak values of the droplet growth rates are 7.81 × 10− 4 m/s,
7.77 × 10− 4 m/s, 6.97 × 10− 4 m/s, 5.56 × 10− 4 m/s, with corre-
sponding decreases of 0.04 × 10− 4 m/s, 0.80 × 10− 4 m/s, and 1.41 ×

10− 4 m/s, respectively. However, as the diameter increases to 2.65 mm,
the occurrence range of droplet growth significantly decreases, and the
maximum value of dr

dt decreases substantially to 3.56 × 10− 4 m/s. With
an increase in diameter of only 0.05 mm, the maximum value of dr

dt de-
creases by 2.00 × 10− 4 m/s. To provide a more intuitive and clear
comparison of the rate of change of the droplet growth rate under
different Dm, a new parameter, the sensitivity of droplet growth rate on
Dm, is defined as:

R1,2 =

[(
dr
dt

)

1
−

(
dr
dt

)

2

]/(
dr
dt

)

1
|Dm1 − Dm2|

(22)

where 1 and 2 represent different values of Dm.
Through calculations, it can be determined that when the Dm in-

creases from 2.00 mm to 2.60 mm, the average decrease rate of the
droplet growth rate is 48.0% per millimeter. However, when Dm in-
creases from 2.60 mm to 2.65 mm, the average decrease of drdt is 719.4%
per millimeter. This indicates that this range of diameter variation is a
sensitive area to changes in non-equilibrium condensation intensity.
When the diameter reaches 2.80 mm, the occurrence range of droplet
growth decreases to a negligible level, and the peak value of dr

dt is only
1.23 × 10− 4 m/s, indicating that droplet growth almost ceases. This il-
lustrates that an increase in Dm leads to a decrease in non-equilibrium
condensation intensity within the ejector, and there exists a sensitive
range where non-equilibrium condensation intensity undergoes drastic
changes. The presence of this sensitive range has a beneficial impact.

Fig. 10 b) illustrates the distribution of the liquid phase mass fraction
along the axial direction for various Dm. Before the axial position x= 5.0
mm, the liquid phase mass fractions under different Dm are negligible.
This is because the phenomenon of droplet growth mainly occurs in the
central portion of the mixing chamber, with minimal droplet growth
occurring at the front end of the chamber. However, within the axial
range from x= 5.00 mm to x= 16.00 mm, the liquid phase mass fraction
decreases with an increase in Dm. Specifically, as Dm increases from 2.20
mm to 2.60 mm, the reduction in the liquid phase mass fraction is

Fig. 7. Comparison of ER under two models with experimental data.

Fig. 8. Distribution of I and dr
dt under standard operating conditions.
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relatively stable, followed by a substantial decrease. After increasing the
diameter to 2.80 mm, the liquid phase mass fraction for each cross-
section almost ceases to increase, maintaining at a very low level,
indicating the absence of droplet growth phenomena at this point. This
result further visually confirms the above conclusion: the larger Dm is,
the lower the intensity of non-equilibrium condensation is. Moreover,
after increasing the diameter to 2.60 mm, the non-equilibrium

condensation phenomenon is nearly neglected, and at this point, the
dry and wet gas models no longer exhibit significant differences.

Fig. 11 illustrates the pressure distribution under different Dm for two
models. The results indicate that when the Dm is 3.00 mm, the pressure
distributions of two models are most similar, with the lowest pressure
inside the ejector being 1.086 bar in both cases. The wet gas model
exhibits lower sensitivity to changes in Dm. When Dm increases from
2.00 mm to 3.00 mm, the lowest pressure for the dry and wet gas models
increases by 0.007 and 0.005 bar, respectively.

Fig. 12 presents the results of the visual analysis. First, the axial di-
rection aligns with the X-axis, while the radial direction aligns with the
Y-axis. From Fig. 12 a), it can be observed that with the increase of Dm,
the primary mixing boundary Φ0.1 and the secondary mixing boundary
Φ0.9 gradually keep away from each other. Φ0.9 in the radial direction
generally shows an increasing trend with the increase of Dm, reaching its
maximum at Dm = 2.65 mm before decreasing. Fig. 12 b) and c)
respectively illustrate the pressure distribution along Φ0.1, and the
pressure distribution along Φ0.9.

Fig. 13 comprehensively analyzes the impact of the variation in Dm
on ejector performance from multiple perspectives. Given that mp re-
mains nearly constant under different experimental conditions, ER is
directly related to ms. Therefore, a new parameter, the secondary flow
intensity Q*, is defined as:

Q* =

(
Dm

Dn

)2

⋅
(

ΔP
Pp,in

)1
3 (23)

where ΔP is the Differential pressure between the center of the entrance
to the mixing chamber and Ps,in.

From Fig. 13 a), with the increase in Dm, ms in dry gas model in-
creases first and then decreases, reaching its maximum at a diameter of
2.5 mm. In wet gas model, besides reaching the first peak at a diameter
of 2.5 mm, ms begins to experience a second increase as the diameter
further grows to 2.6 mm. Overall, when Dm is below 2.7 mm, wet gas
model exhibits a significantly lower ms. However, after the diameter
increases to 2.7 mm, the two are almost the same. Fig. 13 b) illustrates
the change in ER with Dm for two models. With the increase in Dm, ER of
dry gas model initially increases and then decreases, reaching a peak
value of 4.60 as Dm = 2.4 mm. Notably, wet gas model shows two peaks,
occurring at diameters of 2.5 mm and 2.65 mm, with ER reaching 4.21
and 4.24, respectively. An analysis of the unexpected decrease in Ps,in
was conducted. The results in Fig. 13 c) indicate that as Dm increases, the
rate of decrease in ER gradually increases. when Dm is 2.40, 2.50, 2.55,
2.60, 2.65, and 2.70 mm, the entrainment ratio decreases by 19.0%,
22.7%, 23.5%, 23.4%, 30.8%, and 36.0%, respectively. This implies that
smaller Dm possess a stronger ability to resist disturbances in the pres-
sure of the secondary flow. Therefore, the optimal choice is Dm = 2.4
mm.

4.2.2. Nozzle divergent angle
Numerical simulations are conducted for θ, with the range set be-

tween 3.0◦ and 15.0◦. Based on Fig. 14 a), as θ increases, the intensity of
droplet nucleation exhibits a relatively stable decreasing trend. When θ
increases from 3.0◦ to 14.0◦, the maximum value of I decreases only
from 9.06× 1026 m− 3⸱s− 1 to 7.62× 1026 m− 3⸱s− 1. When θ increases from
3.0◦ to 10.0◦, the reduction in the distribution range of droplet growth is
relatively small. The peak value of drdt decreases from 6.93 × 10− 4 m/s to
5.50 × 10− 4 m/s, the decrease is 1.44 × 10− 4 m/s, representing the
average reduction rate of 3.0% per degree. However, when θ increases
from 10.0◦ to 11.0◦, the distribution range of droplet growth signifi-
cantly decreases, and the peak value of drdt decreases to 1.03 × 10− 4 m/s,
the decrease is 4.47× 10− 4 m/s, representing the average reduction rate
of 81.2% per degree. Continuing to increase θ, the distribution range of
droplet growth becomes negligible. The results indicate that non-
equilibrium condensation’s strength decreases as θ increases, and

Fig. 9. Comparisons of pressure and Mach number between two models. a)
Pressure distribution in the ejector. b) Mach number distribution in the ejector.
c) Pressure on the axis. (d) Mach number on the axis.

Table 4
The structure parameter and its value range.

Structural parameter Range

Ejector throat diameter Dm
(mm)

2.00, 2.20, 2.30, 2.40, 2.50, 2.55, 2.60, 2.65, 2.70,
2.80, 3.00

Nozzle divergent angle θ (◦) 3.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 11.5, 12.5, 13.0,
14.0, 15.0
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there exists a sensitive range. Fig. 14 b) illustrates the pressure distri-
butions under two models for different θ. The pressure variation pri-
marily concentrates near the nozzle exit. As θ is below 11.0◦, the
pressure drop near the nozzle exit is significantly greater in dry gas
model. However, when θ exceeds 11.0◦, pressure distribution exhibits
minimal variance between two models, this is because of the significant
reduction in non-equilibrium condensation intensity.

Fig. 14 c) illustrates the liquid phase mass fraction along the axial
direction for different θ. The axial position x= 5.0 mm is a dividing line,
the liquid phase mass fraction can be neglected before this point. Beyond
this point, with the increase in θ, the liquid phase mass fraction along the
axial direction decreases. Notably, as the angle increases from 6.0◦ to
10.0◦, the reduction in the liquid phase mass fraction remains relatively
stable, followed by a substantial decrease. This result further demon-
strates that a larger θ corresponds to a lower non-equilibrium conden-
sation intensity.

Fig. 15 presents the visual analysis results for different θ. From
Fig. 15 a), the variation in θ has little influence on the boundary length.

Fig. 15 b) and 15 c) depict the pressure distribution along Φ0.9 and Φ0.1,
respectively. In the mixing chamber, when θ is below 11.0◦, the pressure
distribution on the boundaries exhibits a decreasing trend with
increasing θ. However, when θ exceeds 11.0◦, the pressure distribution
along the boundaries is insensitive to change in θ.

Fig. 16 illustrates the impact of θ on ER. Fig. 16 a) presents ER for two
models, and as θ increases, both of ER initially increase and then
decrease. Specifically, ER reaches its peak value of 4.657 for dry gas
model when θ = 6◦, and 4.565 for wet gas model when θ = 11.0◦. And
when θ exceeds 11.0◦, the ER obtained from two models become very
close. Fig. 16 b) investigates the anti-interference ability of Ps,in fluctu-
ations under different θ. The results indicate that as θ = 11.0◦, 12.0◦,
13.0◦, and 14.0◦, the ER decreases by 18.9%, 19.2%, 19.0%, and 19.1%,
respectively, which indicates that θ is not the key parameter affecting
the ejector’s anti-interference ability to secondary flow pressure fluc-
tuations. Therefore, based on Dm = 2.40 mm, the optimal choice is θ =

11.0◦.

Fig. 10. Comparison of non-equilibrium condensation intensity with various Dm. a) Distributions of I and dr
dt. b) Axial profile of liquid phase mass fraction.
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Fig. 11. Comparisons of pressure between wet gas and dry gas at different mixing chamber diameter. a) Pressure distributions of wet and dry gas. b) Pressure
distribution of dry gas on the axis. c) Pressure distribution of wet gas on the axis.
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Fig. 12. The boundaries of the mixing section and its pressure distribution. a)
Comparison of boundaries at different Dm. b) Pressure distribution on the pri-
mary mixing boundary. c) Pressure distribution on the secondary mix-
ing boundary.

Fig. 13. Effect of Dm on ejector performance. a) Effect of Dm on the Q* b) Effect
of Dm on ER c) Effect of Ps,in on ER under different Dm.
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4.3. Comparative analysis

A comparative analysis of performance between the optimized and
baseline ejectors was conducted. Fig. 17 depicts ER before and after
optimization under different Ps,in. When Ps,in decreases to 1.190 bar, the
optimized ejector still exhibits good performance. However, when Ps,in
drops to 1.185 bar, there is no significant difference in the entrainment
performance between the ejector before and after optimization. It can be
predicted that further reduction in Ps,in may even lead to inferior per-
formance of the optimized ejector compared to the baseline ejector. This
underscores the importance of our work: while structural optimization
of the ejector effectively enhances efficiency near the operating point, it
may not be advantageous for other operating conditions. Particularly,

when the actual operating environment involves significant fluctuations
and large amplitudes in Ps,in, this aspect must be considered. Specific
analysis results are as follows: when Ps,in is 1.200 bar, 1.195 bar, 1.190
bar, and 1.185 bar, the optimized ejector, compared to the baseline
ejector, shows performance improvements of 22.8%, 17.2%, 10.2%, and
2.2%. Considering that the optimization effect is negligible as Ps,in is
1.185 bar, the effective optimization range is considered to be from
1.190 bar to 1.200 bar. The maximum optimization effect occurs when
Ps,in is 1.200 bar, with a 22.8% improvement. On average, the entire
effective range experiences a 16.7% improvement. In summary, within
the effective operating range of 1.190 bar–1.200 bar, the optimized
ejector demonstrates higher ER and stronger resistance to interference
from fluctuations in Ps,in. However, continued increase in the

Fig. 14. Comparison of flow characteristics in the ejector at different θ. a) Distribution of I and dr
dt b) Comparisons of pressure between two models c) Axial dis-

tribution of liquid phase mass fraction.
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Fig. 15. The boundaries of the mixing section and its pressure distribution. a)
Comparison of boundaries for different θ. b) Pressure distribution on the sec-
ondary mixing boundary. c) Pressure distribution on the primary mix-
ing boundary.

Fig. 16. Effect of θ on ejector performance. a) Effect of θ on ER b) Effect of Ps,in
on ER under different Dm.

Fig. 17. Comparison of ER between optimized and baseline ejectors.
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disturbance caused by Ps,in can result in deterioration in the performance
of the optimized ejector.

The energy consumption of the optimized PEMFC system is also
analyzed. Enhancing the entrainment capability of the ejector can
reduce the parasitic power from the circulation pump, thereby
improving the overall system efficiency. The power reduction rate ηE is
defined as:

ηE =
Epʹ − Ep
Epʹ

× 100% (24)

where Epʹ and Ep represent the parasitic power of the circulation pump
before and after optimization, respectively. According to the study by
Kong et al. [53], there is a linear relationship between the entrainment
ratio of the ejector and the parasitic power of the circulation pump
under the PUE mode. The relationship is given by the following
equation:

Ep = 256 − 38.42ER (25)

Based on the above formulas, it can be calculated that the power
reduction achieved by coupling the circulation pump with the ejector in
the PUE mode is 55.80% compared to the single hydrogen pump mode.
This result is highly consistent with the conclusions drawn by Kong et al.
Furthermore, using the optimized ejector compared to the baseline
ejector results in an additional power reduction of 28.78%, highlighting
the energy-saving advantages of the optimization.

5. Conclusions

Hydrogen recirculation ejector require no additional energy supply,
effectively enhancing fuel efficiency and reducing resource waste. Most
importantly, the ejector is environmentally friendly, providing a sus-
tainable solution for clean energy applications by minimizing hydrogen
emissions. To optimize the ejector to the fullest extent, a CFDmodel for a
hydrogen recirculation ejector considering non-equilibrium condensa-
tion phenomena is established. Provided new insights for optimizing the
ejector’s geometric structure. The following are the conclusions.

1. The occurrence of non-equilibrium condensation led to elevated
temperature and pressure within the primary flow, resulting in a
decrease in pressure difference during the mixing process. This
further weakened the entrainment capability of the primary flow,
adversely affecting the performance of the ejector.

2. As Dm increases, the strength of non-equilibrium condensation
gradually decreases, significantly reducing when the diameter rea-
ches 2.65 mm. The ER of the wet gas model is smaller, but as Dm
increases, the difference in ER between two models rapidly di-
minishes, both exhibiting a trend of initially increasing and then
decreasing. Within the diameter range of 2.4 mm–2.7 mm, ER re-
mains insensitive to diameter changes and consistently maintains a
high level. Larger diameters make ER more sensitive to fluctuations
in Ps,in. Therefore, the optimal value for Dm is chosen as 2.4 mm.

3. As θ increases, the trend of non-equilibrium condensation strength
and ER for both models is similar to that observed with increasing Dm.
When θ reaches 11◦, there is a significant decrease in strength of non-
equilibrium condensation. When the range of θ is between 11◦ and
14◦, ER remains insensitive to angle changes and consistently
maintains a high level. The change in θ has little impact on the
sensitivity of ER to fluctuations in Ps,in. Therefore, the optimal geo-
metric dimensions are chosen as Dm of 2.4 mm and a nozzle diver-
gence angle of 11◦.

4. The ER of the ejector after structural optimization exhibited a
maximum improvement of 22.8%, and an average improvement of
16.7% across the entire effective operating range. Compared to the
single hydrogen pump mode, the PUE mode reduces power by
55.80%, and the optimized ejector further reduces power by 28.78%

compared to the baseline ejector. However, beyond this effective
operating range, the performance of the optimized ejector de-
teriorates rapidly.

This study offers a new perspective for optimizing the ejector. Future
research efforts could focus on elucidating the fundamental mechanisms
underlying the complex flow dynamics and expanding the effective
operational range of the ejector.
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