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Abstract: Fuel cell systems often utilize a hydrogen recirculation system to redirect and transport
surplus hydrogen back to the anode, which enhances fuel consumption and boosts the efficiency of the
fuel cell. Hydrogen recirculation pumps and ejectors are the most investigated systems. Ejectors are
gaining recognition as an essential device in fuel cell systems. However, their application in hydrogen
recirculation systems is often limited by a narrow operational range. Therefore, it is advantageous
to compile the present condition of the study on various ejector shapes as well as configurations
that can accommodate a broader operational range, along with the numerical simulations employed
in these studies. This paper begins by examining the structure and operation of ejectors. It then
compares and analyzes the latest advancements in research on ejector-based hydrogen recirculation
systems with extended operating ranges and reviews the details of numerical simulations of ejectors,
which are crucial for the development of innovative and efficient ejectors. This study provides key
insights and recommendations for integrating hydrogen ejectors into the hydrogen cycle system of
fuel cell engines.

Keywords: ejector; proton exchange membrane fuel cell; hydrogen recirculation; numerical
simulations; turbulence model

1. Introduction

In recent years, fuel cells have garnered significant attention because of their high
specific energy density, absence of combustion emissions, and minimal maintenance
needs. These characteristics make them particularly suitable for a variety of applications,
including vehicles, portable devices, and stationary power generation [1]. Fuel cells
transform the chemical energy of a fuel directly into electricity through a pair of redox
reactions using an oxidizing agent (usually oxygen), but without combustion. Hydro-
gen, recognized for its high gravimetric energy density and the fact that its oxidation
product is pure water, is emerging as a promising clean energy vector, if produced using
renewable energy sources. Fuel cells can be powered directly by hydrogen, making them
a completely sustainable energy source when renewable hydrogen is utilized as fuel. As
the world increasingly seeks green energy solutions, hydrogen fuel cells are emerging
as a promising alternative to traditional fossil-fueled internal combustion engines. The
transport sector, dominated by road vehicles, has been identified as a major contributor
to global CO, emissions [2,3]. Therefore, the adoption of hydrogen fuel cells in this
sector could play a crucial role in mitigating the impacts of global warming.

Proton Exchange Membrane Fuel Cells (PEMFCs) are a kind of fuel cell that utilizes
pure hydrogen as fuel and offer numerous pros like low noise, large specific power, high
efficiency, and excellent dynamic characteristics [4-7]. As such, they hold significant po-
tential in various sectors, including transportation, mobile power stations, and aerospace.
As the world aims to reduce emissions, the spread of electric vehicles, especially those
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powered by fuel cells and batteries, is seen as a viable solution. The automotive industry,
in particular, has shown a keen interest in hydrogen PEMFC technology, with leading man-
ufacturers investing heavily in the development of fuel-cell vehicles (FCVs) [8]. Fuel Cell
Vehicles (FCVs) based on PEMFC powertrains, such as Toyota Mirai and Hyundai NEXO,
the most diffused on the market [9], are a research hotspot due to their zero emissions,
high conversion efficiency, and other benefits. These significant technical advancements in
sustainable mobility could play a crucial role in slowing the increase in emissions as we
transition to low-carbon electricity sources [10,11].

PEMEFCs generate electricity and a significant amount of water, necessitating effective
management strategies to maintain optimal performance [12]. These strategies include
supplying an excess stoichiometric ratio of reaction gas to the PEMFCs and implementing
various gas management strategies such as a dead-end anode and exhaust gas recircu-
lation [7,13]. In fuel cell vehicles, hydrogen is stored in high-pressure cylinders. Since
PEMEFCs operate at near ambient pressure, unreacted hydrogen cannot be reinjected in the
storage due to the impracticality of installing a high-pressure hydrogen compressor on a
vehicle, and if a recirculation system is not present, it must be released into the environment,
strongly reducing the utilization rate and the vehicle efficiency. To address this, researchers
have proposed several hydrogen circulation methods, including the use of an ejector or
hydrogen recirculation pump [14,15]. The ejector, specifically, offers more practical benefits
in fuel cell systems because it consumes less power, operates more quietly, and is more
durable than mechanical pumps [16-19].

The recirculation of hydrogen in PEMFC systems is crucial for several reasons. Firstly,
it improves the utilization rate of hydrogen by recirculating the excess hydrogen at the
anode outlet back to the anode inlet, allowing it to continue participating in the electrochem-
ical reaction. This not only enhances fuel efficiency but also reduces hydrogen waste [19].
Secondly, recirculation helps in discharging accumulated water and impurity gases at the
anode, ensuring the efficient operation of the fuel cell stack. Without effective recirculation,
these impurities can lead to anode flooding, which significantly impairs the performance
and durability of the fuel cell. Additionally, hydrogen recirculation can increase the gas
flow velocity in the anode flow channel, further preventing anode flooding and improving
overall system efficiency [20].

In the realm of ejector design and operation, the role of Computational Fluid Dy-
namic (CFD) simulations and experimental studies is pivotal. The sensitivity of ejectors
to geometry and operating conditions necessitates meticulous investigation, as even
minor deviations can significantly impair efficiency [21]. CFD simulations, with their
extensive applications in fuel cell technology, have proven instrumental in design op-
timization, performance enhancement, and the resolution of thermal and water man-
agement issues. Concurrently, experimental studies offer more accurate and precise
results, serving as a benchmark for validating the reliability and predictive capabilities
of CFD models. The historical application of CFD in ejector analysis dates back to the
early 1900s, with supersonic ejectors used in cooling and refrigeration applications. Over
the years, CFD has facilitated a deeper understanding of flow characteristics and has
been instrumental in optimizing ejector geometry. Despite the computational intensity
and complexity of CFD simulations, their capability to offer detailed insights into flow
characteristics underscores their invaluable contribution to ejector analysis. Thus, the
synergy of CFD simulations and experimental studies is crucial for advancing ejector
technology [22].

Despite the importance of ejectors, their current performance is not yet adequate for
practical application due to their narrow operating range and strict operational require-
ments. However, recent studies have shown promising advancements in developing
hydrogen ejectors with a wider operating range. This review uniquely uses bibliomet-
ric tools to systematically examine the research condition and improvement trends of
ejectors in fuel cell technology. Considering factors like price, material availability, per-
formance, and technological advancement, ejectors are anticipated to become a key area
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of development in the fuel cell industry. Some automakers are already concentrating on
designing and developing ejectors that can operate across the entire power range.

This review begins by detailing the ejector, focusing on its structure and operating
principle. Following this, it presents the relevant classification methods and performance
indicators. Moreover, various hydrogen recirculation ejectors mentioned in published stud-
ies and their configurations are analyzed. In addition, the numerical analyses developed in
these studies were scrutinized in terms of turbulence model, grid size, and other relevant
criteria to emphasize the importance of numerical analysis and the reliability of the results,
along with a comparison with experimental results.

2. Search Strategy, Eligibility Criteria, and Study Selection

A thorough investigation was conducted across Scopus [23] and Web of Science [24]
databases to identify research papers using the keywords (ejector), (CFD), (Simulation),
and (Fuel cell). The specific search syntaxes are detailed in Table 1. Additionally, a manual
search of the bibliographies of selected articles was performed to complement the database
search and enrich the research.

Table 1. Syntax used for search in electronic databases.

Database Search Syntax

Scopus TITLE-ABS-KEY (ejector AND (CFD OR simulation) AND fuel cell)
Web of Science (TS = (ejector) AND (TS = (CFD) OR TS = (simulation)) AND TS = (fuel cell))

The selected articles were chosen from among published peer-reviewed articles,
focusing on the numerical modeling of any type of ejector. Publications were excluded
if they met any of the following criteria: (1) literature reviews or prospective studies,
(2) studies not written in English, and (3) studies that did not include numerical analysis
of ejectors. Once the relevant papers were collected and duplicate entries were elim-
inated, the titles and abstracts of the remaining articles were assessed. Data such as
author(s), year of publication, ejector type, nozzle type, power range, dimensions of
numerical analysis, turbulence model, and experimental validations were extracted from
the included studies.

A total of 276 references were found from the database search, with 135 from Scopus
and 141 from Web of Science. Once duplicates were removed, 188 studies were left. From
these, 83 were eliminated after reviewing their titles and abstracts. After a full-text review,
an additional 50 studies were removed because they did not meet the eligibility criteria. In
the end, 55 studies that fulfilled the criteria were selected for this systematic review (See
Figure 1).
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Figure 1. Flowchart of the literature review and results.

3. Results
3.1. Ejector
3.1.1. Structure

Ejectors have been a research focus in the refrigeration field for several years [25,26]. Re-
cently, many researchers have explored the implementation of ejectors for fuel recirculation
purposes in fuel cell systems, primarily PEMFCs. The ejector is a highly efficient device
designed to extract gas from a specified container or hose without the need for any moving
parts. It operates based on the principle of creating a pressure drop through a high-velocity
jet of the working fluid. This jet induces a low-pressure region within the ejector, which in
turn facilitates the continuous suction of the ejected gas. The absence of moving parts not
only reduces maintenance requirements but also enhances the reliability and longevity of
the system. Additionally, the high-speed jet ensures a consistent and stable flow, making
the ejector an ideal choice for applications requiring uninterrupted gas extraction.

While alternative methods for gas recirculation exist, such as active recirculation
pumps, ejectors offer distinct advantages over pumps. These advantages include lower
noise levels, compact size, low maintenance costs, no parasitic power consumption, re-
duced system weight and volume, and a simple structure and design [27,28]. Moreover,
ejectors assist in effectively recirculating unreacted hydrogen within the fuel cell system,
which minimizes hydrogen consumption and ensures a more consistent fuel supply. This
consistent supply helps maintain optimal operating conditions, reducing the stress on the
fuel cell components [29,30]. Figure 2 illustrates the geometry of a common ejector, which
contains four main components, namely: nozzle, suction chamber, mixing chamber, and dif-
fuser. It also includes some important design parameters, including nozzle diameter (Dn),
secondary inlet diameter (Ds), nozzle exit position (NXP), and mixing chamber diameter
(Dm). The value of these parameters affects the performance of the ejector [16,31].
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Figure 2. Schematic diagram of an ejector [32].

When the ejector functions within the hydrogen cycle of the fuel cell anode, the primary
flow from the hydrogen storage tank experiences a drop in pressure and an increase in
velocity as it passes through the nozzle. At the same time, the secondary flow, which is the
unreacted hydrogen exiting the stack outlet as a jet flow, is directed into the mixing chamber
by the shearing effect of the primary flow. In this chamber, the secondary flow combines
with the primary flow, creating what is known as the supply flow. As this combined flow
enters the diffusion chamber, its pressure rises. After thorough mixing, it exits the ejector
outlet and enters the hydrogen inlet of the fuel cell anode, effectively achieving the goal of

pressurized recovery of the circulating fluid [33].

Various ejectors and configurations have been investigated. Ejectors can be catego-
rized, on one hand, into different types, including fixed-geometry (conventional) ejectors,
double ejectors, bypass ejectors, pulsed ejectors, multi-nozzle ejectors, and variable ejectors

(Figure 3).
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Figure 3. Various ejector types in the literature: (a) conventional ejector with narrow operation
range [34], and wide-operating-range ejector, (b) double ejector [1], (c) bypass ejector [35], (d) pulsed
ejector [36], (e) multi-nozzle ejector [37], and (f) variable-geometry ejector (adapted from [38]).

On the other hand, they can be distinguished based on the nozzle shape, which can be
either subsonic or supersonic (Figure 4).

Gnc m
ond

— Dt Wt
<L.nd '

(@) (b)

Figure 4. (a) Supersonic nozzle and (b) subsonic nozzle [39].

3.1.2. Operational States

In an ejector-based system, the entrainment ratio (w) is a key metric for evaluating
ejector performance. This ratio indicates the ability of the primary flow to pass through the
nozzle and draw in a secondary flow. Specifically, the entrainment ratio is the ratio of the
mass flow rate of the secondary fluid to that of the primary working fluid, as defined by

the following equation [40-44]:
ns

where m; and m;, denote the secondary and primary mass flow rates, respectively.

In practical scenarios, an ejector might experience two instances of choking. The initial
choking happens for the primary flow following the convergent nozzle. After exiting the
nozzle, the flow expands within the ejector, leading to the second instance of choking for
the secondary flow in the mixing chamber. As a result, the ejector performance can be
categorized into three operational states (see Figure 5), which are determined by the ejector
discharge or back pressure under constant primary and secondary flow conditions [45].

1. Critical or dual choking state: This mode is characterized by the discharge pressure
being lower than the critical pressure. In this state, the entrainment ratio remains
relatively stable, and the ejector operates at its highest efficiency;

2. Subcritical or single choking state: In this mode, the discharge pressure (P, < P, < P 1)
exceeds the critical pressure. As a result, the entrainment ratio experiences a significant
reduction as the discharge pressure increases;

3. Backflow or malfunction mode: In this mode, P}, > Py j, the entrainment is reversed, the
ejector is not able to work, and no suction occurs.
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Figure 5. Common operational states of the ejector [41].

3.1.3. Various Ejector-Based Hydrogen Recirculation Configuration in Fuel Cell Systems

In the field of PEMFC-based powertrains, FCV manufacturers have selected different
solutions for hydrogen management in the anodic loop. For instance, Toyota’s Mirai model
employs a single hydrogen recirculation pump, while Hyundai’s NEXO fuel cell vehicle
utilizes a unique single-ejector hydrogen recovery scheme. Some vehicles even combine
both ejector and pump for hydrogen recirculation in parallel to enhance the efficiency of
the fuel cycle system [44].

The use of ejectors in PEMFCs encompasses several areas, including the design and
optimization of geometrical features, analyzing the performance characteristics of the
PEMEFC stack with an ejector, creating ejectors that operate over a wide range, and managing
fuel delivery systems. Various configurations for ejector-based hydrogen recirculation were
examined to improve ejector performance across a broader operational range, as stated in
Table 2.

Table 2. Summary of characteristics of ejectors and power range condition in reviewed articles.

Author (Year) Ejector Type Nozzle Type Power Range
. . Subsonic
Bernardi et al. [46] (2005) Conventional Supersonic 1MW
Ferrari et al. [47] (2006) Conventional SSubsoruc. 1MW
upersonic
Zhu et al. [48] (2009) Conventional Subsonic N/A
Zhu et al. [49] (2011) Conventional Subsonic N/A
Brunner et al. [50] (2012) Variable geometry Subsonic 7-17 kW
Hosseinzadeh et al. [41] (2014) Double ejector Subsonic 1.3-12.5 kW
Hwang et al. [36] (2014) Pulse ejector Supersonic 1.45 kW
Hwang et al. [51] (2015) Conventional Supersonic N/A
Baba et al. [38] (2015) Variable geometry Subsonic 1kW
Nikiforow et al. [52] (2016) Conventional Subsonic 5 kW
Yin et al. [53] (2016) Conventional Subsonic 80 kW
Besagni et al. [54] (2017) Conventional Subsonic 25-200 kW
Genc et al. [55] (2017) Conventional Supersonic 18 kW
Jenssen et al. [19] (2017) Variable geometry Subsonic 100 kW
Chen et al. [56] (2018) Conventional Supersonic 270 kW
Pei et al. [57] (2019) Conventional Subsonic 10 kW
Baba et al. [58] (2020) Variable geometry Subsonic 50 kW
Feng et al. [39] (2020) Conventional Supersonic 40-160 kW
Kuo et al. [44] (2020) Conventional Subsonic 3 kW
Liu et al. [15] (2020) Conventional Subsonic 130 kW

Wang et al. [59] (2020) Conventional Subsonic 40 kW
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Table 2. Cont.

Author (Year) Ejector Type Nozzle Type Power Range
Xue et al. [17] (2020) Multi-nozzle Subsonic 20-100 kW
Zhang et al. [18] (2020) Conventional Subsonic N/A
Chen et al. [60] (2021) Conventional Supersonic N/A
Du et al. [61] (2021) Multi-nozzle Subsonic 17.9-84 kW
Han et al. [62] (2021) Multi-nozzle Subsonic 22-100 kW
Kuo et al. [63] (2021) Conventional Supersonic 80 kW
Ma et al. [32] (2021) Conventional Subsonic N/A
Song et al. [64] (2021) Multi-nozzle Subsonic 17-85 kW
Chen et al. [34] (2022) Double ejector Subsonic 6-70 kW
Singer et al. [65] (2022) Pulsed ejector Subsonic N/A
Fan et al. [66] (2022) Conventional Subsonic 10.7-57.2 kW
Han et al. [67] (2022) Conventional Subsonic 5 kW
Han et al. [40] (2022) Conventional Subsonic 80 kW
Huang et al. [68] (2022) Conventional Subsonic 4-6 kW
Li et al. [69] (2022) Conventional Subsonic 3.8-23.5 kW
Liu et al. [70] (2022) Conventional Subsonic 1kW
Liu et al. [71] (2022) Conventional Subsonic N/A
Sun et al. [72] (2022) Conventional Subsonic 40-70 kW
Zhang et al. [73] (2022) Conventional Subsonic N/A
Bian et al. [74] (2023) Conventional Subsonic N/A
Chen et al. [75] (2023) Conventional with Subsonic 45-100 kKW
water separator
Chen et al. [37] (2023) Multi-nozzle Subsonic 13.5-100 kW
Ding et al. [76] (2023) Conventional Subsonic N/A
Huang et al. [42] (2023) Conventional Supersonic 10 kW
Kuo et al. [77] (2023) Conventional Subsonic 1 kW
Ping et al. [78] (2023) Conventional Subsonic 34.84-45.88 kW
Yin et al. [79] (2023) Multi-nozzle Subsonic N/A
Zhang et al. [80] (2023) Conventional with Subsonic 30, 40, 50 kW
water separator
Le tri et al. [81] (2023) Double ejector Subsonic 100 kW
Huang et al. [42] (2024) Conventional Supersonic N/A
Singer et al. [21] (2024) Variable geometry Subsonic 160 kW
Yu et al. [82] (2024) Multi-nozzle Subsonic 17-110 kW
Yu et al. [35] (2024) Bypass ejector Subsonic 17.9-84 kW
Li et al. [28] (2024) Multi-nozzle Supersonic N/A

Brunner et al. [50] investigated a variable geometry ejector with a subsonic nozzle,
which is controlled by a needle and can be used for a PEMFC with output power from 7 to
17 kW. Their experiments showed that using a variable geometry ejector can significantly in-
fluence the entrainment ratio and, ultimately, the performance of the ejector. Hosseinzadeh
et al. [41] studied a double ejector with a subsonic nozzle to provide the flow required
for a forklift PEMFC. They concluded that the studied configuration can be utilized for
a power range from 1.3 to 12.5 kW. They also conducted the same experiments with a
variable-geometry ejector and discovered that it is able to operate in a similar mode as
the double-ejector configuration. Nonetheless, from a practical point of view, the latter
requires a more complex method in order to control the system and is more challenging
from a manufacturing point of view. Another important result regarding the fluid dynamics
behavior of the ejector was the pressure drop inside the ejector. As illustrated in Figure 6,
the primary pressure starts at 6.88 bar and decreases as it passes through the nozzle throat,
where the flow transitions into the supersonic regime. This supersonic flow creates a
low-pressure region of 0.8 bar, effectively drawing the secondary flow into the ejector. In
the mixing chamber, the primary and secondary flows combine, resulting in a pressure
recovery of 1.7 bar. As the mixed flow progresses into the diffuser section, the pressure
further increases to 1.764 bar.
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Figure 6. Pressure drop profile inside the ejector [41].

Hwang et al. [36] carried out a study on a pulsed ejector using a supersonic nozzle to
supply hydrogen for a 1.45 kW PEMEFC stack. Their findings demonstrated that hydrogen
stoichiometry of the anode could be effectively maintained between 1.4 and 1.6. This was
achieved with an entrainment ratio of 40-50% under a steady system power of 1.45 kW.

Besagni et al. [54] employed an integrated approach using a CFD model based on
lumped parameters to assess the performance of a conventional ejector with a subsonic
nozzle required for recirculation of the anode in PEMFC systems. According to their
simulation results (Figure 7), they observed that there is a reduction in the efficiency of the
fuel cell while the current of the stack rises, which is expected due to polarization effects.
On the contrary, there would be an increase in the magnitude of the power of the fuel cell
until it arrives at a maximum amount. It is important to note that the studied ejector does
not ensure the optimal entrainment ratio for the fuel cell all the time.

20 0.8 6 350
—e—p, —&— Entrainment ratio
—@— Pressure drop 5 —— Te 340
15 0.6 €
S 2 £
o g4 330 £
3 g z 2
o 10 0472 2 £
s £ £ s
. g g3 320%
o & 2
5 02 ]
2 3100
0 0 1 300
0 200 400 600 800 1000 1200 2 4 6 8 10 12 14 16 18
Stack current [A] Primary flow pressure [Bar]
(a) Primary flow pressure and pressure drop (b) Entrainment ratio and outlet temperature
0.025 - 1
—— ml:7 y
= 002 o m,
)
=
® 0.015
o
- 0.5-2
H 100 e
2 ool § b £
8
E 0.005
0 " " " " n " " | —©— Efficiency —8— Voltage —@— Power
4 6 8 10 12 14 16 18 0 o
o_[bar] 0 200 400 600 800 1000 1200
P Stack current [A]
(c) Ejector mass flow rates (d) Fuel cell performance

Figure 7. PEMFC system: simulation results [46].

Xue et al. [17] designed, built, and evaluated an innovative multi-nozzle ejector (see
Figure 8) capable of covering a broad range of output power from 20 kW to 100 kW, devoid
of considerable differences in the magnitude of pressure at the primary inlet, simply by
changing the nozzle operation modes. It was observed that when the nozzles are open and
work simultaneously, some issues like vortices would be efficiently managed. Furthermore,
the two-nozzle operation mode is able to obtain the greatest recirculation capacity. They
also analyzed the magnitude of pressure drop in two different operation modes along the
ejector. As can be seen in Figure 9, the pressure dramatically drops in both cases, and then,
after combining with secondary flow, the pressure rises.
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Figure 8. Multi-nozzle ejector studied in [17].
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Figure 9. Pressure drop magnitude along the ejector [17].

Another multi-nozzle ejector, a so-called coaxial-nozzle ejector, has been designed
and analyzed by Du et al. [61], which can meet the needs of the PEMFC system across
various power output ranges (Figure 10). The results indicated that the examined ejector
could function effectively within a broad power range of 17.90-84 kW, provided there is
an adequate hydrogen supply at pressures between 4 and 7 bar. Additionally, the ejector
maintains a recirculation ratio above 0.9 across the entire power range and achieves a high
recirculation ratio exceeding 2.0 at lower power outputs.

First nozzle Second nozzle

Figure 10. Multi-nozzle (coaxial-nozzle) ejector studied in [61].

Han et al. [62] studied a multi-nozzle ejector that includes one central nozzle (CN) and
two symmetrical nozzles (SNs). The CN condition is utilized when low power is required,
while the SNs condition is activated for high power conditions. Their findings revealed
that the multi-nozzle ejector can operate within a range of 0.27 to 1.6 g/s (22-100 kW).

Chen et al. [34] assessed the performance of a double ejector configuration for PEMFC
in order to cover a wide operational range from 5.6 kW to 70 kW. They found that the
ideal geometric configuration allowed each ejector to support a particular range of power
while increasing entrainment efficiency. Additionally, by optimally controlling the flow
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of hydrogen and timing the opening and closing of the two ejectors, they diminished
variations in the pressure of the anode gas, thereby decreasing potential damage to the
PEMEFC'’s operational lifespan. Yu et al. [35] investigated a bypass-based ejector in order to
widen the operating range of PEMFCs. They have found that the performance of the ejector
is highly sensitive to the position, width, and angle of the bypass port. The performance of
the proposed ejector seemed to be satisfactory while covering the output power of 17.9 to
84 kW.

The distribution of ejector types and configurations examined in the surveyed litera-
ture is presented in Figure 11. Conventional ejectors, accounting for 67% of the studies, are
the predominant method for hydrogen recirculation. The multi-nozzle ejector, despite only
representing 15% of the studies, is noteworthy. This is particularly significant considering
that the first study on multi-nozzle ejectors, within the scope of the reviewed articles, was
published by Xue et al. in 2020 [17]. Subsequently, an increasing number of research groups
have focused their efforts on multi-nozzle ejectors, leading to the development of a variety
of geometries [37,50,61,62].

Variable-geometry
ejector
7%

Multi-nozzle ejector
15%

Pulsed ejector
4%
Bypass ejector
2%

Double ejector
5%
Conventional
ejector
67%

Figure 11. Distribution of different ejector types and configurations examined in the reviewed articles.

As previously stated, a primary concern with conventional ejectors was their inability
to adapt to a broader power range. Consequently, alternative configurations were intro-
duced to encompass a larger output power range. Figure 12 illustrates the power range
that some of the proposed ejector-based hydrogen recirculation methods, as discussed in
the literature, can cover.

3.2. Numerical Modeling

Numerical modeling, particularly CFD, is recognized as a consistent approach for
modeling fluid flow within ejectors [45,63]. It accurately captures a wide range of flow
phenomena such as shock waves, mixing, boundary layer, phase change, compressibility,
supersonic flow, and complex flow. This tool has been instrumental in researchers gaining
a more profound knowledge of the hydrodynamic performance of ejectors, thereby leading
to enhanced designs as well as optimization. However, the complexity and computational
intensity of CFD simulations make them more resource-demanding compared to analytical
models, which can pose challenges in scenarios with limited computational resources.
Additionally, selecting a suitable physical model, especially for turbulence, is of paramount
importance [65]. Furthermore, the proper handling of numerical settings and discretization
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schemes is crucial for achieving a stable and converged solution, emphasizing the precision
required in CFD studies.

Yu et al. (2024)
Yu et al. (2024)
Chenetal. (2023)
Song et al. (2021)

Han et al. (2021) 78

Duetal. (2021)

-
I
865 |
I -
I
661 |
Xue et al. (2020) 80 |
Letrietal. (2023) | [ [ ——
Chenetal. (2022) 64 |
Hosseinzadeh et al. (2014) KV
Singeretal. (2024) I
Babaetal. (2020) [
Jenssenetal. (2017) I EEE—
Babaetal. (2015)
10 |

Brunner et al. (2012)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Power range (kW)

[ Variable geometry ejector [l Double ejector [l Multi-nozzle ejector Il Bypass ejector

Figure 12. Power range covered by each ejector-based hydrogen recirculation configuration in the
literature [17,19,21,34,35,37,38,41,50,58,61,62,64,81,82].

The mesh quality is a pivotal factor that demands careful consideration. This is
particularly true in scenarios where shock waves, boundary layers, and mixing processes
significantly influence the performance of the simulation [41]. To accurately capture these
local flow features, it is essential to refine the mesh in these critical regions. However,
this is not a straightforward task. Researchers often find themselves experimenting with
various mesh qualities, observing the changes in results as the mesh size varies. The
objective of this iterative process is to identify a mesh that yields what can be considered
mesh-independent results. This step is of paramount importance, as denser meshes, while
potentially offering more precise results, also lead to a substantial increase in computation
time [1]. This can render the simulation prohibitively expensive and, in some instances,
beyond the reach of the available resources. Therefore, striking a balance between accuracy
and computational efficiency is a key challenge in CFD simulations. Among the reviewed
articles, 36 studies mentioned the number of grids (19 with 2D axisymmetric simulation
and 17 with 3D simulation), with some also specifying the type of grid. Kuo et al. [44]
reported the lowest density grid, demonstrating that a 25,058-cell grid strikes a trade-
off between model accuracy and cost. Conversely, Huang et al. [68] investigated ejector
performance using a grid of around 500,000 cells, employing the entrainment ratio as a
criterion for mesh independence. Overall, 160,000 cells have been proven to be sufficient to
carry out a 2D axisymmetric simulation considering the mesh independence analysis (See
Table 3). Moreover, the 3D simulation conducted by Kuo et al. [77] could gain convergence
with a 436 million mesh, which is the most intense mesh applied for 3D simulation of
ejector performance among the reviewed articles. However, other studies demonstrated
the convergence of their results with 213,264 [39], 387,974 [62], and 400,000 [58].
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Table 3. Summary of CFD analysis in reviewed articles.

Author Working . . Turbulence  Grid Size  Experimental
(Year) Fluid =~ Dimensions  npige] (Type) Validation Remarks
Bernardi e T At das
2D k-¢ CFD, despite its limitations, aids in
et(;%).o[54)6] Methane axisymmetric  (Standard) N/A Yes optimizing ejector design.
Ferrari et al 2D ke CFD-validated models have enhanced
[47] (2006) Methane axisymmetric  (Standard) N/A Yes ejector perforr'na'n(:‘e for hybrid
systems by optimizing geometry.
CFD, regression analysis, and
[2};1]11( ze(’g (?91) Hydrogen . 2D " ( R]KIEG ) N/A N/A par?irrtle’ﬁrtrecognit:}(:n approacl;le? f}l;e
axisymmetric used to determine the exponent of the
function of velocity.
Zhu et al D ke CFD method is used to achieve the
[49] (2011) Methane axisymmetric (RNG) N/A N/A required mg)ll(r)rg:ltlf(;rgt’g; sestabhsh the
The CFD results match the
measurements, except at 17 kW,
Brunner Hydrogen D K where the actual pressure rise is lower.
et al. [50] and water oo etric (S_Sa"I}“) N/A Yes This discrepancy could be due to the
(2012) vapor Y model not considering condensation
or freezing of water vapor at high
flow rates.
Hosseinzadeh Hvd A CFD model is first developed and
Otssflr[lﬁl] € yd rogen 2D k-w 37,640 N/A validated using established literature,
e (30'1 1) anvawgrter axisymmetric (SST) (Triangular) then applied to various ejector
P geometries under diverse conditions.
Simulations study how mass flow rate
Hwane et al at the inlet together with nozzle throat
& " Hydrogen 3D k-e N/A Yes diameter affect pressure, Mach
[50] (2015) number, temperature, and flow rates
in suction and outlet channels.
k-¢
Nikiforow oD (RNG, CFD results varied by 60-70% from
etal. [52] Hydrogen . . Realizable) 159,000 Yes experimental data, with less deviation
(2016) axisymmetric (Is(-s%) in PEMFC-related conditions.
Ejector selectivity is influenced by the
dary flow’s humidity and
Yin et al. Dry 1-15 secondary £ o Y
3D k-¢ (RNG) 0 N/A temperature, with more water vapor
[531 (2016) hydrogen million and less hydrogen recirculated at
higher levels of both.
An integrated model combining
Besagni Air D ko 320,000 lumped parameters and CFD is
et al. [54] ¢ . . § (Quadri- N/A suggested to study the performance of
(2017) Hydrogen  axisymmetric (5ST) lateral) convergent-nozzle ejectors in PEMFC
anode recirculation.
The optimal ejector operating
pressures, the impact of varying inlet
Genc et al. k-¢ and outlet pressures, and the fuel inlet
[55] (2017) Methane 3D (RNG) 400,000 Yes temperature on ejector performance
for a fixed geometry are numerically
studied.
CFD is used to assess the performance
Jenssenetal. Hydrogen- 2D k-w : :
[19] (2017) air axisymmetric (SST) N/A Yes of an ejector acréﬂ 221 ?Etomotlve fuel
A CFD model is developed that
Pei et al D ke integrates the stationary characteristic
SRS PN agmmeric andarg  NA N eqtaton ofa hvdrogen oo T
for anodic pressure drop.
213264 A 3D numerical model was developed
Feng et al. Air 3D k- w (He>l<ahe— Yes to study ejectors, and its consistency
[39] (2020) (SST) dral) was confirmed through experimental

validation.
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Table 3. Cont.

Author Working . . Turbulence  Grid Size  Experimental
(Year) Fluid =~ DImensions  Typogel (Type)  Validation Remarks
The simulation structure is employed
Kuo et al D 25,058 to analyze the temperature, pressure,
N Hydrogen . . N/A (Triangu- Yes and velocity distributions inside the
[44] (2020) axisymmetric lar) ejector for different inlet hydrogen
pressure magnitudes.
A dynamic 3D ejector model for the
PEMEC system has been developed
and validated with results from
Liu et al K 2 million experiments, including entrainment
[1 SIil(SOgd) Hydrogen 3D (R1<T€G) (Hexahe- No ratios and mass flow rates. This
dral) model is utilized to investigate the
effects of different operational
statuses, such as pressure, water
vapor, and nitrogen mass fraction.
Wane et al D K The prediction model of the outlet
[59] 252020)' Hydrogen axisymmetric (RI<T8G) N/A N/A humidity of the ejector is established
and validated by simulation.
Numerical simulations use a
X tal K 1 million validated 3D model to study the
[1711]e(§()§0') Hydrogen 3D (RI<T£G) (Hexahe- Yes performance as well as the inner flow
dral) distributed inside a multi-nozzle
ejector.
CFD calculations and experiments are
107.782 employed to assess how changes in
Zhang et al. Hvdrogen 2D k-e (Tria’n - No NXP and working conditions affect
[18] (2020) ydrog axisymmetric (RNG) lar)g ejector performance, as well as to
examine how NXP’s impact evolves
under varying working conditions.
k-e
Chen et al (RNG, Different turbulence models are
enetas Hydrogen N/A Realizable, N/A Yes utilized to analyze the performance of
[607 (2021) standard) the ejector.
k-w (SST)
The proposed ejector undergoes
Du et al 2D axi ; k 162,020 numerical investigation using an
i amen TR @l (e v epormenly valdted smton
and anticipate its performance.
A 3D CFD model was developed to
Han et al ko simulate ejector performance, and an
[62] (2021') Air 3D (SST) 387,974 Yes experimental apparatus was
constructed to verify the simulation’s
accuracy.
A CFD model of an ejector is
Ma et al Dry ke developed, and a sensitivity analysis
; 3D § 40,000 No is conducted to assess the entrainment
[321 (2021) hydrogen (RNG) performance with respect to four key
geometrical factors of the ejector.
1.5 million A CFD model for the recommended
Song et al. k-¢ " . twin-nozzle ejector was prepared, and
[64] (2021) Hydrogen 3D (RNG) (H;;;algle Yes then the verification of the results was
obtained using experiments.
CFD modeling is utilized to optimize
Chen et al. k-w design and control processes, while
[34] (2022) Hydrogen 3D (SST) N/A Yes experimental tests are conducted to
verify the simulation outcomes.
ify the simulati
1.68
million . .
. 1D and 3D CFD simulations
Singer et al. Hydrogen 1D, 3D N/A (Hexahe- Yes correlated perfectly with experimental
[65] (2022) t (;lralll, measurements.
etrahe-
dral)
F tal 800,000 The parameters of the diffuser section
[6 gln (SOSZ.) Hydrogen 3D N/A (Hexahe- N/A and mixing section of an ejector were
dral) studied and analyzed using CFD.
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Table 3. Cont.

Author
(Year)

Working
Fluid

Dimensions

Turbulence
Model

Grid Size
(Type)

Experimental

Validation Remarks

Han et al.
[67] (2022)

Han et al.
[39] (2022)

Huang et al.

[68] (2022)

Lietal. [69]
(2022)

Liu et al.
[70] (2022)

Liu et al.
[71] (2022)

Sun et al.
[72] (2022)

Zhang et al.

[73] (2022)

Bian et al.
[74] (2023)

Chen et al.
[75] (2023)

Chen et al.
[37] (2023)

Ding et al.
[76] (2023)

Hydrogen

Hydrogen

Hydrogen

Hydrogen

Hydrogen

Methane

Hydrogen

Pure
hydrogen

Hydrogen
and water
vapor

Hydrogen

Hydrogen

Hydrogen
and water
vapor

2D axisym-
metric

3D

2D
axisymmetric

2D
axisymmetric

2D
axisymmetric

2D

axisymmetric

2D
axisymmetric

3D

2D
axisymmetric

3D

3D
axisymmetric

2D
axisymmetric

k-w
(SST)

k-w
(SST)

k-¢
(RNG)

k-w

(SST)

N/A

(RNG)

k-¢
(RNG)

k-¢

(RNG)

k-¢
(RNG)

k-¢
(RNG)

k-w

(SST)

k-w
(SST)

55,179
(Quadri-
lateral)

603,255
(Hexahe-
dral)

500,000

153,144

246,891
(Hexahe-
dral)

115,937

122,470
(Quadri-
lateral)

864,497
(Hexahe-
dral)

107,400

1.8 million

510,000

74,495

CFD is done neglecting the phase
change of vapor and also considering
the single-phase flow
A 3D CFD model is prepared to
examine the behavior of hydrogen
recirculation-based elements,
including the hydrogen injector,
ejector, and purge valve.

The performance of an ejector,
together with the parameters of flow,
is gained by means of CFD and
experimental studies.

A CFD model is constructed to
optimize geometrical-based
parameters, taking into account
performance across various operating
conditions.

A thorough examination is conducted
to explore how ejector operational
conditions affect the performance of
PEMEC.

This paper conducts an assessment of
the geometrical parameters of the
Yes ejector using the results derived from

an experimentally validated
simulation.
Mathematical and numerical models
have been created for an ejector used
in anode recirculation within PEMFC.
These models take into account
Yes factors such as multi-component
secondary flow, multiphase
phenomena within the ejector, and the
connected operational parameters of
various fluid inlets.

CFD technique is employed to
analyze the ejector under low power
conditions.

To confirm the ejector performs
efficiently across a wide range of
conditions, its structure is optimized
throughout the entire operational
spectrum.

The findings of the simulation
indicate that, in comparison to
traditional hydrogen recirculation
systems, the system incorporating a
separator-ejector integrated device
reduces condensation and pressure
drop within the tube. This
enhancement boosts hydrogen
recirculation efficiency and allows the
PEMFC stack to operate effectively
over a broader power output range.
The outcomes of the CFD simulation
of the optimum configuration of the
ejector are compared with the
experimental results.

A model of two-phase flow that
incorporates non-equilibrium phase
change conservation equations and
four types of entropy transport
equations is assessed.

N/A

N/A

Yes

N/A

N/A

N/A

N/A

N/A

Yes

N/A
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Table 3. Cont.

Author Working . . Turbulence  Grid Size  Experimental
(Year) Fluid =~ DImensions  Typogel (Type)  Validation Remarks
Simulations are conducted to assess
the distributions of temperature,
Huang et al. pressure, velocity, and Mach number
[42] (2023) Hydrogen 3D ke 1,300,791 Yes inside the ejector for various
boundary conditions at the inlet of
primary flow.
The influence of Mach number,
Kuo et al. k-e temperature, and pressure is assessed
[77] (2023) Hydrogen 3D (Standard) 436 > 106 Yes by means of CFD simulation for
different ejectors.
Ping et al D ko The performance of the ejector is
. Methane . . $ 51,694 Yes investigated by means of varying
[78] (2023) axisymmetric (RNG) boundary conditions at the inlet.
. The results of CFD simulation are
[;{91?(35313') Hydrogen 3D (IS(;SC%) mliilz?)n Yes validated by mc,etants of experimental
ests.
Zhane et al ke The water separator is integrated with
& " Hydrogen 3D RNG 2,469,995 N/A a conventional ejector to perform both
[80] (2023) ( ) e
functionalities in a single component.
The ejector is optimized with two
Huang et al. . 2D k-e various shape optimization processes,
[43] (2024) Nitrogen axisymmetric (RNG) N/A N/A and then 2D modeling is conducted to
assess the performance of the ejector.
k-e
Singer et al. 2D (RNG) An optimization algorithm is used to
[21] (2024) Hydrogen axisymmetric  k-w (SST) 330,000 Yes maximize the entrainment ratio.
RSM
The physical parameters of a
Yuetal. coaxial-nozzle ejector are investigated
[82] (2024) Hydrogen 3D LES N/A Yes by means of LES as the turbulence
model.
Yu et al D ket The effects of geometry-based factors
[35] (2024) Hydrogen axisymmetric (RNG) 100,208 N/A of an ejector on its pgrformgnce and
output power are investigated.
Both experimental tests, together with
Li et al. [28] 2D k-w simulations, are conducted to
(2024) Hydrogen axisymmetric (SST) 374,000 Yes compare the characteristics of various
ejectors.

Numerical setup is a critical aspect of CFD simulations. Generally, CFD simulations
fall into two main categories: density-based and pressure-based solvers. Supersonic
flows, characterized by shock waves, typically demand the use of density-based solvers to
accurately capture the flow behavior. Conversely, pressure-based solvers are commonly
employed for simulating low-speed, incompressible flows. Selecting the appropriate solver
type is essential for ensuring accurate and reliable results in CFD simulations tailored to
the specific characteristics of the flow under investigation.

In CFD simulations, the Reynolds-Averaged Navier-Stokes (RANS) equations are
of importance. The RANS method is a numerical technique that models turbulent flow
by disintegrating flow quantities into their time-averaged and fluctuating components, a
process known as Reynolds decomposition. This decomposition leads to the derivation
of the RANS equations, which are time-averaged equations of motion for fluid flow. The
averaging of the Navier-Stokes equations results in a nonlinear Reynolds stress term that
necessitates additional modeling to fully resolve the system. This is where turbulence
models come into play. They provide a means to close the system of equations by modeling
the Reynolds stresses that appear in the RANS equations due to the averaging process. A
variety of turbulence models are typically employed in the context of the RANS equations,
including k-e based models (Standard, Realizable, and Re-Normalization Group (RNG)),
k-w based models (Standard and Shear Stress Transport (SST)), and the Reynolds Stress
Model (RSM). The Large Eddy Simulation (LES) model, on the other hand, is a different
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approach that resolves large energy-containing scales of the flow and models the smaller
scales. The turbulence transport equations are given below.
Standard k-¢ transport equation:

d d de € e2
aji(Pwi) o (V + yt) N + Crep (Gr + Ga:Gp) — Gaep )
RNG k-¢ transport equation:
9 o) = 2 | o) | + CreE(Ge+ GaeGy) — Goepe — R G)
ax’. psul ax] ae#t ax 1£k k 3eYb 2€p k Er
Realizable k-¢ transport equation:
0 ) e\ e €2 €
aTi(Pfuz) = 87] <.” )8] - PCZW + Cls%c?aecb/ (4)
Standard k-w Transport equation:
0 0 M\ Oe
a—}q(pwul) =, (ﬂ + (T€> N +Guw — Yo, (5)
SST k-w Transport equation:
0 d )
7(pwui) =5 |\H + ] £ + Gw — Yw + D, (6)
dy; Ox; ax

The k-e and k-w models necessitate the solution of two equations to assess turbulence
kinetic energy (k) and dissipation rates (¢ and w). They rely on the Boussinesq approx-
imation method, as depicted in Equation (7), to determine the turbulent viscosity (y;),
which is appropriate in terms of cost of computation, rendering them broadly adopted.
Nevertheless, they are limited by the assumption of isentropic scalar turbulent viscosity.
Nonetheless, this assumption does not significantly impact ejector modeling, as it functions
effectively for jets, mixing layers, and boundary layers [32]. The LES technique calculates
flow details through spatial averaging rather than time averaging, thereby retaining the
evolving traits of turbulent structures crucial for fluid entrainment and mixing within
ejectors. It adeptly tackles the shortcomings of RANS methods, demonstrating significant
promise in representing turbulent behavior in supersonic jet contexts [81]. RSM needs
advanced computational resources, hence the use of more governing equations. The ad-
ditional computational burden is only warranted in scenarios where the anisotropy of
turbulence, such as swirling, has a significant impact. However, this is typically not the case
for the flow within an ejector, especially for 2D axisymmetric domains where transverse
effects are disregarded [32].

ou; ou 2 ou
—puil; = py <axl + ax]> (Pk+ ey k>5z‘j 7)
1

When considering overall operational factors such as flow rates and entrainment ratio,
both k-e and k-w models have proven effective, enhancing the utility of CFD simulation for
predicting and exploring these parameters. However, discrepancies may arise in predicting
local flow characteristics when comparing results from different turbulence models. These
local features encompass shock wave structures, velocity, and pressure profiles, as well as
contours, with conflicting preferences evident across various literature sources. According



Energies 2024, 17, 4815

18 of 22

to Figure 13, k- (RNG) was the most utilized turbulence model among the reviewed articles
(See Table 3), and only 35% of studies used the k-w (SST).

HRNG m Standard ® Realizable

mk-e Hkw(SST) HLES ERSM

Figure 13. Distribution of different turbulence models in reviewed articles.

Nikiforow et al. [52] utilized k-w (SST) and k-¢ (RNG and Realizable) turbulence models
to analyze ejector efficiency. They found that the results based on the k-w (SST) model were
more accurate and aligned with their experimental results. Furthermore, they suggested
that the k-w (SST) is appropriate to predict the performance of the ejector, whereas, for
optimization purposes, the k-¢ models can be considered. Chen et al. [60] evaluated various
turbulence models and found that the k-¢ (Standard) model is more accurate for lower
flow rates compared to other models. Additionally, at higher flow rates, the k-¢ (Realizable)
model performed better with more accuracy compared with other models. Singer et al. [21]
compared different turbulence models to validate the performance of an ejector in a PEMFC.
They identified the RSM as the optimal turbulence model, as it could achieve a variation of
6.1% in the entrainment ratio comparing the experimental results and those of simulations,
which was significantly lower compared to that of traditional models.

4. Limitations and Future Directions

This study acknowledges several limitations. Firstly, the availability of publications
is limited, which constrains the breadth of the analysis. Single samples can significantly
influence the overall results, potentially skewing the findings. Although ejector design has
a long history, its application in fuel cell hydrogen cycle systems is relatively recent, which
may bias the analysis. Additionally, this study lacks a cost market analysis related to the
ejector, focusing instead on methodological improvement and analysis. The publications
analyzed are sourced from Scopus and Web of Science, excluding non-scientific bases, and
only English publications were considered, potentially omitting relevant studies in other
languages. The review is confined to various ejector shapes and configurations, along with
numerical analysis, leading to certain research limitations.

Future research should expand the review’s scope to improve bibliometric analysis
accuracy and capture industry development trends. Incorporating innovative methodolo-
gies, such as Al applied to big data analytics, sophisticated computer-based algorithms,
developing databases, and enhancing graphic-based methodologies, could significantly
advance the field. Specific research areas to focus on include optimizing ejector design
by investigating new materials and configurations, studying the integration of ejectors
with PEMFC systems to enhance overall performance, conducting detailed cost-benefit
analyses to improve economic viability, assessing the environmental impact of ejectors in
hydrogen recirculation systems, and performing extensive experimental studies to validate
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numerical models and simulations. This comprehensive approach will help address current
limitations and pave the way for future advancements in fuel cell technology.

5. Conclusions

A review of global research patterns indicates that ejector research is experiencing a
period of swift growth, with an annual increase in the number of publications in recent
years. The emergence of keywords such as “ejector”, “hydrogen recirculation”, and “fuel
recirculation” suggests that the use of ejectors for hydrogen recirculation purposes has
become a trending research subject lately. This paper offers an overview of ejectors and a
review of the progress in research. Initially, the study outlines the structure, operational
principle, classifications, and pertinent performance metrics of ejectors. Subsequently, it
provides a comprehensive review and synthesis of different ejector shapes and configu-
rations with the aim of wide operating range coverage, as well as the specifications of
numerical analysis employed in the studies simulating the ejector performance. Despite
extensive research conducted by scholars on ejectors, there is a need for additional work to
address existing knowledge gaps, including the following:

1.  More precise numerical simulations should be performed in order to state the signif-
icance of pressure drops across various ejector designs, highlighting the impact of
shape and configuration on performance;

2. Although some studies consider various ejector shapes and configurations to cover
a wide operating range, including multi-nozzle and double ejector designs, further
research is required to optimize these designs;

3. More detailed and sophisticated numerical analysis should be considered to better
mimic the ejector’s performance and decrease the limitations of simulation. This
can be achieved by employing more advanced turbulence models together with
3D simulations.
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