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HIGHLIGHTS

e Propose a mathematical model integrating non-equilibrium condensation and entropy generation.

o Wet gas model had a good prediction ability for ejectors with an MRE of 2.53%

e The condensation strength in the ejector increased with the rise of the primary pressure

o The dry gas model overestimated the entropy with 138.66 J kg™ K™! at the primary pressure of 5.0 bar

e The dry gas model overestimated the maximum exergy destruction and exergy destruction ratio of 41.83 kJ/kg and 15.83%

ARTICLE INFO ABSTRACT

Keywords: The ejector is the core component for hydrogen recirculation in a proton exchange membrane fuel cell (PEMFC)
Hydrogen system. However, in the past, the computational fluid dynamics (CFD) simulation of the ejector mainly focused
PEMFC

on the influence of the change of the structural parameters on its performance, while the research on phase
change condensation was lacking. Here, we proposed a two-phase flow model integrating the non-equilibrium
phase change conservation equations and four categories of entropy transport equations, which analysed the
phase change characteristics and the influence of different primary pressures on the property of ejector and
internal entropy and exergy under the dry and wet gas models. We validated that the wet gas model has a good
prediction ability with an MRE of only 2.53%. There was a significant difference between the dry and wet gas
models, for example, the dry gas model predicted a larger Mach number and entrainment ratio, while the
temperature and pressure were less than that of the wet gas model. Finally, the entropy and exergy were ana-
lysed, and the dry gas model overestimated the entropy generation, i.e, when the pressure of the primary inlet
raised to 5.0 bar, the entropy generation overestimated by the dry gas model had reached 138.66 J kg 'K 1. The
exergy destruction and exergy destruction ratio both increased with the rise of primary pressure. The dry gas
model overestimated the exergy destruction and exergy destruction ratio, and the maximum overestimated
values can reach 41.83 kJ/kg and 15.83%, respectively.
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for net zero emissions [4]. Besides, promoting sustainable development
[5] and accelerating the realization of carbon peak and carbon
neutrality goals have become one of the core strategies of all countries.
Therefore, renewable energy [6] and hydrogen fuel production [7] are
effective solutions and are also a key part of improving climate change
and the energy crisis. At present, hydrogen fuel [8], as recognized as
green energy, is the cornerstone of energy transformation with its
characteristics of green, zero-carbon, high-density, renewable and
storable, and is becoming one of the ideal alternative energy sources [9].
That is, the safe and efficient development and utilization of hydrogen

1. Introduction

In recent years, with the increase in energy consumption and
pollutant emissions, environmental problems are becoming more and
more prominent, which cannot be underestimated [1]. The development
and utilization of clean energy is the key to the overall decarbonization
of the world. In other words, without clean energy, decarbonization of
transportation [2], buildings, infrastructure [3] as well as industry is
difficult to achieve and achieving energy decarbonization is necessary
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Nomenclature

Term

¢ specific heat capacity, J kg 'K !

F safety factor, -

hig latent heat of water vapour, J kg’1

Vo correction factor, -

I nucleation rate, m s~}

kg Boltzmann’s constant, 1.38 x 107 23J K*
Knudsen number, —

s entropy generation, J-kg~ 1.K~ !

M, single molecular mass, kg

my liquid mass changing rate, kg m s~

N number of droplets per volume, m >

Na Avogadro number, 6.022 x 10%* /mol

p pressure, Pa

Pr Prandtl number, —

qe condensation coefficient, -

r droplet radius, m

Te critical radius, m

T, fluid temperature, K

% volume, m®

Y liquid fraction, %

Greek

a droplet growth correction coefficient, -
B droplet growth correction coefficient, -
y specific heat capacity ratio, -

€ relative error of grids, -

A thermal conductivity, W m~'K~!

p density of fluid, kg m~3

o surface tension, N/m

Subscripts

c critical

8 gas

l liquid

s saturation

energy [10] have become quite necessary. It is noteworthy that a proton
exchange membrane fuel cell (PEMFC) [11,12], with high hydrogen
energy efficiency, has become the research object of many experts and
has shown great advantages. In recent years, great progress has been
made in this area. Compared with traditional fuel cells, PEMFC is
considered as an ideal battery equipment because of its superior working
characteristics and zero pollution [13-16]. The emergence and appli-
cation of hydrogen recirculation ejectors seem to provide new thought
for solving the problem of low energy efficiency in industrial production
and contribute feasible solutions to energy conservation. The hydrogen
recirculation ejector is the core device of the PEMFC system. Naturally,
the performance of the ejector is positively related to the efficiency of
the PEMFC system. Up to now, due to the advantages of non-parasitic
power, simple structure, high durability [17,18] and easy starting
[19,20], the ejector [21] has gradually replaced the mechanical pump
and become a very promising component in the high-power PEMFC
system [22]. Therefore, more researchers are trying to find its optimal
structure and working conditions to make the ejector work in the most
advantageous conditions and obtain a higher ability to recover low-level
energy.

As an environmentally friendly component, it is expected to recover
some low-grade waste heat or renewable energy sources using the
ejector, thus contributing to energy conservation in many industrial
systems. In addition, the ejector has more superiorities that many other
devices cannot replicate [23]. Therefore, the ejector was once consid-
ered an ideal energy-saving mechanical device and it has been widely
used. Obviously, due to its inherent advantages, many scholars have
carried out more in-depth research on ejectors used in PEMFC systems
[20] or other high-performance fuel cell systems in recent years. How-
ever, it needs to be pointed out that the safety hazards of hydrogen in the
storage and transportation process, the high cost of fuel cell develop-
ment and performance testing system, including the elaborate operation
mechanism both in the system itself and ejector, have brought great
difficulties to the design and production of ejectors. Therefore, the
research on ejectors is mostly based on CFD simulation [24]. Back in
2008, Kim et al. [25] proposed an anode recirculation system using an
ejector based on humidified hydrogen and validated the results with the
experiments. The proposed design method is not limited by the ejector
capacity and working conditions and has many advantages. In 2014,
Maghsoodi et al. [26] promoted the geometric parameters of the
hydrogen recirculation ejector by using the CFD model. It is found that
the optimal NXP increases with the increase of mainstream pressure.
And the change in mixing tube length can make the entrainment rate

change as high as 27%. In the same year, Hosseinzadeh et al. [27]
created a CFD solution to the ejector and aimed at exploring the dif-
ferences between the traditional single ejector and the dual ejector. The
results showed that the performance of a single injector is difficult to
meet the scope of work in fuel cell systems. Yin [28] conducted a nu-
merical investigation on the impact of pipe arguments on ejector in-
ternal characteristics. Liu et al. [29] conducted a three-dimensional
model and numerical simulation of the ejector in the fuel cell system
under 130 kW operating power and analysed the influence of primary
flow operating pressure, relative humidity and nitrogen content on the
condensation intensity inside the ejector from multiple perspectives.
Yang et al. [30] established a CFD hydrogen recirculation system model
taking into account the pressure drops characteristics and verified the
impact of the injector geometric arguments and external factors of
simulation on its characteristics.

In conclusion, the above research was focused on the reform of the
ejector structure itself and the overall design. However, in the actual
production process, the PEMFC system will operate under complex and
changeable working conditions. More importantly, although the ejector
has a simple structure, there are also quite complex flow mechanisms
and phase change condensation phenomena inside, hence, simple nu-
merical optimization simulation research can no longer meet the re-
quirements of industrial production. The research on the condensation
characteristics of the ejector is further enriched and diversified in recent
years. The phase transition behaviour in the ejector is very complex and
changeable, so it is necessary to analyse the phase transition phenom-
enon occurring in the ejector, to obtain the best parameters and external
factors to optimize its performance. In 2015, Ariafar and other re-
searchers [31] considered the traditional steam ejector with the hy-
drodynamic model of the wet flow cycle established by ANSYS. Yang
et al. [32] studied a supersonic ejector by applying a wet gas operating
mathematical method and simultaneously analysed its two perfor-
mances with it and the dry gas model. In addition, in 2019, Zhang et al.
[33] believed that the simulation ability of the existing wet gas model
could not reach an expected value, so an improved condensation model
was proposed to improve the accuracy of the ejector, which was well
reflected in the entrainment ratio. Han et al. [34] established a CFD
model of condensation in the internal non-equilibrium state of the
injector, which is commonly used in fuel cells, to fully study the deep
mechanism when the internal phase transition occurs. The final results
under a series of simulation conditions show that showed that the
entrainment ratio will be underestimated when internal condensation
occurred. Therefore, a comprehensive mathematical model considering
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condensation should be established to gain a reasonable prediction of
the internal performance of the ejector. Nonetheless, at present, the
research on the complex phase change phenomenon of ejectors is still
limited, and many predictable deep condensation mechanisms need to
be explored, especially the analysis of the multi-angle condensation
characteristics under different conditions. It is undeniable that
mastering the phase change behaviour and entropy generation and
transfer during the phase change process will be the key chessman for
the ejector to use green energy such as hydrogen energy for efficient
utilization.

According to the summary, the research focusing on the internal
phase transition of the ejector capable of recirculating residual unreac-
ted hydrogen in the PEMFC system is deficient, especially the energy
analysis. Therefore, the focus of this paper is to analyse the phase change
and energy change characteristics of the ejector under different condi-
tions. Based on classical nucleation and droplet growth theory, a CFD
model combined with the non-equilibrium condensation and entropy
transport equations was established to simulate condensation behaviour
in the primary and secondary flows for the ejector. Compared with the
experimental results of the Laval nozzle and the ejector established in
this study, the reliability of the physical structure and mathematical
model was fully validated. The phase change and its effects on the in-
ternal certain specific characteristics of the ejector were analysed.
Finally, the entropy generation and exergy distribution inside the ejector
were explored under the dry gas and wet gas models. Substantially, the
contribution of this paper is to promote the in-depth development of this
field and achieve a win-win balance between energy utilization and
environmental governance.

2. Ejector-driven hydrogen recirculation system

The working principle of the hydrogen recirculation system driven
by the traditional ejector is shown in Fig. 1. The dry hydrogen stored in
the high-pressure tank is delivered to the main nozzle of the ejector after
the pressure-reducing link regulated by the pressure regulator, which is
called the primary flow. Subsequently, due to the acceleration and
pressure drop process in the nozzle, the primary flow will form a low-
pressure zone at the nozzle outlet, improving its entrainment capacity
of the unreacted hydrogen and water vapour from the anode outlet,
which is called the secondary flow. Then the two will be mixed in the
mixing chamber. Finally, the mixed flow passes through the last part of
the ejector, namely the diffuser, and then enters the anode inlet and is
delivered to the fuel cell stack. What must be noted in this process is that
excess liquid water may cause the fuel cell to be wet [35], which will
damage the internal stability of the fuel cell and adversely affect its
performance [36], and even destroy the stability of the internal structure
of the fuel cell. Therefore, it is necessary to separate the liquid water
generated in the reaction process from the gas-liquid separator in time.
Since liquid water is constantly accumulating in the separator, it is
necessary to discharge the liquid water regularly with a cleaning valve.

In this hydrogen recirculation system, it is undeniable that the role
played by the ejector is enormous. As shown in Fig. 2, the traditional
ejector is mainly composed of the main convergence nozzle, suction
chamber, mixing chamber, constant area section and diffuser, without

Primary
é_’[: < flow

Hydrogen Pressure

Tank  regulator Secondary flow
Purge oo PEMFC
value Water stack
separator

Fig. 1. Process flow diagram of the overall fuel cell system.
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moving parts. If the ejector can be operated under high-efficiency con-
ditions, the hydrogen supply capacity can be greatly improved. The
entrainment ratio Eg used to evaluate the energy efficiency of the ejector
is defined as:

n

Er = (@)

my

where my and mj represent the secondary and the primary mass flow
respectively.
The specific exergy is defined as

Ex = h; — ho — T() (S; — SQ) (2)

where h;, represents the total enthalpy, To represents the reference
environment temperature, and hy is the enthalpy at To. Equally, s,
represents the entropy, so is the entropy at Ty. Ep is calculated by

1 Ex
5 — ; 3
1+ Eq” 1+ERS> 3

Ep = ToSgen = T (Sz‘ -

where g, is entropy generation, s, sp, and ss can be described as exit
entropy, the primary entropy and the secondary entropy of ejector
respectively.

Exergy destruction ratio {p is calculated by the formula as

(1 + Eg)Ep
= TERED 4
& Ex, + EgEx “
where Ex, and Ex, are defined as the exergy energy in the exit of pri-
mary and secondary respectively.

3. Mathematical model
3.1. Wet hydrogen flow conservation equations

In previous studies, there were many mathematical models for
solving the process of mutual transformation between gas and liquid in
supersonic flows. It is not laborious to conclude that it is an effective
method to analyse condensation from a non-equilibrium state to an
equilibrium state to deal with such problems [37-40].

The gas phase was simulated using compressible gas flow and a
multi-species transport model (i.e., hydrogen and water vapour). The
interaction was completed by adding source term equations. In addition,
high-speed compressible flow occurs inside the ejector, which will
produce complex phenomena. The continuity equations of each con-
servation are described as follows,

)

P LV o (pi) = S, )
ot

In this formula, u is the velocity. p is the density. And we can see that the
Sn represents the mass source term.

o(pu)

5 +Ve (pui) = —Vep+Ve(T)+Sk (6)

Similarly, 7 is the stress tensor. Sy describes momentum source term.

d(pE _
%JrVO[u(pEer)]——V0<10VT—¥h,-J,-+?Ou>+Sh @)

In this formula, p is the pressure. E is the energy. S, represents the

conservation of energy in the continuity equation. hj is the enthalpy.
And the species transfer equation of hydrogen and water vapour

involved in the ejector is

d(pY))

T+v.(,;mg): —VeD; (®)

The three source terms mentioned above are defined by the following
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Fig. 2. Geometry and mesh generation for hydrogen recirculation ejector.

formula.

S, = —m, )
Sp= —myu (10)
Sy = my, (h—hy) an

In the above formula, m, can be defined as the mass generation rate,
h is enthalpy and hyg represents the latent heat.

For the liquid phase, part of the established mathematical model, the
Y and N (m ) represent the liquid mass fraction and droplet number.
We can describe the Y and N using the formula as follows,

Wul) 7 a (p,00) = m, 12)
a(giv) 4V e (paN) = pl 13)

where p,, is the density of the mixture. I (m~3.s7!) represents the
nucleation rate.

3.2. The nucleation and droplet growth model

According to previous theories, the overall condensation process for
wet gas includes nucleation and droplet growth process. In addition,
water vapour will not condense immediately when it reaches saturation
but will only condense at a place where it needs to reach supersatura-
tion, i.e., Wilson’s point. At this time, with the sudden formation of
many small droplets, the supersaturated steam will be in a non-
equilibrium state. After that, these droplets continue to grow until the
process ends and the equilibrium state is restored. It can be seen from the
above description that the mass generation rate m,, consists of nucleation
and droplet growth. The specific description is as follows

4

m =z mp Ir} + 4np,Nr*

or

ot a#

The p, is the density in the liquid phase. r is used as the description for
droplet radius (m).
In addition, r. (m) is the critical radius, as given by

20
re =
piRTInS

(15)

We can see that S is the degree of supersaturation. R represents the
gas constant.
The o is the surface tension which is defined as

o =8527+75.67 x Ty 256.889 x Ty 2+95 928 x 7, )’
e ' 647.3 ’ 647.3 ' 647.3

1e6)
The modified nucleation rate [41] is defined as [42]
q. p* |20 dror?
- d — 1
146 p, nM;eXp< 35T a7

where g is the condensation factor and p, is the density of the vapour. kg
is Boltzmann’s constant, and its value is fixed, equal to 1.38 x 10~ 2
J-K™ L. M,, is the water molecular mass. 6 is a non-isothermal correction
factor. 6 can be written as

2p—1) hyg (1
0= e (e 1
y+1 RT\RT 2 (18)

Apart from the nucleation behaviour, droplet growth is an important
process reflecting gas-liquid two-phase transfer. The modified formula
of droplet growth rate [43] is as follows

dr M, —T)(1—%)

a_ 19
dt plhlgr(HZ]ﬂKn +3.78(1 - VU)%)

where 2 is thermal conductivity, T is the saturation temperature.  is a
correction factor, Kn is the Knudsen number, and Pr is the Prandtl
number. The correction factor vy can be calculated by

RT, 2-g y+1 cst)
= a—0.5— e — (20)
0 Iy ( 2q. 2y hy

where a = 9.

3.3. Selection of turbulence model, SST k-

SST k- ® has more advantages in the complex flow of the ejector
under the premise of comprehensive consideration of calculation cost.
This is another important mathematical model besides the mathematical
description of phase change condensation. According to the existing
theoretical manual, the turbulent kinetic energy k, and the specific
dissipation rate are calculated using the following formulas [44]:

d d d ok -

E(P")*aj(ﬂkuf) ~ o (Fk()TCj> + G — Y+ Sk 21
0 0 d ok _

P (pw) +0Tc,- (pwu,) = a—x] (Fwa—xj) +G,—Y,+D,+S, (22)

3.4. Entropy generation terms

In this study, we also need to analyse the entropy generation, and the
entropy s of the internal ejector is defined as

s=psi+(1—-p)s, (23)

The total entropy generation can be mainly composed of the
following four parts, and the calculation formula can be expressed as

Sgen = Sgen.D + Sgen,C + Sgen,L + SgenA (24)

Global entropy consists of four parts, Seen,p, Sgen, C» Sgen, aNd Sgen,a. TO
facilitate understanding and calculation, viscous dissipation and
convective heat transfer will be divided into two independent parts in
the mathematical expression, namely Sgen,p = Sgen, D + Sgen,p’ and Sgen,c =
Sgen,c + Sgen,c. The entropy generation distribution satisfies the
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superposition principle [45], thus each part of entropy generation is
expressed as

2 (ps0) o) = Yo (25)
Fou = Lo (26)

Yoor = @ £ =10.09 27)
GenT = % g%: (%7(: (28)
Yoo = %YGM,C, = % % 3%: %: (29)

where a; is turbulent thermal diffusivity.

YGenp = myhyg <% - %) (30)

The source term of the energy transfer equation is:
on =3 (£ 5) 3D

4. CFD validation
4.1. Numerical calculation

4.1.1. Explanation of numerical scheme

In this study, the control equations of the gas and liquid phase were
discretized by the finite volume method. A density-based solver with the
implicit solution formulation and axis-symmetric model is used to obtain
a stable solution of convergence faster. The spatial discretization of the
convective term adopts the first-order upwind scheme, and the diffusion
term adopts the central difference method. The boundary conditions of
the inlet and outlet are the pressure inlet and pressure outlet states,
respectively. The structured grid discretization method is adopted in
CFD simulation to effectively reduce numerical divergence. In addition,
in the numerical calculation process, the SST k-w turbulence model [46]
is selected to predict the shock wave phenomenon because of its high
accuracy in predicting the condensation behaviour of the ejector flow,
which is also mentioned in the mathematical model section. Further-
more, the model is assumed to be a two-dimensional axisymmetric flow
and the fluid is assumed to conform to the ideal gas equation of state,
ignoring the influence of gravity in the simulation process.

What’s more, the UDS and UDM are used to calculate phase transi-
tion behaviour in wet steam flow [47-49], mainly there are equation
variables and key parameters of condensation [50,51].

4.1.2. Grid independence verification

For reducing the calculation expense and improving calculation
speed, a two-dimensional axisymmetric grid is used for this calculation,
which can be seen in Fig. 2 for details. To ensure that the divided grids of
the ejector can not only ensure the prediction ability of the wet hydrogen
mathematical model but also effectively save the calculation cost and
space, this study uses the grid convergence index (GCI) [52] to evaluate
the grid independence. GCI is an estimation method with high accuracy
that depends on mathematical error analysis. A common calculation
method of GCI is

Filel

GCI =
”—1

x 100% (32)

In this formula, F; is the safety factor. ¢ is the relative error of
different grids, and r is the ratio of the refinement factor. And it can be
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found that p represents the order of the algorithm.

In this verification process, three grids with different refinement
levels were constructed for validation: 1: fine grid (85200 structural
grids), 2: medium grid (74495 structural grids), and 3: coarse grid
(57900 structural grids). The final results are shown in the following
table in Table 1. According to the calculation results, it is not difficult to
find that the increase in the number of grids cannot effectively improve
the accuracy of the computational domain, that is, the performance in
the ejector will not have obvious incalculable consequences due to the
extremely refined grid. It can be seen that the GCI results of 1 and 2 can
both meet the calculation accuracy requirements. Therefore, 74,495
moderately refined grids are used for further research, which can bal-
ance the relationship between calculation accuracy and calculation cost
to a certain extent.

4.2. Validation by supersonic nozzle

As for the validation part of experimental data: The validation was
performed in a 3D toroidal-throat supersonic nozzle with a throat
diameter d of 10 mm and a curvature radius of 870 mm in our experi-
ment. The size and grid structure of the supersonic nozzle used for this
validation are shown in Fig. 3. In the validation process, the working
fluid was wet air, and the boundary conditions used in the simulation
were set to be 3 atm for the inlet pressure and 1 atm for the outlet
pressure. Consistent with the method mentioned in section 4.1, the grid
independence verification was similarly conducted to guarantee the
fastest computation speed and relatively low computation cost. The
pressure distribution around the nozzle wall with different inlet relative
humidity @™ was given in Fig. 4, respectively. The simulation results of
computational fluid mechanics fit well with the experimental results,
that is, the model we established in this study can effectively simulate
and predict the gas-liquid relationship evolution behaviour of the
convergent nozzle and its outlet of the ejector.

4.3. Validation by hydrogen recirculation ejector

In this study, the experimental data of K. Nikiforow [53] was
extracted to further verify the usefulness of the wet gas model inside the
ejector. According to the data provided in K. Nikiforow’s experiment,
the ejector geometrical sizes used in this validation was shown in
Table 2. The two-dimensional axisymmetric calculation area and mesh
generation of the ejector were shown in Fig. 2. To guarantee the
calculation accuracy, the grids of the ejector’s wall and throat were
refined. According to the experimental data, four groups of simulation
cases are selected for this validation, that is, the pressure (bar) of pri-
mary flow p;, i, is 3.0, 4.0, 5.0 and 6.0 respectively, while the pressure of
secondary flow p; i; and the pressure of outlet py, remain unchanged at
1.2 bar and 1.25 bar. It is worth emphasizing that, according to the
calculation results, there is no obvious difference in the mass flow rate of
primary flow under the experimental data, dry gas model and wet gas
model. For example, when the inlet pressure varies from 3.0 to 6.0 bar,
the primary mass flow rates of the dry gas model and wet gas model are
consistent, and the difference between them and experimental data is
kept within 1.6 x 10°® kg/s. For example, when the inlet pressure is 3.0
bar, the primary mass flow rate of the wet gas model, dry gas model and
experimental data are 3.34 x 10, 3.34 x 10™ and 3.42 x 10 kg/s
respectively. When the pressure rises to 6.0 bar, the value of mass flow

Table 1
The numerical outcome of grid independence verification.
Grids 1-2 Grids 2-3
(1-Superior, 2-moderate) (2-Moderate, 3-inferior)
Fs p £1,2(%) GCIy,2(%) £2,3(%) GClI,3(%)

3 3 0.16 0.77 0.63 2.31
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Fig. 3. Dimensions and grids refinement of the supersonic nozzle.

0.9 - -
p+" =300 kPa, T, =50 °C

0.8F ;
r —= D =10%
_\\\
[ - = -D"=30%
~0.7F -
= I —-—- D" =70%
= I \ ......... dry case
R0.6 \um
= L
: L
Eosf v‘\:,.—v\g
e F Y v
2 04f ' %
204 LN :
A P,
IO .
50.3_- = q)ix1:1000
[ & ©"=30%
0.2F )
[ v ©O"=70%
'1 : 1 1 1 1 1 1 1
-30 20 -10 0 10 20 30 40

Acxial position (mm)

Fig. 4. Comparison of axial pressure of CFD with experiment data under
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Table 2
Dimension parameters for each part of the ejector.

Geometrical sizes Dimensions (mm)

Primary inlet diameter 4
Converging length of primary inlet 7.5
Secondary inlet diameter 2.104
Mixing chamber outlet diameter 2
Length of the mixing chamber 1.8
Constant area zone diameter 2
Length of the constant area 16
Diffuser diameter 10
Diffuser length 45.72

rate is 6.79 x 10>, 6.79 x 10 and 6.94 x 10 kg/s respectively. The
comparison of the secondary mass flow rate between the simulation
results of the dry gas model, the wet gas model, and the experimental
results is shown in Fig. 5. The difference in secondary mass flow rate
between the dry gas model and the wet gas model is quite significant.
And the secondary mass flow rate of the dry gas is generally larger than
that of the wet gas model. The reason is that, compared with the dry gas
model, the wet gas model has phase change condensation. However, the

*10"-4
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1.3F
1.2

Fig. 5. Comparison of the results of secondary mass flow rate between dry and
wet gas models.

condensation process will release some latent heat, which will inevitably
affect the heat and mass transfer behaviour in the flow process, and then
lead to great differences in the characteristics of various parameters.

To achieve a more convincing explanation of the accuracy of the
experimental data, MRE, which is defined as average relative errors
between the two arbitrary results, is used as an evaluation index to
obtain the difference between the dry and wet gas models and the
experimental data, as shown in Fig. 6. The MRE can be calculated using
the following formula,

1 n
MRE:;Z

i=1

(33)

Vi

In the above formula, y; is the simulation result, y; is the real result
obtained by the experiment, and n is the amount of the total data. It
shows that the MRE between the dry gas and the experimental data is far
greater. The MRE between the dry gas model and the experimental data
is 30.17%, while that between the wet gas model and the experimental
data is only 2.53%. That is, the wet gas flow model has more superior-
ities when it is used to predict the condensation behaviour in the
hydrogen recirculation ejector, with higher prediction ability and
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accuracy. At the same time, it can also be concluded that the mathe-
matical model established in this study can be used to simulate the
entrainment performance of the ejector.

5. Results and discussion
5.1. Differences in ejector between dry gas and wet gas models

In the validation section above, there are obvious differences be-
tween the dry gas model and the wet gas model in predicting the
entrainment ratio, but there are also other important parameters in the
hydrogen recirculation ejector that need to be explored. Therefore, the
different performances of the ejector under the dry and wet gas models
will be analysed from multiple angles under the same inlet conditions
and different inlet conditions. Firstly, the Mach number, pressure, and
temperature of the two models will be investigated under the typical
conditions that the inlet pressure for primary flow is 4 bar, the inlet
pressure for secondary flow and the pressure of outlet are 1.20 and
1.250. The specific results are shown in Fig. 7.

According to Fig. 7, it could be found that the performance of the dry
and wet gas conditions in the ejector’s primary nozzle is basically in
good agreement with the Mach number, pressure and temperature,
while they all show oscillation type changes in the mixing chamber.
However, in the mixing chamber and constant area section, it is obvious
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Fig. 7. Comparisons of Mach number, pressure and temperature between dry and wet gas at p, i, = 4.0 bar with p; i, = 1.2 bar p,,, = 1.25 bar.
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that the speed in the dry gas working condition inside the injector will be
higher than that in the wet gas working condition. This is because
condensation is taken into account in wet-gas model simulations. When
the droplets are generated, part of the energy in the gas phase is obtained
by the droplet and becomes the energy of the droplet itself, so the gas
phase speed will be reduced when the droplet is generated. So,
compared with the wet gas model, the dry gas model overestimates the
expansion process of the ejector, and its Mach number is higher. In
addition, there is a significant difference, that is the temperature in wet
gas conditions is higher, between the two model’s results according to
the temperature distribution of the axis of the ejector. Because a large
amount of latent heat will be released when the droplets are generated,
then the mixed flow is secondarily heated. Similarly, the pressure is
slightly higher in the wet gas model due to the pressure shocks generated
by the condensation.

Except for studying the differences in the performance of the two
models in the injector under the same conditions, this section also starts
from different inlet conditions to elaborate on a significant evaluation,
criterion entrainment ratio, which can fully reflect the performance of
the ejector. And another extremely informative parameter is the degree
of supercooling in the process of condensation. As can be seen from
Fig. 8, the result of the entrainment rate simulated by dry gas working
conditions is significantly higher. The dry gas model is known to have
lower pressures than the wet steam flows, and lower pressure means a
lower differential pressure, which makes the secondary flow easier to
entrain, resulting in a higher entrainment ratio. It is also obvious that the
entrainment ratio both rises first and then it will show an overall
downward trend with the rise of primary flow pressure. This is because,
with the rise of the primary flow pressure, the velocity at the nozzle exit
increases continuously, and finally reaches supersonic speed. Finally, a
low-pressure area will be formed at the nozzle exit, which makes the
entrained ability of the secondary inlet increase. Subsequently, as the
primary flow pressure continues to increase, the entrainment ratio will
decrease on the contrary. Due to the high inlet pressure of the primary
flow, it is impossible to form an ideal low-pressure area at the nozzle
outlet when the flow passes through the nozzle convergence section,
which will reduce the expected entrainment performance of traditional
injectors. For example, as shown in Fig. 8, the entrainment ratio under
the dry gas model is about 4.26 when the simulation condition of pri-
mary flow is set manually, the inlet pressure is 3.0 bar, while that of the
wet flows under this condition is about 3.72. When the inlet pressure
condition is normally set to 4.0 bar, the entrainment ratio under the dry
gas condition reaches 4.25, which is about 1.11 greater than that of the
wet gas. Again, when the inlet pressure condition is normally set to 5.0
bar, the entrainment ratio simulated by the dry gas model is 3.81, while
that obtained by the wet gas model is only 2.88. In summary, compared
with the wet gas condition, the dry gas condition significantly over-
estimates the entrainment performance of the injector. It is worth
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Fig. 8. The changing trend of entrainment rate under different inlet pressure.
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mentioning that the reason why the entrainment rate is consistent before
2.5 bar is that there is no obvious phase change condensation behaviour
before that, and there is no phase change influence between dry gas and
wet gas models.

Fig. 9 shows the degree of supercooling distribution along the ejector
centre under the operating conditions of dry and wet gas respectively
with the pressure of the primary flow being 3.0, 4.0, and 5.0 bar. Under
identical pressure conditions, the maximum degree of supercooling with
the dry gas model is somewhat larger than the wet gas working condi-
tion. At the same time, the difference between the two conditions will
increase as the primary inlet pressure is set higher. Moreover, the
location of the maximum supercooling, that is, the Wilson point, occurs
in the constant area section of the ejector. Because the point with the
degree of supercooling of 0 K is defined as the saturation point, it can be
seen in Fig. 9 that the greater the inlet pressure, the easier it is to reach
the saturation state, that is, the saturation point appears more forward.
For example, as the inlet pressure condition is artificially set to 5 bar, the
degree of supercooling in the mixing chamber increases to 0 K at —0.54
mm, and when inlet pressure is 3.0 bar and 4.0 bar respectively, the
saturation position appears in the constant section, where the axial
position is 5.37 mm and 1.44 mm.

5.2. Phase change characteristics in the ejector based on the wet gas
model

From the discussion and analysis in sections 4.3 and 5.1, the wet gas
operation condition performs better in its working process of predicting
the internal working mechanism of the ejector and has higher prediction
accuracy and advantages. In addition, the underlying reasons for the
significant differences between the wet and dry gas models can be
further explained by the complex flow mechanism. Therefore, according
to the previous analysis, under the condition of wet gas, the phase
change characteristics inside the injectors will be studied from the
perspective of non-equilibrium condensation. The pressure magnitude
has a significant effect on the non-equilibrium condensation character-
istics in the ejector. Fig. 10 presents the change principle in the location
of Wilson point where is the occurrence of condensation of the wet gas
model under different primary flow inlet pressure conditions. The Wil-
son point position is more posterior as the primary pressure increases.
For example, condensation occurs at 6.26 mm as the pressure of primary
flow reaches 3.0 bar, while the Wilson point position is 6.92 mm and
7.86 mm respectively when the pressure (bar) of primary flow is
increased from 4.0 to 5.0. So, there is a larger pressure difference be-
tween primary and secondary flow will cause the condensation position
to be more posterior in the ejector.

It can be seen from Fig. 11, the contour distribution of nucleation
rate and droplet growth rate under the wet gas condition at primary flow
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Fig. 9. The difference in the degree of supercooling distribution between the
dry and wet gas conditions at different inlet pressures.
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inlet pressures of 3.0, 4.0, and 5.0. The droplet nucleation intensity will
increase as the inlet pressure is amplified. Moreover, the same infor-
mation given in Fig. 11 is that more region with the largest nucleation
rate is concentrated near the mixing chamber. For the droplet growth
rate, it increased when the inlet pressure is set to a larger value and the
maximum droplet growth rate can reach 1.2 mm/s when the primary
inlet pressure is set to 5.0, while as the inlet pressure is reduced to 3.0,
the maximum of droplet growth rate is only 0.78 mm/s. As can be
similarly seen through contour plot profiles, the droplet growth rate is
closely related to the droplet nucleation rate, and the larger the pressure
at the primary flow inlet, the location of the largest droplet growth rate
will be advanced.

It is worth noting that another important parameter reflecting the
condensation strength is the liquid phase fraction at the exit, which is
significantly amplified with the rise of the primary pressure. As shown in
Fig. 12, when the primary pressure is less than 2.5 bar, there is almost no
condensation phenomenon inside the ejector under the wet gas condi-
tion and the liquid phase fraction is zero. With the rise of the primary
pressure, the liquid phase fraction Y, at the exit will enhance subse-
quently, and it can reach 4.56 % when the operating condition with inlet
pressure is 3.0 bar and then increases to about 15.35% when that

Logyo (1) ( m> st )
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pressure rises to 5.0 bar.
5.3. Entropy and exergy analysis

Based on a series of analyses and summaries, starting from the
mechanism of energy, this study aims to improve the performance of the
ejector from multiple perspectives. We certainly require analyzing the
generation of total entropy and the exergy energy. First, entropy gen-
eration and its composition have been introduced in the section of a
mathematical model, and the composition of the four terms of entropy
generation is known. These four aspects include viscosity loss, convec-
tive heat transfer, phase change and aerodynamic loss. They exist in
different regions, and of course, there are obvious differences in nu-
merical values. According to the complexity and capricious of entropy
distribution contribution, we calculated the entropy generation based
on the difference between dry and wet gas. The distribution of entropy at
different inlet pressures in the wet model is shown in Fig. 13, of which
viscous loss entropy production sgen, p is the plate with the largest value
in the entropy generation composed of four proportions, followed by
aerodynamic loss entropy production sgen, p. To observe the entropy

16
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Fig. 11. Distribution of nucleation rate and droplet growth rate under different inlet pressures.



H. Ding et al.

- Sgen, A | l Sgen, D | | Sgen, C l:l Sgen, L
Pp,in=3 bar Pp,in=3.5 bar
o 222% 5.01%
550 -

5’»09%

Pp,in=4.5 bar
494%

Pp,in="5 bar
4.75%

51.72% 51.72%

Fig. 13. The Pie chart of four components of entropy generation under wet
gas conditions.

generation value of each part more intuitively, Table 3 gives the simu-
lation data of the entropy of the wet gas model. When the inlet pressure
is 3 bar, viscous loss entropy sgen, p is about 50.74%, convective heat
transfer entropy Sgen, ¢ is about 14.55%, phase change entropy sgen, 1, is
2.22%. And when the inlet pressure is increased to 3.5 bar, viscous loss
entropy Sgen, p increases slightly, rising to 51.09%, moreover, sgen, c and
Sgen, 1. also both increase, which are 14.83% and 5.07%, respectively.
When pressure is set to 4.5, the same change laws mentioned above are
roughly consistent, that is, sgen, p and sgeq, ¢ increases, however, Sgep, 1,
slightly declines. It can be noticed that with the raise of primary pres-
sure, the aerodynamic loss entropy production sgen, p decreases
gradually.

To compare the entropy generation distribution of wet gas and dry
gas, Fig. 14 gives the entropy value for the above two models under
different pressures, it can be seen that the value of entropy production
obtained using dry gas condition is generally greater, and as the inlet
pressure increases, the gap between the two entropy generation in-
creases, for example, if the pressure gets to 3.0 bar, the dry gas model
overestimates the entropy generation with 41.24 J kg'lK_l, moreover, if
the pressure gets to 5.0 bar, the entropy generation overestimated by the
dry gas condition has reached 138.66 J kg 'K 1.

As shown in Fig. 15, the exergy destruction Ep and exergy destruction
ratio {p of the two models are directly compared. The comparison results
indicate that the Ep and ¢p will increase under different conditions. For
wet gas conditions, as inlet pressure increases, the Ep increases from

Table 3
The entropy generation (J-kg~ K~ 1) for the wet gas model at different inlet
pressures.
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209.12 kJ/kg to 330.03 kJ/kg, and the {p increased from 22.66% to
29.80%. In addition, the dry gas model overestimated the Ep and ¢p
when the ejector was working. Similarly, when the inlet pressure
increased, the Ep of the dry gas model increased from 222.05 kJ/kg to
371.86 kJ/kg, and the {p increased from 27.29% to 45.63%. According
to the calculation, the maximum of Ep and ¢{p overestimated by dry gas
can reach 41.83 kJ/kg and 15.83% respectively. The simulation data of
exergy can be seen in Table 4.

6. Conclusion

Compared with the key components of conventional fuel cells, the
hydrogen recirculation ejectors have become a promising hydrogen
energy utilization component because of their advantages of non-
parasitic power, simple structure and strong environmental adapt-
ability. To have a more comprehensive grasp of the injector’s working
principle, improve its performance, and achieve the maximum internal
efficiency of energy utilization, a physical structure and mathematical

Table 4
The exergy destruction Ep (kJ/kg) and exergy destruction ratio {p with dry and
wet gas models.

Py, in Sgen, A Sgen, D Sgen, C Sgen, L Sgen Dp, in Ep (Wet gas) {p (Wet gas) Ep (Dry gas) {p (Dry gas)
3 260.85 368.23 84.29 2.85 716.22 3 209.12 22.66% 222.05 27.29%
35 250.71 441.49 128.13 2.91 823.24 35 240.48 24.66% 251.89 30.93%
4 274.08 475.59 152.96 7.35 909.98 4 264.61 25.86% 288.06 35.36%
4.5 288.03 557.87 179.48 3.37 1028.76 4.5 300.59 28.19% 328.91 40.36%
5 309.62 611.33 204.84 4.02 1129.82 5 330.03 29.80% 371.86 45.63%
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model of hydrogen recirculation ejector were established considering
the control equation of species transport. Subsequently, the condensa-
tion characteristics as well as entropy and exergy were also analysed by
using the simulation strategy of computational fluid dynamics. The main
conclusions obtained by the analysis are listed as:

1. In this study, a predicting model with high prediction accuracy has
been established, and the prediction accuracy with the MRE for the
entrainment rate can reach as low as 2.53% under the wet gas model.

2. Compared with the dry gas model, the wet gas CFD model has greater
advantages using the ejector. After analysis, the typical parameters
such as Mach number, temperature, pressure and entrainment rate
are different from the dry gas model. Among them, it is obvious that
the dry gas working condition overestimates the entrainment per-
formance of the ejector. As the primary inlet pressure is set to 4 bar,
the entrainment rate of the dry gas model is 4.25, which is a larger
value than wet gas with 1.1.

3. When the pressure is set to a greater value, the nucleation intensity
and droplet growth rate both increase and the stronger part appeared
faster in the mixing chamber. In addition, as the inlet pressure in-
creases, the liquid mass fraction at the outlet will also increase.

4. Entropy generation consists of four parts. This study accurately
calculated the entropy production of each part and found that
viscous loss entropy production sgen, p is the largest. Moreover, the
dry gas operating condition has a higher prediction of the overall
entropy generation. With the rise of the inlet primary pressure, the
entropy generation value overestimated by the dry gas model will be
larger.

5. Whether it is a dry or wet gas model, Ep and ¢{p both rise with the
increase of inlet pressure. And the dry gas model overestimated the
Ep and {p. As the primary pressure is set to 5 bar, the value of {p
overestimated is 15.83% higher than in wet gas conditions.

More meaningfully, it is expected that there will be more experi-
mental methods and results that can be used as strong support, which
can be combined with simulation strategies that can apply more
computational models for finding a balance condition between the pri-
mary flow and the secondary flow to achieve the highest entrainment
performance of the ejector so that we can explore this environmentally
friendly energy utilization component at a deeper level.
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