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Abstract: Hydrogen storage is a promising technology for storage of renewable energy resources. 20 
Despite its high energy density potential, the development of hydrogen storage has been impeded 21 
due mainly to its significant cost. Although its price is governed mainly by electrical energy price, 22 
especially for hydrogen produced with alkaline water electrolysis, the price is also driven by value 23 
of the cell tension. The most common means of improvement is the use of an electrocatalyst which 24 
reduces the energy required for the electrochemical reaction to take place. Another interesting way 25 
of electrolyzers improvement is to use the CFD (Computational Fluid Dynamics) assisted design 26 
that allow the comprehension of the phenomena occurring in the electrolyzer and also the 27 
improvement of the electrolyzer’s efficiency. In the present study, a two-phases hydrodynamics 28 
model has been defined and computational results are compared with the experimental results of 29 
velocity profiles measured using Laser Doppler Velocimetry (LDV) ethod. We found that the CFD 30 
results were in good agreement with the experimental data. Under the good fit with experimental 31 
values, it is efficient to introduce a new physical bubble transfer phenomenon description called 32 
“bubble diffusion”.  33 

Keywords: Hydrogen production, Alkaline water electrolysis; Two-phases flow ; CFD ; Two-phase 34 
process 35 

 36 

1. Introduction 37 

A key challenge of the 21st century is to deal with climate change. The IPCC (Intergovernmental 38 
Panel on Climate Change) declares that to stay below the 3°C of global temperature increase from the 39 
pre-industrial era a no net emission of greenhouse gases must be achieved at the mid-century. Thus, 40 
consumption of fossil-based fuels must be reduced as much as possible. The present global energy 41 
demands can hardly be met simply by replacing conventional fossil-based energy sources (e.g., 42 
thermal or nuclear) by renewable ones. The integration of renewables into the national electrical grid 43 
brings the issue of energy storage because of the intermittent nature of renewable energy resources. 44 
Energy storage is achieved using several processes such as battery, STEP or super capacitor. 45 

mailto:fabrizio.ganci@unipa.it


Energies 2020, 13, x FOR PEER REVIEW 2 of 14 

 

However, only a few processes allow interseasonal storage (synthetic natural gas and hydrogen (H2)) 46 
and only electrolytic H2 does not emit greenhouse gases. Electrolytic hydrogen is a promising storage 47 
technology due to its high specific potential energy and storage time, but its cost hampers its 48 
development. There exist three leading electrolysis technologies, but only two has been employed in 49 
industrial applications: they are the alkaline and PEM (Proton Exchange Membrane) electrolyzer. The 50 
latter is more efficient than the former but due to the requirement of acidic electrolyte, rare materials 51 
must be used (such as platinum). Alkaline water electrolyzer has several advantages over PEM 52 
electrolyzer such as its robustness, cheaper costs, and mature. One way of decreasing the cost is to 53 
increase the efficiency of the process by decreasing the cell voltage. The cell voltage is a sum of 54 
overvoltage Equation (1).  55 

𝑈𝑐𝑒𝑙𝑙(𝑗) = 𝐸𝑟𝑒𝑣(𝑃, 𝑇) + 𝜂(𝑗)𝑐𝑎𝑡ℎ 𝑎𝑐𝑡 + 𝜂(𝑗)𝑎𝑛 𝑎𝑐𝑡 + 𝑅(𝑇,  𝑌𝐾𝑂𝐻) 𝑗 + 𝜂(𝑗)𝑐𝑎𝑡ℎ\𝑎𝑛 𝑐𝑜𝑛𝑐 (1) 

Erev is the reversible voltage in V, act is the activation overvoltage in V, R the sum of the electrodes, 56 
membrane and electrolyte resistance in  cm-2 and conc the concentration overpotential in V, j the 57 
current density in A m-2.  58 
 59 

The Erev voltage represents the minimum voltage where the water electrolysis occurs. This value 60 
is around 1.23V at atmospheric pressure and 25°C. This minimal voltage can be decreased by 61 
increasing the temperature. The majority of previous studies have focused on finding a cheap, robust 62 
and electroactive electrode materials to decrease the activation overpotential, which is the second 63 
term of the Equation (1) [1–3]. Another way of increasing the efficiency is to decrease the ohmic 64 
resistance through the electrolyzer design using simulations or experiments. Even if it is theoretically 65 
possible to perform monophasic alkaline water electrolysis [4], this process is performed under two-66 
phase flow configuration in the industry. Thus, the bubble impact on the efficiency must be modelled 67 
or simulated. The first well- known study about this subject was performed by Tobias et al. [5] and 68 
Hine et al. [6]. Both studies focused on the bubble effect on the electrolyte resistance. More recently, 69 
the simulation has been used to study this two-phase flow phenomenon. There are two main models: 70 
Euler-Euler and Euler-Lagrange models. The latter considers the electrolyte as continua phase and 71 
the bubbles as a discrete phase. Mandin et al. [7] used this model in their study that the bubble 72 
dispersion is taking into account using a horizontal source term. Hreiz et al. [8] also used this model. 73 
In order to prevent the use of the source term, the bubble injection has been shifted away from 74 
electrodes surfaces. Using this technique, it has been concluded that the drag force was sufficient to 75 
describe the bubble-liquid interaction. However, the presented comparison with the experiments in 76 
their study was mainly qualitative.  For Euler-Euler models, two types of models have been used: 77 
the mixture model and the two-fluid model, the former has been employed by Dahlkild [9], Wedin 78 
et al. [10] and Schillings [11]. In those three studies, the model used is called as semi-empirical because 79 
empirical correlation is chosen. In Wedin et al.[10] and Schillings [11], the calculation are compared 80 
to the experiments performed by  Boissonneau et al.[12]. Those models prevent the use of turbulence 81 
closing model. However, Boissonneau et al. [12] observed a bubble induced turbulent behavior in the 82 
upper part of the narrow and small electrochemical cell.  In their study, Aldas et al. [13] used a 83 
laminar two-fluid model and found that this model underestimates the void fraction distribution 84 
compared to the experiment. They concluded that local weak turbulence must be taking into account. 85 
In another study, Mat [14] developed a two-fluid model that takes into account local turbulence. The 86 
computed results were compared with the experimental void fraction distribution results of Riegel 87 
[15] and good agreements were found. In this study, a two-fluid Euler-Euler is developed and will 88 
be compared with the experimental results of Boissonneau et al. [12] and the numerical results of 89 
Schillings[11].  90 

 91 

2. Numerical Methods  92 

This section describes the geometry and the type of mesh used in the current study. The 93 
mathematical formulation, the boundary conditions, the numerical procedure are also  introduced.  94 
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Comparison of the numerical results with the experiments and discussion will be followed in the next 95 
section.  96 

2.1. Geometry and mesh 97 

The geometry of the computational domain is identical to the experimental apparatus of 98 
Boissonneau et al. [12]. It is composed of a channel with a height of 120mm, a width of 3mm and a 99 
thickness of 30mm. The whole channel is submerged in the electrolyte. The electrodes are 40mm high 100 
and are placed 40mm away from the bottom. When the current is applied, bubbles are generated at 101 
electrode surfaces. The detached bubbles rise and trigger the electrolyte causing the pumping of the 102 
surrounding electrolyte. This phenomenon is called gas-lift configuration.  103 

  104 

 105 

 

Figure 1. Geometry of the computation domain. h stands for the half-width of the electrolyte, H for 106 
the electrode height, L for the cell thickness. The blue arrow symbolizes the pumping electrolyte 107 
induced by the electrogenerated bubbles. 108 
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Figure 2. Results of the mesh sensitivity study. The graph (a) presents the mesh dependence of the 109 
velocity. The graph (b) presents the mesh dependence of the void fraction. 110 

In numerical calculation, a grid sensitivity study must be performed in order to obtain a grid- 111 
independent solution. In this study, the grid is refined until the difference between two solutions 112 
reaches zero. However, in 2D two-fluid model, this is not always possible. Indeed, Picardi et al. [16] 113 
suggested that there is an ideal grid resolution for the two-dimensional two-fluid model simulation. 114 
They determined that the grid resolution must respect the bubble-to-cell ratio 1/√2. If a finer grid is 115 
chosen, the results become non-physical or the calculations diverge The same results have been 116 
reproduced by Law et al. [17]. Finally, Picardi et al. [18] stated that this problem is disappeared when a 117 
3D geometry was employed. Nevertheless, their calculation took more time than in 2D (from 10CPU 118 
hours to 94 days).  Panicker et al. [18] and Vaidheeswaran et al. [19] explained this phenomenon by the 119 
fact that the problem is ill-posed. An iIll-posed problem means that the solution is elliptic. The solution 120 
of the Nth step depends on the N+1th step.  They solved the problem by adding a collision or 121 
dispersion term. They also affirmed that although the virtual mass force has an insignificant influence 122 
on the results, it ensures a better stability on the calculation. Panicker et al. [18] declared that other 123 
authors solved this problem by artificially increasing the liquid viscosity or adding an interface pressure 124 
term to the model. Both articles used a linear stability analysis and using the results of this study, 125 
Panicker et al. [18] added a dispersion term that uses the void fraction gradient. To ensure the 126 
hyperbolicity, a parameter depending on the void fraction has been added to the dispersion term. As a 127 
result, the resulting model gives better results when compared with the model without the dispersion 128 
term. In this study, we choose to add the dispersion term used in studies by Marfaing et al. [20] and 129 
Davidson[21]. The Figure 2 shows the results of the grid sensitivity. Four size meshes: 100, 120, 150 and 130 
200µm. It can be noted that there is a discrepancy of around 10% in the all domains with the grid size 131 
between a 200µm and a 150µm. The maximum difference between the 150µm grid and the other grids 132 
are located at the velocity and void fraction peaks. Even if it seems that 100µm is sufficient to describe 133 
the void fraction and velocity distribution a mesh of 60µm has chosen in order to be sure that the results 134 
are correct.  135 

2.2. Mathematical formulation 136 

2.2.1. The bubble dispersion problem 137 

Lee et al. [22], Abdelouhaed et al. [23] and Hreiz et al. [8] experimentally visualized and measured 138 
the void fraction distribution in the electrolyte in a cell under forced convection[22] and not net flow 139 
configuration cell [8][23].  They all reported that the bubbles were spread into the electrolyte. After 140 
simulating their experiments, Albelouhed et al. [23] observed that classical models of lift (e.g. Saffman-141 
Mei) and drag failed to reproduce their experimental results. Thus, they attributed this spreading to a 142 
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lift force that have a negative coefficient. Although their model fits their experimental data, the model 143 
is questionable at least in our present configuration. Indeed, to obtain their results, a coarse mesh must 144 
be used, but for our present geometry, this coarse mesh does not satisfy all the mesh independence 145 
conditions (the reader can refer to the section 2.1). Hreiz et al. [24] attributed this spreading to the 146 
numerical diffusion. Hreiz et al. [8] modeled the same experimental study using a Euler-Lagrange 147 
model (gas is modeled as a discrete phase). They succeeded in quantitative reproduction of their 148 
experimental data by using the drag force only, but the mesh independence condition was not satisfied. 149 
The model of Mat [13] is a Euler-Euler model that succeeds in simulated results that fit experimental 150 
data but the results seem odd. They measured and calculated the diphasic boundary layer and void 151 
fraction increase with increasing electrolyte flow. Those results have been invalidated experimentally 152 
by Lee et al. [22] and numerically by Schillings et al. [11]. In addition, an increase of void fraction value 153 
triggers an increase of the cell voltage and it has been measured that increasing the electrolyte flow 154 
decreases the cell voltage. Schillings et al. [11] and Wedin[10] used a mixture model developed by Ishii 155 
that simulated results close to the experimental data from Boissonneau et al.[12]. In addition to the drag 156 
force and Saffman lift force, their closure term is composed of three terms of bubble-bubble interactions. 157 
Thus, in this study, we decided to introduce a bubble dispersion term. Indeed, a high concentration of 158 
bubbles increases the bubble collision and hence trigger of bubble diffusion from high concentration to 159 
low concentration. This phenomenon has been observed by Ham et al. [25]. The additional force used 160 
in this study is presented in the equation (2). As described earlier, the additional force s inspired by the 161 
force used in Marfaing et al. [20] and Davidson et al. [21]. However, in their model, the present term was 162 
multiplied by the drag coefficient. The void fraction gradient is used to traduce mathematically the 163 
diffusive nature of this force. 164 

�⃗�𝐵𝐷 = − 휀𝑔𝜌 
𝑲𝒈 

𝒅𝒃
|𝑈𝑟|∇⃗⃗⃗휀𝒈

⏟          
𝑩𝒖𝒃𝒃𝒍𝒆 𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏 𝒇𝒐𝒓𝒄𝒆

 
(2) 

eis the gas or liquid fraction, the subscript k can be either O2, H2 or liq (for liquid),  is the density 165 
in kg m-3, db is the bubble diameter in m, Ur is the gas phase velocity minus the liquid velocity in m s-1. 166 

By using this term, it is expected to reproduce the turbulence-like behavior of the electrolyte 167 
flow observed by Boissonneau et al. [12].   168 

2.2.2. Model 169 

The model has been designed using these hypotheses: 170 
 The flow is isothermal, Newtonian, viscous and incompressible   171 
 At the same time, numerical simulations were carried out in order to highlight the 172 

influence of ions on the velocity and void fraction distribution. There were only very 173 
little differences when the ions distribution was taking into account. Thus the electrolyte 174 
is considered as extremely well mixed. This hypothesis has been made also by 175 
Abdelouahed et al. [17] and Schillings[11]. 176 

 Oxygen, hydrogen and electrolytes are three continuum media 177 
 The flow is considered as laminar  178 
 The effect of the surface tension is neglected  179 
 The bubble diameter is constant for a given current density 180 
 The current density distribution does not affect the flow distribution [18,19]. Thus, the 181 

current density distribution is taken as uniform for the validation.  182 
The accuracy of the two dimensional (x,y) flow hypothesis need to be discussed. Therefore, for 183 

each phase the equation set can be written: 184 
𝜕휀𝑘𝜌𝑘
𝜕𝑡

+ ∇⃗⃗⃗ ∙ (휀𝑘𝜌𝑘  �⃗⃗�𝑘) = 𝑆𝑔 (3) 

e is the gas or liquid fraction, the subscript k can be either g (O2, H2) or liq,  is the density in kg 185 
m-3, V the velocity in m s-1, Sg is the term source in kg m-3 s-1 186 

𝜕

𝜕𝑡
(휀𝑘𝜌𝑘  �⃗⃗�𝑘) + ∇⃗⃗⃗ ∙ (휀𝑘𝜌𝑘 �⃗⃗�𝑘�⃗⃗�𝑘) = −휀𝑘 ∇⃗⃗⃗𝑝 + ∇⃗⃗⃗ ∙ (휀𝑘𝜏̿) + 휀𝑘𝜌�⃗� + �⃗�𝑘 (4) 
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p is the pressure in Pa, 𝜏̿ is the stress tensor in Pa, g the gravitational acceleration in m s-2, �⃗�𝑘 187 
is the exchange term in N m-3  188 
 189 
The stress tensor is written as follow:  190 

 191 

𝜏̿ = 𝜇𝑘 [(∇̿�⃗⃗�𝑘 + ∇̿�⃗⃗�𝑘
𝑇
) −

2

3
∇⃗⃗⃗ ∙ �⃗⃗�𝑘𝐼] (5) 

With k the viscosity of the phase k in Pa s and I the unit tensor.  192 
 193 

�⃗�𝑘 = �⃗�𝐷 + �⃗�𝐿 + �⃗�𝐵𝐷  
(6) 

 194 
 195 

�⃗�𝑘 = −
3

4
휀𝑔𝜌

𝐶𝐷
𝑑𝑏
|𝑈𝑟|𝑈𝑟

⏟          
𝑫𝒓𝒂𝒈 𝒇𝒐𝒓𝒄𝒆

− 휀𝒈𝜌𝐶𝐿|𝑈𝑟|  𝑟𝑜𝑡(𝑉𝑙⃗⃗⃗ ⃗)⏟            
𝑳𝒊𝒇𝒕 𝒇𝒐𝒓𝒄𝒆

− 휀𝑔𝜌 
𝑲𝒈 

𝒅𝒃
|𝑈𝑟|∇⃗⃗⃗휀𝒈

⏟          
𝑩𝒖𝒃𝒃𝒍𝒆 𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏 𝒇𝒐𝒓𝒄𝒆

 
(7) 

 196 

2.3. Boundary conditions 197 

The water electrolysis performed in Boissonneau et al. [12] is neither acidic or alkaline. This 198 
electrolysis is called as aqueous in this study. The supporting electrolyte is Na2SO4 concentrated at 50 199 
g L-1. Therefore, the reaction occurring at the anode and the cathode are Equation (8) and Equation 200 
(8), respectively.  201 

 202 

𝐻2𝑂(𝑙𝑖𝑞) → 2𝐻+(𝑎𝑞) +
1

2
 𝑂2(𝑔) + 2𝑒

− 

 
(8) 

2𝐻2𝑂(𝑙𝑖𝑞) + 2𝑒
− → 2𝑂𝐻−(𝑎𝑞) + 𝐻2(𝑔) (9) 

The quantity of produced gases is directly correlated to the current density through the 203 
Faraday’s law Equation (10).  204 

𝑞𝑚 = n
𝑗 𝑆 

 𝐹
𝑀𝑔 (10) 

qm is the mass flow of produced gas in kg s-1, Mg is the molar mass of the gas kg mol-1, S is the electrode 205 
surface in m2, F is the Faraday constant 96500 C mol-1, n is the ratio of the stoichiometric number of 206 
the gas and the number of electrons exchanged during the reaction. 207 
 208 

In the two-fluids equation, for most of the authors[9–11],[17],[20],[21], the input parameters for 209 
the boundary conditions are the velocity and the void fraction. The value of the void fraction is fixed 210 
arbitrarily. According to Alexiadis[20],[21] this value does not influence the hydrodynamic of the 211 
flow. However better results have been obtained using a source term that produces gas in the cell in 212 
the vicinity of the electrodes. This method has been used by Charton et al. 22]. This source term is 213 
written as Equation (11):  214 

𝑆𝑔 = n
𝑗 

 𝐹 × ∆𝑥
𝑀𝑔 (11) 

x is the width of the first cell next to the electrode in m. For the bottom and top boundary 215 
condition, a pressure inlet (PTot=0) and pressure outlet condition (P=0) is fixed. For the other wall, a 216 
no-slip condition is fixed meaning that the velocity is set to 0 m s-1.  217 

 218 
 219 
 220 
 221 
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Table 1. The boundary conditions to solve the problem 222 

Position Boundary conditions 

x=0 Helec<y<2 Helec 𝑉𝑙⃗⃗⃗⃗ = 𝑉𝐻2⃗⃗ ⃗⃗ ⃗⃗ ⃗0 

x= 2h 0<y<3 Helec 𝑉𝑙⃗⃗⃗⃗ = 𝑉𝑂2⃗⃗ ⃗⃗ ⃗⃗ ⃗ = 0 

0<x<2h y=0 𝑃𝑇𝑜𝑡 = 0 

0<x<2h y=3 Helec 𝑃 = 0 

2.4. Numerical procedure 223 

The Equations (3) and (4) are solved using the commercial code, Ansys Fluent. This commercial 224 
code solves equations using the finite volume method by discretizing the geometry in volume and 225 
subsequently integrating the governing equation over the volume. The governing equation is 226 
expressed as the following algebraic Equation (10):  227 

𝑎𝑝𝜑 =∑𝑎𝑖𝜑

𝑁

𝑖

+ 𝑏 (12) 

 228 
It is considered that the convergence is met when the residuals remain stable and when the 229 

average gas and liquid velocity as well as the average gas void fraction reach the value of 10-3. In 230 
order to reach this convergence, for 2D simulation, the flow is initialized with a forced convection by 231 
imposing a pressure at the bottom. When the convergence is reached, the obtained results is used as 232 
initial guess for the bubble-driven flow.  233 

Table 2 gives the inputs data for the validation of the numerical model. The input data for the 234 
electrolyte was taken from the work of Isono et al. 23]. As the bubble diameter is taken as constant, 235 
an average value has been calculated from the correlation of Schillings [11]. As aforementioned, the 236 
term K in the Equation (5) is used to fit the experimental data of Boissonneau et al. [12]. A sensitivity 237 
study has been performed to choose the parameter. The results of this study are presented in Table 238 
3. The parameter K is always bigger for oxygen than hydrogen.  239 

 240 
Table 2. The input values for the problem 241 

Name Value 

Geometry inputs  

Helec(mm) 40 

L (mm) 30 

h (mm) 1.5 

HTot (mm) 120 

Physical Inputs  

l (kg m-3) 1040 

O2 (kg m-3) 1.3 

H2 (kg m-3) 0.08 

l (m2 s-1) 9.97 10-7 

Two-Phase Inputs  

db(µm) 

for 500 A m-2 db=50µm 

for 1000 A m-2 db=58µm 

for 2000 A m-2 db=78µm 
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 243 

Table 3. Sensitivity study results for the parameter K 244 

500 A m-2 1000 A m-2 2000 A m-2 

KO2/d=10.5 

KH2/d=5 

KO2/d =9 

KH2/d =4 

KO2/d =5 

KH2/d =2.5 

In order to use the current model to other design, the Vaschy-Buckingham has been used and 245 
the sensitivity of the K parameter to dimensionless groups has been calculated Equation (11) to 246 
Equation (14).   247 

𝑅𝑒𝐺 =
𝜌𝑙  𝑉𝐺  𝐻𝑒𝑙𝑒𝑐

 𝜇𝐿
 (13) 

𝐹𝑟𝐺 =
𝑔 𝐻𝑒𝑙𝑒𝑐

 𝑉𝐺
2  

(14) 

𝑟∗ =
𝑑

 2 𝐻
 

(15) 

ℎ∗ =
ℎ

 𝐻
 

(16) 

 248 
Therefore, the following correlation Equation (15) was used to calculate the K parameter. 249 

However, this correlation was used for height in the order of 10 centimetres and for FrG number 250 
higher than 105.   251 

𝐾

 𝑉𝐺 𝐻
= 0.197 𝑅𝑒𝐺

0.108 + 0.5 𝑟∗0.124 + 0.668 ℎ∗−0.408 + 0.000323 𝐹𝑟𝐺
0.661

+ 0.375 

(17) 

 252 

3. Results 253 

 The experimental data of Boissonneau et al. [12] are the liquid velocity at three locations: 5mm 254 
before the electrodes (y=35mm), at the mid section of the electrodes (y=60mm) and 5mm before the 255 
ends of the electrodes (y=75mm). Figures 2-4 present the results of the current study and the 256 
experimental data. At the entrance of the channel, a Poiseuille liquid velocity distribution is observed 257 
and this distribution is flattened at the center (also called bulk). The exchange of momentum between 258 
the gas phases and the liquid phase is well observed next to the anode and cathode. It can be noticed 259 
that the peak induced by hydrogen is bigger than the oxygen because the injected volume of 260 
hydrogen is two times bigger than oxygen one. The fact is that in the bulk, a plateau is observed due 261 
to bubble induced turbulence [12]. Those figures allow the comparison of the current numerical 262 
results with experimental data. The “Abdelouahed-like” model is a model that uses the same method 263 
as presented in Abdelouahed et al. [23]. In their study [23], the authors used the lift coefficient to fit 264 
their simulated data with their experimental values. They showed that a negative coefficient permits 265 
a good agreement between their measurements and predicted values. In the present study, a 266 
sensitivity study was performed to have the coefficient that fits the most the experimental data from 267 
Boissonneau et al. [12]. First of all, the numerical results for all the models show some discrepancies 268 
with the experimental data. Schilling's model and Abdelouahed-like model accurately predict the 269 
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velocity distribution on the cathode side, but the accuracy of the simulated data drops on the anode 270 
side. The Figure (2) shows that the “Abdelouahed-like” model describes the anode side and cathode 271 
side velocity distribution with accuracy, but the bulk velocity distribution shows larger errors. 272 
However, as shown in the Figures (3) and (4), the more the current density increases, the less precise 273 
the model is.   274 

 
(a) 

 
(b) 

Figure 3. Result of the liquid velocity in different models at j=500 A m-2 (a) at y=60mm and (b) at 275 
y=75mm. The black dots are the data from Boissonneau et al.[12], the black solid line with grey dots is 276 
the numerical results of the Schilling model[11], the dotted line with yellow dots is a model using the 277 
method of Abdelouahed et al.[23]. Finally, the grey solid line with grey dots is the results from the 278 
current study with 2D approximation. 279 

 
(a) 

 
 (b) 

Figure 4. Results of the liquid velocity in different models at j=1000 A m-2 (a) at y=60mm and (b) at 280 
y=75mm. The black dots are the data from Boissonneau et al.[12], the black solid line with grey dots is 281 
the numerical results of the Schilling model[11], the dotted line with yellow dots is a model using the 282 
method of Abdelouahed et al.[23]. Finally, the grey solid line with grey dots is the results from the 283 
current study with 2D approximation. 284 
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Figure 5. Result of the liquid velocity in different models at j=2000 A m-2 (a) at y=60mm and (b) at 285 
y=75mm. The dot are the data from Boissonneau et al.[12], the black solid line with grey dots is the 286 
numerical results of the Schilling model[11], the dotted line with yellow dots is a model using the 287 
method of Abdelouahed et al.[23]. Finally, the grey solid line with grey dots is the results from the 288 
current study with 2D approximation. 289 

Figure 6 shows the void fraction evolution predicted by the current model. With an increasing 290 
current density, the diphasic boundary layer of oxygen and hydrogen and the maximum oxygen and 291 
hydrogen void fraction increase. However, there are two parameters (the current density and the 292 
bubble diameter) that change between the two cases. Therefore, the calculated evolution cannot be 293 
clearly attributed to one parameter. The prediction of this evolution depending on electrode height 294 
is very important to predict the current density distribution. The prediction of the diphasic boundary 295 
layer thickness is also an essential output parameter because the electrolyte conductivity decreases 296 
with the void fraction.  297 

 298 

 

  
(a) 

 

 
(b) 

Figure 6. Void fraction evolution depending on the electrolyte width (A) and electrode height (B) for 299 
the three current density 500 A m-2, 1000 A m-2 and 2000 A m-2.  300 

 301 
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 302 

Table 4. Maximum liquid velocity at cathode and anode sides, maximum oxygen and hydrogen 303 
void fraction and hydrogen and oxygen diphasic boundary layer for the three cases  304 

 Vmax liq cath (m s-1) Vmax liq an(m s-1) emax H2 emax O2 H2 (µm) O2 (µm) ReR

500 A m-2 7.8 10-2 4.8 10-2 0.23 0.13 515 600 1.032 

1000 A m-2 9 10-2 6.8 10-2 0.28 0.16 566 677 1.043 

2000 A m-2 1.25 10-1 9.1 10-2 0.33 0.19 690 800 1.057 

 305 
Table 4 summarizes the results of the study. It must be noticed that the diphasic boundary layer of 306 
hydrogen is thinner than the oxygen one. These results are compared with the those of Schillings11.  307 
In Schillings’ study, the authors performed a dimensional study and found that the diphasic 308 
boundary layer depends on one dimensionless group, which presented in Equations (18) and (19) 309 
(called Rayleigh-like number). The current results correspond well to the Schillings prediction. Thus, 310 
when the radius increases, the diphasic boundary layer increases and when the equivalent injection 311 
gas velocity increases, the boundary layer decreases.  312 

log (
𝛿

ℎ
) = −0.25 log(𝑅𝑎) + 𝐶𝑠𝑡 

(18) 

𝑅𝑎 =
𝜈 𝑈𝑔ℎ

5

𝑔 𝑟6 𝐻𝑒𝑙𝑒𝑐
 

(19) 

The conductivity evolution depending on electrolyte gas content is well described by the Bruggeman 313 
correlation (Equation (17)). This correlation has been compared to experimental results in Hine et al.6.   314 

𝜎(휀)

𝜎0
= (1 − 휀)1.5 

(19) 

o the gas-free electrolyte conductivity in S m-1 315 

Thus, the ohmic resistance presented in Equation (1) becomes Equation (19): 316 

𝑅(휀) =
𝛿𝐻2

𝜎0 (1 − 휀)1.5
+
2ℎ − 𝛿𝑂2 − 𝛿𝐻2

𝜎0 
+

𝛿𝑂2
𝜎0 (1 − 휀)1.5

 
(20) 

In order to compare biphasic system with a gas-free system, the previous resistance can be divided 317 

by the hypothetical gas-free resistance.  318 

𝑅(휀)

𝑅
=

𝛿𝐻2
𝜎0 (1 − 휀)

1.5 +
2ℎ − 𝛿𝑂2 − 𝛿𝐻2

𝜎0 
+

𝛿𝑂2
𝜎0 (1 − 휀)

1.5

2ℎ
𝜎0 

 

(1)  

Table 4 shows that with an increasing current density and bubble radius, the resistance increases. 319 

This statement shows that the bubble management is an important issue.  320 

  321 
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5. Conclusions 322 

In this study, a two-fluid multi-physics model with a new bubble transfer description has been 323 

proposed. This new description allows a good accord with the Boissonneau et al. [12] experimental 324 

velocity profiles. It has been found out that the bubble dispersion force allows a good agreement with 325 

experimental data and a better numerical convergence than the one obtained without with this 326 

additional force. That observation correlate with the studies of other studies such as Panicker et al. 327 

[18]. From the numerical point of view, the grid resolution remains a problem because even if the 328 

dispersion bubbles force improves the results, there still exists a maximum grid resolution. This 329 

maximum grid resolution could lead to some inaccuracy if the fluid viscosity is too small or if the 330 

electrolyte width is too thin. Further calculation must be performed to suppress this limitation by 331 

using a 3D geometry [16]. From the physical point of view, it can be concluded that the bubble radius 332 

and current density are two important parameters that influence the hydrodynamic. However, 333 

further calculation must be performed to characterize properly the output parameters sensitivities 334 

(velocity, void fraction etc.) to the current density and bubble diameter.   335 
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