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Abstract

The hydrodynamic properties of gas-liquid flows in water electrolyzers are
of great practical interest since the local distribution of gas influences the
amount of electrical energy required to produce hydrogen. We used the
Euler-Euler model to simulate the multiphase flow in a water electrolyzer and
compared the results to existing experimental data, for a range of current
densities. Our study shows that if only the drag force and buoyancy force
are incorporated in the model, the spreading of the gas layers formed at the
electrodes is not accurately predicted. By adding the turbulence dispersion
force to the model, reasonable agreement with the experimental data could
be obtained for the higher current densities. The turbulence dispersion had
to be implemented via user-defined functions, in order to obtain results that
satisfied the momentum balance. In addition the effect of different turbulence
models on the turbulent dispersion was investigated.

Keywords: Electrolysis, Computational Fluid Dynamics, Gas Volume
Fraction, Hydrogen Evolution, Turbulent Dispersion.

1. Introduction

Hydrogen, as an energy carrier, is expected to play a key role in future
energy systems of the world. It owes its popularity to the increase in the
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energy costs caused by the declining availability of oil reserves, production
and supply [1] and also to the concerns about global warming and climate
changes, which are blamed on man-made carbon dioxide (CO;) emissions
associated with fossil fuel use [2]. Hydrogen is classified as a clean fuel as
it emits nothing except water at the point of use. Also, it can be produced
using renewable energy (e.g., wind, solar, hydropower, etc.) which makes it
quite attractive [3].

Also, hydrogen is used as raw material in the chemical industry, and also
as a reductor agent in the metallurgic industry. Hydrogen is a fundamental
building block for the manufacture of ammonia [4], and hence fertilizers, and
of methanol, used in the manufacture of many polymers. Refineries, where
hydrogen is used for the processing of intermediate oil products, are another
area of use [5]. Moreover, hydrogen is used in buildings and power industries,
where it could be mixed with natural gas or combined with CO emissions
to produce syngas [6]. Furthermore, hydrogen energy used by the transport
sectors is growing, where it can provide low-carbon mobility through fuel-cell
electric vehicles [7].

Such a wide-ranging hydrogen consumption requires large scale hydrogen
production. Hydrogen is usually produced by gasification and reforming of
heavy oil [8], gasification of coal and petroleum coke [9] and reforming of nat-
ural gas [10]. Although water electrolysis is a mature technology and is one
of the simplest ways to produce hydrogen (and oxygen), it still contributes to
only a small fraction (~ 4%) of the world hydrogen production [11]. However
in comparison to other methods, water electrolyser has the advantage of pro-
ducing extremely pure hydrogen (> 99.9%), ideal for some high value-added
processes such as the manufacturing of electronic components. Moreover,
water electrolysis can be powered by renewable energy sources which results
in zero CO4 emission. Hence applications of water electrolysis are mostly lim-
ited to small-scale applications where large-scale hydrogen production plants
are not accessible or economical to use, including marine, rockets, space-
crafts, electronic industry and medical applications [12, 13]. The challenges
for expanding the use of water electrolysis are to reduce energy consumption
and cost and maintenance, and, on the other hand, to increase efficiency
(by applying high temperature and high pressure operation), durability and
safety of current electrolyzers.

An alkaline-water electrolyzer is a type of electrochemical cell that is char-
acterized by having two electrodes (namely anode and a cathode) operating
in a liquid alkaline electrolyte solution of potassium hydroxide (KOH) or
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sodium hydroxide (NaOH). In industrial alkaline water electrolysis, 20-40%
KOH or NaOH aqueous solution is used as the electrolyte instead of pure
water to overcome high resistivity of water to electricity. Alkaline electrolyz-
ers operate via transport of hydroxide ions (OH™) through the electrolyte
from the cathode to the anode with hydrogen bubbles being generated at the
cathode and oxygen bubbles at the anode (see Fig. 1).

The performance of an alkaline-water electrolyzer is closely linked to the
hydrodynamic characteristics of the gas-liquid flow in each cell. The presence
of bubbles is known to cause local turbulence, which is very efficient in mixing
and local distribution of the species. The bubbles form a curtain of increasing
thickness along the vertical electrode (see Fig. 1). The rising bubbles also
accelerate the electrolyte flow near the electrode which in turn pronounces the
convective transport of electrochemically active species. On the other hand,
in a zero-gap electrolysis cell the bubbles attached to the electrode reduce the
effective electrode surface area [14] while in nonzero-gap configurations the
rising bubbles act as moving electrical insulators, thus affecting the current
density distribution and increasing the ohmic drop across the cell [15]. Hence,
the hydrodynamic behaviour of the two-phase flow in an electrolysis cell can
have a considerable effect on the cell efficiency.

It is worth mentioning that the bubble coverage, i.e. the fraction of the
electrode surface covered by adhering bubbles, is an important operation
parameter affecting the performance of the cell. Actually, bubbles adhering
to an electrode surface insulate a part of the surface making it inactive in
the electrochemical reaction, so that the current density and the surface
overpotential at the bubble-free fraction of the surface is increased in case
the total current is controlled to be constant. On the other hand, detaching
bubbles from the electrode induce microconvection in the boundary layer
intensifying mass transfer [14, 16].

Therefore, detailed investigation of bubble dynamics, phase interactions
and gas hold-up is crucial for understanding the mechanism and enhances
the performance of an electrochemical cell. There are numerous studies in
the literature investigating various aspects of two-phase flow hydrodynamics
in electrochemical cells [15, 17, 18, 19]. However, owing to the high gas
fraction, many key features of the multiphase flow field cannot be captured
by the common optical techniques. Hence, computational fluid dynamics
(CFD) is also used for studying complex multiphase flow in electrochemical
cells [20, 15, 21, 22, 23, 24].

However, despite many interesting CFD studies available in the literature,
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validation of CFD results (such as hydrogen volume fraction and width of
the gas hold-up in a cell) with equivalent experimental data is quite rare.
Hence, there is as yet no consensus on the most capable and suitable method
for simulating gas-liquid flow in an electrolyzer. In this way, ability of CFD
models for predicting the width of the hydrogen bubbles curtain, which is a
crucial feature of the flow, is a significant criterion for accuracy and reliability
of the model. Accurate prediction of the bubble curtain spreading is quite
challenging since if no bubble dispersion/transverse migration term is added
to the CFD model, the distribution of local gas fraction cannot be predicted
accurately [25, 19].

In this paper we aim to establish a CFD model to simulate multiphase
flow in an alkaline-water electrolysis cell and compare the results with the
experimental data. More particularly we focus on gas fraction and width of
the bubble curtain in a cell. For this purpose the influences of drag and tur-
bulent dispersion forces acting on the bubbles are analyzed to see the effect
of each parameter on the flow pattern. To validate the modelling approach,
numerical results are confronted to experimental data. The effects of inter-
phase forces on the accuracy /stability of the CEFD model as well as simulation
results are also investigated. We also study some flow field parameters such
as slip velocity, total amount of gas and turbulent viscosity in the system
to better understand the physics of the problem. Finally, recommendations
for a proper simulation of hydrogen generation in an electrochemical cell are
presented.

The rest of paper is structured as follows. The details of the numerical
model are presented in section 2. Results are presented in section 3, following
by concluding remarks in section 4.

2. The CFD Model

2.1. Physical Case

In this paper the experimental data achieved by Riegel et al. [26] is used
for validation purposes. The experimental setup consisted of two compart-
ments, i.e. the cathodic and anodic compartments, which were separated by
a diaphragm. The gases were evolved on ten electrode pairs mounted in the
upper section of the electrolyser. Fig. la shows a sketch of the cathode cell
where hydrogen was produced. The size of each electrode is 4 cm and they
could be activated one by one, from top to bottom, indicating that the length
of the cathode varied from | = 4 cm to | = 40 cm for different experiments.
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Also, measurements were performed for various current densities, i.e. i=500,
1500, 3250 and 6250 A/m?. The width of the compartment was D = 8§ mm
and the potassium hydroxide solution (KOH) as the electrolyte was pumped
through the electrolyser at u;, = 0.69 m/s. The gas fraction profile was mea-
sured at the upper end of the channel, just above the top electrode (see line
A — A in Fig. la). At that height a row of nine small platinum electrodes
was mounted on a line perpendicular to the channel wall, so that, through
the Maxwell equation, the gas fraction profile on that line was determined
from the measured profile of the electrical resistance.

2.2. Governing Equations

In this paper, the ANSYS Fluent® 19.1 package is used for simulating the
multiphase flow. The flow is considered Newtonian, viscous, incompressible
and isothermal as the physical properties of the phases remain constant. It
is assumed that the operating pressure is 1 bar and the electrolyte is 30%
KOH aqueous solution and p; = 1250 kg/m?® and p; = 0.9 x 1073 kg/m.s.
Also, the gas phase is considered as a mixture of hydrogen and water vapor
with p, = 0.21 kg/m?® and p, = 2 x 107° kg/m.s [27, 28, 29)].

In the plane channel the transition from laminar to turbulent flow regime
occurs at critical Reynolds number which is defined as Re., = pjuy, D/ ~
2100. Since the Reynolds number of the liquid in the cathode, Re ~ 7600
is considerably higher than the critical Reynolds number, the flow regime
corresponding to the above mentioned experimental conditions is assumed
to be turbulent. In order to represent the multiphase flow behavior we apply
an Euler-Euler model which utilizes a set of momentum and continuity equa-
tions for each phase. The governing continuity and momentum equations
according to the Eulerian model are [30, 31]

dayp
% + V- (agpguy) = oy, (1)
dap,u
% + V- (agpguguy) = agp,g — a,Vp+ V- (o, T,) + S (2)
for the dispersed phase, and
Jda
a;pl + V- (apyy) = 0, (3)
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Figure 1: a) schematic of the cathodic half-gpll, where hydrogen is produced, when three

electrodes are active (i.e. [

yibus| Aiug

12 cm), and b) selected boundary conditions and computa-

tional parameters for simulations.
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for the continuous phase, where subscripts g and [ refer to gas (dispersed)
and liquid (continuous) phase, respectively. The symbols p, p, o and u repre-
sent density, dynamic viscosity, void fraction and velocity vector respectively.
Note that, both phases are assumed to have a constant density. Also, oy, is
a volumetric mass source that is only active in a thin layer adjacent to the
electrode, so that no gas inlet boundary condition at the electrode is needed
(see Sec. 2.4). Note that the pressure, p, is shared by the two phases in the
Eulerian model. Also, the volume fractions are assumed continuous functions
of space and time and their sum is equal to one, i.e. oy +ay = 1.

It can be seen that the Euler-Euler model has two continuity and two
momentum equations for the two phases to calculate volume fraction and
velocity fields of each phase and a shared pressure field. In this model, the
phase volume fractions are assumed to be continuous functions of space and
time and their sum is equal to one. In other words, as the densities of phases
are assumed to be constant, the continuity equations provide governing equa-
tions for the phases volume fractions (i.e. a, and o), while both equations
together with the constraint oy + a, = 1 lead to a Poisson equation from
which the pressure is calculated.

In the governing equations, T; denotes the stress tensor, which includes
both viscous and turbulent stresses. Using Stokes’ hypothesis for the second
coefficient of viscosity, it is described for e.g. the viscous part of the liquid
phase as

+V- (ozl,olulul) = 0g — olep + V- (Oqu> -S (4)

1
T, = 2" (D; — gtr(Dl)I) — pRy, (5)

where ;™ is the molecular dynamic viscosity, tr represents the trace of
matrix, I is the unit tensor and D, is the strain rate tensor which is defined
as

D; = 0.5(Vu, + (Vu)%). (6)

In Eq. 5, R; is the Reynolds stress tensor which is defined in terms of
the turbulent fluctuating velocities as R; =< uju; >, where <> makes the
involved averaging operation explicit. This term can be modeled either by
using the Boussinesq eddy viscosity hypothesis or by solving the Reynolds
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stress transport equation. In this work, the Reynolds stress equation (RSE)
turbulence model is applied for modeling the stress tensor. This model ac-
counts for anisotropy of the Reynolds stresses and is therefore often able to
offer better accuracy than isotropic eddy viscosity-based turbulence models.
Since the concentration of the gas phase is rather low, the dispersed turbu-
lence model is used. Thus, the transport equations for turbulence quantities
are only solved for the liquid phase, while R,, the Reynolds stress tensor of
the dispersed (gas) phase, is simply proportional to R; and the proportion-
ality factor is computed according to the Tchen theory [32]. The transport
equation for the Reynolds stress tensor is calculated as [33, 34]

d(aypRy)

ot + V- (O-/lplul (24 Rl) =V- (al(,u;""l + Osﬂ;iurb)v X Rl)

, 7
+ ayp (Pl + ¢, — 5611) ,

and the turbulent dissipation rate, ¢, is given as

a(alpzﬁl)

BT + V- (upwe) =V - (al(ﬂ?wl + Ceﬂfurb)VQ)

1 (®)
€l

+ alpl? (06715157"(]?[) — 057265),

1

where C;, C, C.; and C. 5 are equal to 0.25, 0.15, 1.44 and 1.92 respectively.
The tensor P; = —2R; - D is the production by main shear, while the tensor
¢, represents the pressure-strain model formulated by Gibson and Launder
35, 36]. Also, the turbulent viscosity uf*® is defined by p,C,.k?/€;, where
C, = 0.09 and k; = 1tr(Ry).

The last term S in the momentum equations of the phases represents the
interphase momentum transfer which include the forces exerted on/by the
dispersed phase. We consider this term as a summation of drag (F,;) and
turbulence dispersion (Fyy) forces:

S=F;+Fuy <9>

These forces play the most important role in predicting the distribution
of the gas volume fraction. The wall-normal component of the force balance
determines the establishment of radial distributions of the bubbles.
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2.2.1. Drag force

The drag force represents a resistance to the movement of gas bubbles
and acts in the opposite direction of the bubble-liquid slip velocity. The drag
force is expressed as:

3 C o
F,=— Ll Zu, — (v, —w), (10)
4 dy

where u, — u; represents the rise (or terminal, relative) velocity vector be-
tween two phases, d, is the bubble diameter, Cy is the drag coefficient, for
which the so-called Schiller and Naumann Model [37] is employed here:

0.44 for Re>1000 ~ (11)

where Re is the Reynolds number of the bubble calculated on the basis of
relative velocity as Re = pj|lu,—uw;|dp/ . The Schiller and Naumann model is
a model for spherical particles. Since in the present case, the Eotvos number
is low due to the small size of the bubbles, the bubbles are nearly spherical.

. { 21 (1 + 0.15Re"%87)  for Re<1000
d pu—

2.2.2. Turbulent dispersion force

Turbulent fluctuations produce randomness in the relative velocity be-
tween phases, which leads to oscillations in the drag force. While these
fluctuations in the streamwise direction are low compared to the mean drag
and buoyancy force, they bring a considerable impact on the redistribution
of bubbles in the spanwise direction. This effect can be expressed as a tur-
bulent dispersion force acting on the gas phase which signifies the turbulent
dispersion of the bubbles by the random motion of continuous phase eddies.
This is caused by the combined action of turbulent eddies and interphase
drag which is derived by the volume fraction gradient and tend to flatten the
volume fraction distribution [38].

Burns et al. [39] have derived a model for the turbulent dispersion force
based on Favre averaging of the drag term, which is given by:

3 Cd ufurb 1 1

Fr=—>"a,lu, - (— —) Vay,, 12

td agluy — wy| Scw \ay, + a Qg (12)
where Sc¢yq is the Schmidt number of turbulent dispersion with adopted value
of 0.9. The proportionality to the gradient of the volume fraction in turbu-

lence dispersion equation causes transport of gas from regions of high con-
centration to regions of low concentration. Physically this transport is due to

9
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local (turbulent) fluctuations of the velocities. Therefore this term is called
the turbulent dispersion model.

2.2.3. Buoyancy force

The buoyancy is an upward force exerted by a fluid on bubbles in a
gravity field. In fluids, pressure increases with depth; hence, when a bubble
rises in a fluid, the pressure exerted on its bottom surface is higher than
the pressure exerted on its top surface. This difference in the pressure leads
to a net upward force which opposes the gravity force. It is remarked that
the buoyancy force acting on the bubbles is not included in S but included
in the governing equations (see Eq. 2) as Fy, = ayp,g8 — ay,Vp. This term
is significant and positive in the vertical direction, while it is small in the
horizontal direction.

2.3. Bubble Size

The diameter of bubbles is a required input parameter. Hence, we have
to prescribe a representative bubble size in order to numerically solve the
problem. The size distribution of bubbles at the electrode depends on sev-
eral parameters, such as number of nucleation sites, surface wettability, etc.
Various experimental studies [15, 19, 40, 41, 14] have shown that there are
three major phenomena that may change the bubble size significantly: (1)
change in hydrostatic pressure applied to the bubbles during their rise, (2)
mass transfer phenomena and incorporation of dissolved gas from the elec-
trolyte and (3) bubble coalescence. However, the first phenomenon is only
significant if the operating pressure is very low or if the cells height exceeds
a few meters. Considering the operating conditions and geometry of the
selected case study, we can safely ignore this phenomenon. The second phe-
nomenon is also neglected because inclusion of mass transport of dissolved
hydrogen is beyond the scope of this paper.

Flow visualizations have shown that [19, 41], bubble coalescence occurs
in the vicinity of the electrodes only, and mainly among the bubbles that
are not yet detached from the surface. However, the high ionic strength of
electrolyte solutions, which is measure of the total concentration of ions in
solution, is known to limit the significance of this phenomenon. For instance,
it has been observed that a significant number of bubbles do not coalesce
and maintain their initial small size [40, 41]. Hence, the phenomenon is far
from being prevalent and we assume that there is no bubble coalescence and

10
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break-up. Therefore, a monodisperse bubble size distribution is a reasonable
assumption for the purpose of this work.

Haug et al. [27] measured the averaged bubble size as a function of current
density for an alkaline-water electrolyzer at 80°C with ~ 30% KOH aqueous
solution as the electrolyte. They showed that the mean cathodic bubble size
diameter firstly grows from 170 to 220 gm in the range from i = 100 to 300
A/m? and then decreases to an approximately constant value for i > 1000
A/m?. Hence, according to data available in Ref. [27], we set d, = 150 pum
for i = 500 A/m? and d;, = 100 pm for i > 1000 A /m?.

2.4. Boundary Conditions

The detailed geometry of the channel is shown in Fig. 1b. The velocity-
inlet boundary condition is applied for the bottom boundary of the compu-
tational domain as a uniform velocity profile with v, = 0.69 m/s, u;, = 0,
Ugy = 0 and u,, = 0 is enforced. The inlet boundary is placed at a dis-
tance 12.5D = 10 cm below the first electrode. We verified that with this
entry length was sufficiently large to obtain a fully developed mean velocity
profile just below the first electrode. At the outlet boundary (at the top), a
constant pressure is prescribed. In order to prevent upstream effects of the
outlet boundary condition on the fluid flow, the boundary is placed 10 cm
above the top electrode, so that the total height of the computational do-
main is 60 cm. All other boundaries are set as no-slip boundaries, for which
the standard wall function approach is applied [33, 42], which means that a
model for the shear stress close to the wall is applied as wall stress condition
in the momentum equation.

In order to simulate the bubble generation at the electrodes, a volumetric
mass source for the gas phase is applied in a region adjacent to the left wall
with a width equal to the diameter of the bubbles, i.e. w=150 pm for ¢ = 500
A/m? and w=100 pm for i > 1000 A/m?. Note that for each case the mesh
is stretched in such a way that the width of the first cell becomes equal to
the diameter of the bubbles. Thus the hydrogen produced by the reaction at
the surface of electrode is prescribed as a volumetric mass source and not as
a surface mass source (or horizontal inlet velocity). It should be highlighted
that the latter was also tried, but it appeared to interfere with or deactivate
the wall shear stress model needed in the standard wall function approach.
Therefore, we have chosen the other route, the use of a volumetric source
term. The volumetric source term is calculated as:

11
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M, F,
Ovg = C- %7 (1?))

where M, and F, = i/Fz represent the molar mass (kg/mol) and mole flow
(mol/m?s) of the gas mixture respectively, i is the current density, F =
96487 A.s/mol is the Faraday constant, and z = 2 is the number of electrons
involved in the electrochemical reaction (2H,O+42e~ — Hy4+20H™). Also,
C is a factor that accounts for the mole fraction yp,0 and xp, in the gas
phase at T = 80°C. The water vapor pressure in the alkaline solution is
approximately 0.26 bar, so that xpg,0o = 0.26 and ygy, = 0.74 [27, 28, 29].
Therefore:

coXmotxm 1 _ 4 (14)
XH> X Hy
According to the above assumptions, the molar weight of the gas mixture is
M, = 0.0062 kg/mol and the volumetric source term for current density i=
1500 A/m? is equal to oy, =0.652 kg/m®s.

Note that in order to reduce the number of simulations that are required
in this work, we simulate the electrolyzer with ten active electrodes. Then,
the distribution of void fraction above the first electrode is compared with
the experimental data for one pair of active electrodes, the profile of void
fraction above the second electrode is compared with the experimental data
for two (pairs of) active electrodes and so on. Our investigations showed
that there are no significant differences between the results of the selected
strategy and a strategy with multiple computational domains, in which each
computational domain contains an electrode with a length equal to the total
length of the number of active electrodes considered, whose total electrode
length is precisely equal to the total length of number of active electrodes
considered. Hence, we define a parameter, h, that represents the height
along the 40 cm high electrode in the simulation, but at the same time h also
represents the distance from the bottom of the lowest active electrode in the
experiment to the top of the highest active electrode, where experimental
gas fraction was measured. Thus (simulation) results at height h = 4N
cm are compared with (experimental) results measured just above N active
electrodes (which have a total length of [ = h ). Also, the local gas layer
thickness, d,, is defined as a horizontal distance from the cathode surface to
the point at which the gas void fraction is 0.001.
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One of the important factors affecting multiphase flow behaviour is the
slip velocity of bubbles which determines the momentum transfer between
phases. In this work, the slip velocity is calculated as U, =< uy—u; >, where
<> indicates time averaging. Also, the total gas fraction is determined by
the volume average of oy as:

1
Qg tot = V/agdvv (15)
where V is the volume of the entire flow domain.

2.5. Mesh Dependency Test

Since mesh refinement is a very important factor for determining an ac-
curate solution, numerical tests were performed to determine the grid size
for nearly grid-independent solutions for the present problem. Three types
of stretched meshes with different number of nodes in the cross-section di-
rection, i.e. N, = 15,30 and 60 were used for i = 1500 A/m?. The mesh size
in the vertical (or streamwise) direction is uniform and is equal to Ay = 2
mm, Ay = 1 mm and Ay = 0.5 mm for N, = 15,30 and 60, respectively.
The predicted gas volume fraction along h = 24 c¢m is shown in Fig. 2. As
shown in the figure, the numerical results with N, = 60 and N, = 30 agree
well with each other (differences less than 1%). Hence, the selected mesh size
with N, = 30 and Ay = 1 mm is a proper choice. This mesh is also used
for the other current densities, except that for 7 = 500 A/m? the stretching
factor was slightly modified (as explained in Sec. 2.4).

It is worth mentioning that the so-called QUICK scheme is chosen for
spatial discretization of the governing equations. Also, the first-order implicit
time stepping method is applied for temporal discretization.

2.6. Model Verification

As we mentioned earlier, the Reynolds stress equation (RSE) model is
applied as the turbulence model. The effects of various turbulence models
on the simulation results will be discussed in the last part of section 3. Here,
the drag and the turbulence dispersion forces are considered as the major
interaction forces between the phases. At first, these two forces were simply
selected as they are available by default in Fluent. In order to verify the
internal consistency of the model we check the momentum balance for the
gas phase (see Eq. 2). For this purpose, the distributions profiles of the force
components along the cross section of the channel at h = 32 cm with ¢ = 1500

13
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Figure 2: Predicted gas volume fraction at h = 24 cm with various grid sizes for i=1500
A/m?.

A/m? are plotted in Figs. 3 and 4. The convective, pressure gradient and
viscous terms in the horizontal momentum equation are negligible compared
to the forces and therefore not shown. It has been verified that the simula-
tion reached the steady state and that the time derivatives in the momentum
balance are negligible. Hence, the buoyancy, the drag and the turbulent dis-
persion forces are the major terms remaining in the Navier-Stokes equation.
For the gas momentum balance to be satisfied the summation of these three
forces should be very close to zero, because the pressure gradient, convective
and viscous terms are negligible. Any deviation from zero can be considered
as error in the momentum balance.

Fig. 3 shows that the momentum balance in streamwise direction is not
fully satisfied. Note that all simulation were well converged with residuals
of all equations well below 107°. The maximum error in the streamwise
direction reaches 7% of the drag force in the vicinity of the electrode surface.
However, there is a significant momentum imbalance in the lateral direction:
the error reaches roughly 20% of drag force in the region close to the electrode.
Note that the error is calculated simply as the summation of the Buoyancy,
drag and turbulent dispersion forces which should be very close to zero to
show the satisfy the momentum balance.

It is mentioned that the amount of imbalance in the lateral direction is not
the same for all cross-sections and it gets larger as the gas hold-up increases
either by increasing the electrode size or by increasing the current density.
Furthermore, it is mentioned that the imbalance was found to be at least as
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large when the RSE model was replaced by the £ — € or SST k — w model.

After doing extensive studies, we concluded that the turbulence dispersion
force is not implemented as the formula presented in the Fluent manual or
there is a kind of error in implementing this force in the source code of Fluent.
To overcome this issue, we implemented user-defined-functions (UDFs) for
both the Schiller-Naumann drag and the Burns turbulent dispersion forces
according to equations described in the Fluent manual. Fig. 4 shows that the
momentum balance is satisfied perfectly if the UDFs are used as momentum
source terms and the default interfacial forces in Fluent are switched off: the
sum of the forces is very close to zero at all points of both the streamwise
and the lateral profiles. An equally good force balance was found when the
UDF implementation was used in combination with the k& — e or SST k — w
turbulence model.

Furthermore, we have performed simulations in which we switched on,
in addition to the drag and turbulent dispersion forces, the default Fluent
settings for the lift force, the wall lubrication and virtual mass forces. We
added these forces to the model one by one. Our study showed that the
wall lubrication force has insignificant influence on the spreading of the gas
fraction in the channel. However, when the lift force or virtual mass force
was added to the model, these forces affected the steady state gas fraction
profiles in a spurious manner, as the steady state results became dependent
on the time step. These spurious effects did not disappear when the time step
was reduced. Because of these issues, we decided to ignore these forces and
include only the two most dominant forces, the drag and turbulent dispersion
force, implemented as UDFs (as described above).

3. Results

The results of our simulations are compared with the experimental data
of Riegel et al. [26], who performed experiments for multiple current den-
sities and for a multiple number of active electrodes. Simulations of some
of these experiments were also presented in references [20, 17]. However,
in these references, the numerical results predicted for one active electrode
(with the length of 4 cm) were compared with the experimental data ob-
tained for three active electrodes (with the total length of 12 cm). Hence,
a new attempt to simulate these experiments is clearly justified. It is worth
mentioning that in Ref. [20] a steady-state laminar flow has been solved for
simulating two-phase mixture of the liquid and gas in a cell. Also, a mass
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Figure 3: Distributions of a) streamwise (F,) and b) lateral (F,) components of force
densities acting on bubbles along the cross-section of the channel at h = 32 cm when
forces are selected as the default implementations in Fluent.
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Figure 4: Distributions of a) streamwise (F,) and b) lateral (F,) components of force
densities acting on bubbles along the cross-section of the channel at h = 32 cm when
forces are applied by using UDFs in Fluent.

17



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

diffusion term has been added to the continuity equation to model bubble
dispersion. At the electrode surface, the velocity inlet boundary condition
has been applied where the horizontal velocity component of gaseous phase is
calculated using Faraday’s law. In Ref. [17], the Euler-Euler model coupled
with k — e turbulent model has been used for simulating gas-liquid flow. The
authors have applied Butler-Volmer type boundary condition for generating
gas bubbles at the electrode.

In the next subsection, we show results for our base case, which corre-
sponds to a current density and the RSE turbulence model. In the second
subsection we show results for different current densities, while in the third
subsection we include results for other turbulence models.

3.1. Results for the base case

Fig. 5 shows the predicted gas volume fraction distribution along the
channel cross-section as a function of number of active electrodes for a current
density ¢ = 1500 A/m?. The experimental data of [26] are also included. It
can be seen that the CFD results are generally in reasonably good agreement
with the measurements. The agreement becomes better if the number of
active electrodes increases. The gas volume fraction attains a maximum
value at the cathode and then decreases gradually along the cross-section of
the channel as the channel becomes free of gas near the diaphragm surface.
From this figure we also see that the gas volume fraction increases with the
number of electrodes. This effect is more visible in close distances from the
electrode. Also, the width of the gas volume fraction profile increases by
activating a larger number of electrodes, which is due to the mixing and
diffusion of the gas phase along the cell as a result of included non-drag
forces.

The streamwise component of the liquid velocity as a function of number
of electrodes is shown in Fig. 6. At the end of the entrance region, just below
the electrodes (i.e. at h = 0), the velocity profile is symmetric and resembles
a fully developed turbulent channel flow profile. Above this entrance region,
electrodes are present, and by generating the gas they change the liquid
velocity profile, which becomes asymmetric. The maximum shift toward the
left, towards the location of the electrode surface at x = 0. In other words, the
velocity near the surface of the electrodes is enhanced, because the bubbles
accelerate the fluid. The bubbles are driven by the buoyancy force caused
by the density difference between the phases. The rising bubbles, which
are generated along the entire surface of the electrodes form a curtain of
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Figure 5: Comparison of the predicted gas volume fraction with experimental data [26] as

a function of number of electrodes for i=1500 A /m?.
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Figure 6: Streamwise component of the liquid velocity for different number of electrodes
and i=1500 A /m?.

increasing width along the streamwise direction of the flow. For a larger
number of active electrodes (larger h in the simulations), the gas fraction
is larger. This enhances the effect of buoyancy, so that the liquid velocity
profile tends more toward the surface of the electrodes.

The distributions of streamwise (F,) and lateral (or cross-stream, F,)
components of drag and non-drag force densities acting on bubbles were
shown in Figs. 4a and 4b respectively. The negative sign of Fy, indicates
that the drag force acts in the negative y direction. Due to the concentration
of the gas bubbles in the vicinity of the cathode, Fg, shows a peak value
close to the electrode and then decreases gradually within the gas layer. The
negative sign of F,, reveals that the gas bubbles experience a wall-directed
force. This is caused by the positive horizontal slip velocity (see Fig. 7).
The horizontal slip velocity is approximately the same as the horizontal gas
velocity because the horizontal liquid velocity is negligible (absolute value
less than 0.0002 at h = 24 cm). As shown in Fig. 7, the magnitude of
the horizontal slip velocity is significant compared to the vertical one. The
positive horizontal slip velocity (or horizontal gas velocity) is caused by the
positive turbulent dispersion force.

Fig. 4b shows that the lateral component of the turbulent dispersion
force density, Fy4 ., has a considerable value with a positive sign, whereas its
streamwise component is negligible. The turbulent dispersion force has an
important influence on the lateral gas fraction profiles in the electrolyzer as
it expands the width of the gas layer.
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Figure 7: Horizontal, U, ., and vertical, U, ,, or streamwise, components of the slip velocity
at h =24 cm for i = 1500 A /m?.

The lateral component of the buoyancy force density is negligible, however
the streamwise component, Fy,, is significant. The balance between the
buoyancy and the drag force determines the slip velocity of the bubbles.
Since Fy, is proportional to the gas volume fraction, this force decreases
with increasing distance from the electrode surface.

To further discuss the influence of turbulent dispersion forces on the hy-
drodynamics of the flow, we compare the distribution of the gas layer for
two cases, i.e. S =F,; and S = F; + Fy4, along the same cross-section. It
is observed from Fig. 8 that by including only the drag force, i.e. S = Fy,
the thickness of gas layer shrinks, which is due to the absence of the lateral
component of F;; that moves the bubbles away from the electrode. Hence, it
means that effects of F;; on the hydrodynamics of the flow are quite impor-
tant. Inclusion of this force is required to predict the spreading of the gas
layer sufficiently with reasonable accuracy.

3.2. Effect of current density

In this part, the effect of current density on the gas fraction distribution
is discussed. Fig. 9 shows gas volume fraction profiles for different current
densities along the cross-section of the channel with three electrodes (i.e.
h =12 cm). One can see that there is a reasonable agreement between the
CFD results and the experimental data, apart from i = 500 A/m?. It is
clear that by increasing the current density the agreement between the CFD
results and the experimental data improves.
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As the electrochemical reaction rate is proportional to the current density,
by increasing the current density the gas production rate rises, resulting in
higher void fraction at the cathode surface. However, the void fraction at
the cathode surface is not proportional to the increase in the current density
due to thickening of the gas layer on the electrode. Increasing the current
density results in a higher gas volume fraction, which on turn leads to more
turbulent dispersion (the turbulent dispersion force is proportional to the gas
volume fraction), so that bubbles move away from the electrode and the gas
layer expands.

This is illustrated by Fig. 10, which shows contours of the gas volume
fraction in the region h < 12 cm, for different current densities. If the current
density increases, more gas is produced at the electrode and dispersed by
the turbulence, so that both the local gas fraction as the total gas hold-
up increase. The gas layer starts to grow at the leading edge at h = 0.
We observe that the thickness of the gas layer as function of h has a small
growth rate at low current density, but also that the growth rate increases
if the current density increases. For the highest current density shown, the
gas layer has spread across the entire channel width after three electrodes
(h =12 cm).

To quantify this further, we define the thickness of the gas layer, d,, by
the location where the gas fraction is less than 0.001. The thickness of the
gas layer as function of height is shown in Fig. 11, also for different current
densities. The growth rate of the gas layer is the slope of , in this figure. As
seen in Fig. 11, the thickness after nine electrodes (h = 36 cm) is equal to
8 mm for i=500 A/m?, whereas the gas layer reaches the diaphragm surface
(i.e. ;=8 mm) for A > 28 cm, h > 20 cm and h > 12 cm for i=1500, i=3250
and 6250 A /m?, respectively. The predicted total volume fraction of the gas,
oy 1ot in the cathode cell is shown in Fig. 12, which depicts that the total gas
hold-up, the gas fraction averaged over the entire computational domain, is
equal to oyt = 0.5%, 1.1%, 2.4% and 4.6% for i=500, 1500, 3250 and 6250
A/m?, respectively.

3.3. Effect of turbulence models

In this section, we briefly present a comparative analysis of a few com-
monly used turbulence models for predicting the gas volume fraction in the
channel. For this purpose, we use the standard k& — € and the so-called SST
k — w models for turbulence modeling and compare the results with the RSE
model.
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Figure 10: Contour plots of the gas volume fraction in a cell with three active electrodes
for different current densities, from left to right panels: i = 500, i = 1500, i = 3250 and
i = 6250 A/m?, respectively
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Figure 12: Effect of current density on total volume fraction of gas in the electrolyzer.
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Distributions of the gas void fraction along the cross-section of the channel
at h = 32 cm predicted by the selected turbulence models are shown in
Fig. 13a. Generally, the k£ — € model predicts a slightly lower gas fraction
compared to the RSE model which is most evident at the electrode surface.
This difference becomes larger at higher current densities. In contrast, the
SST k — w model predicts a much larger value for the gas fraction at the
electrode compared to RSE model. Far away from the electrode, the SST
k — w predicts a lower gas fraction than the £ — ¢ model, so that both these
models produce larger deviations from the experimental data than the RSE
model does.

The streamwise component of the gas velocity for the selected turbulence
models is shown in Fig. 13b. Compared to the RSE and k — ¢ models,
the gas velocity predicted by the SST k& — w model tends more toward the
electrode surface due to the larger amount of gas predicted in the vicinity of
the electrode. The distribution of the turbulence viscosity of the liquid phase
predicted by each model is shown in Fig. 13c. It can be seen that the SST
k — w model results in smaller turbulence viscosity which in turn leads to
lower dispersion of the gas phase and consequently a stronger accumulation
of gas near the electrode as shown in Fig. 13a.

4. Conclusions

Accurate prediction of the gas volume fraction distribution is critical for
understanding the hydrodynamics of the multiphase flow in electrolyzers. A
wide variety of CFD modeling options is available, and there is not yet con-
sensus on what the most suitable model is. Many available models suffer
from a lack of generality, being characterized by over-specified formulations
that are highly dependent on tunable coefficients. In this paper we tried
to predict and validate the hydrodynamics of gas-liquid flow in an electrol-
yser by including the effects of most important inter-phase forces, i.e drag,
and turbulent dispersion forces. Our study showed that the turbulence dis-
persion force is of major importance for simulating the gas-liquid flow in
an electrolyser, as without the turbulence dispersion force, the model is not
able to predict the spreading of the gas layer in the cell correctly. Using user-
defined versions for the drag and turbulence dispersion forces in the model,
we computed gas void fractions across the channel for different heights of
the electrode and also for various current densities, and we obtained fairly
good qualitative agreements with experimental data from literature. The
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Figure 13: a) distribution of gas void fraction across h = 32 predicted by different tur-
bulence models for i = 1500 A/m? and b) streamwise velocity of the gas phase and c)
turbulent viscosity profiles along the cross-section of the channel.
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user-defined implementation of the forces was introduced in order to satisfy
the gas momentum balance in Fluent. This balance was not satisfied when
the standard built-in forces in Fluent were used. As the turbulence disper-
sion model relies on the model for the turbulent viscosity, a comparison of
results obtained with different turbulence models was included. As a next
step for the presented research, it is important to validate the Eulerian model
at high gas volume fractions, but the main problem is to find /obtain detailed
experimental data for these conditions.
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