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A B S T R A C T

As current densities in alkaline water electrolysers increase, the resistive losses become increasingly important
due to the locally high gas fraction around the electrodes, even in zero-gap configurations. Nonetheless,
quantitative measurement of the distribution of these high gas fractions is difficult. Consequently, a numerical
approach is useful to assess the impact of bubbles on electrolysis. However, models that couple current density
and gas fraction distributions in a non-trivial geometry are currently lacking. We show that typically used
models in the literature predict unrealistically high gas fractions in electrode-resolved simulations. To improve
this, we added to the mixture model equations a solid pressure model similar to that used in simulations of
dense granular flows. With the addition of this model, two-dimensional simulations of a lab-scale electrolysis
cell accurately reproduce previously reported experimental results. This allows, for the first time, to predict
local overpotentials influenced by the bubble distribution, opening the way towards computational optimisation
of the electrode geometry.
1. Introduction

Industrial electrolysers are usually operated at high current densi-
ties to be economically attractive [1]. Under these conditions, ohmic
losses become increasingly important. This is particularly true for
gas-evolving electrodes, for example in alkaline water electrolysers,
where gas bubbles generated at the electrodes further add to the
ohmic resistance. To minimise the ohmic resistance, a so-called zero-
gap configuration is often employed [2–5]. In this case, the electrodes
are pressed directly onto a porous diaphragm which separates the
hydrogen-evolving cathode and the oxygen-evolving anode. This min-
imises the distance between the electrodes and, by using electrodes
with large perforations, pores, or wire meshes, the bubbles can be
directed outside of the electrode-diaphragm assembly [6–8]. While this
is expected to minimise the ohmic losses, gas bubbles in and around the
open spaces of the electrode are still found to contribute significantly to
the resistance of the electrolyser [9]. Additionally, gas cross-over across
the diaphragm is known to occur in zero-gap alkaline water electrolysis,
possibly leading to severe safety risks [10,11]. It is therefore of great
interest to understand the behaviour and transport of electrogenerated
bubbles. In this work, we propose a computational approach to model
the transport of gas bubbles near a zero-gap electrode configuration in
an alkaline water electrolyser.

Various experimental studies concern the development of bubble
plumes along gas-evolving electrodes, and their effects on the vertical

∗ Corresponding author.
E-mail address: W.L.vanderDoes@tudelft.nl (W.L. van der Does).

distribution of current in alkaline water electrolysis [12–21]. However,
the vast majority of these studies use a traditional electrolyser con-
figuration, where the bubbles are released into the space between the
electrodes or between the electrodes and the membrane. By contrast,
in a zero-gap configuration, the bubbles are directed to the outside
of the electrode assembly. As a result, the impact of the vertical gas
distribution on the current distribution is reduced. However, various
studies indicate that small geometric features of the electrodes can be
responsible for big difference in cell voltage and electrochemical perfor-
mance [22,23]. Since during electrolysis large amounts of small bubbles
are generated that obscure the view of the electrodes, optical analysis
of the gas fraction distribution extremely difficult. Consequently, a
numerical approach is proposed here to provide further insight into the
effect of bubbles on the current distribution.

Several computational works have previously simulated the 2-D
current distribution in a zero-gap configuration for gas-evolving elec-
trodes [24–27]. A similar numerical approach was recently used to
further investigate the effect of gas bubbles near a zero-gap elec-
trode [4]. These studies show that the presence of bubbles inside the
electrode assembly can significantly increase the ohmic losses, and can
help explain the voltage losses found in experimental studies. However,
these previous studies did not include multiphase flow, and instead as-
sumed a homogeneous gas fraction. While this assumption significantly
https://doi.org/10.1016/j.ijhydene.2024.12.252
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Nomenclature

�̂� Unit vector in the vertical 𝑧-direction
𝐧 Normal vector
𝐔 Superficial velocity [m/s]
𝐮 Velocity [m/s]
𝐮Hd Hydrodynamic diffusion slip velocity [m/s]

𝐮Sd Shear diffusion slip velocity [m/s]
𝐮Sp Solid pressure slip velocity [m/s]
𝐮St Stokes slip velocity [m/s]
𝐮s Slip velocity [m/s]
Vm Molar volume [m3/mol]
𝐶 Modulus of elasticity function parameter
𝐷 Hydrodynamic diffusivity [m2/s]
𝑑b Bubble diameter [m]
𝐸 Potential [V]
𝐺(𝜀) Solid pressure modulus of elasticity function

𝑖n Normal current density [A/m2]
𝑗 Current density [A/m2]
𝑗∗ Exchange current density [A/m2]
𝑗⊥ Local current density on electrode surface

[A/m2]
𝐾 Stress tensor [Pa]
𝑛 Number of electrons per molecule
𝑝 Pressure [Pa]
𝑝s Solid pressure [Pa]
𝑆e∕d 1-dimensional electrode/diaphragm surface

[m]
𝑇 Temperature
𝑈g Volumetric gas flux at the electrode [m/s]
𝑤St Terminal rise velocity [m/s]
𝑥 Horizontal coordinate [m]
𝑧 Vertical coordinate [m]
Constants

𝐹 Faraday’s constant 96485.332... [C/mol]
𝑅 Gas constant 8.31446... [J/mol/K]
Greek variables
𝛼 Charge transfer coefficient
𝛾0∕1∕2 Solid pressure parameter in J&J model
𝜅 Effective electrolyte conductivity [S/m]
𝜅0 Electrolyte conductivity [S/m]
𝜇 Dynamic viscosity [Pa/s]
𝛷 Electrode potential [V]
𝜙 Electrolyte potential [V]
𝜌 Density [kg/m3]
𝜀 Void fraction
𝜀∗ Modulus of elasticity function parameter
𝜀max Maximal void fraction in J&J solid pressure

𝜀min Minimal void fraction in J&J solid pressure
Subscripts

a Anode
cell cell
c Cathode
296 
eq Equilibrium conditions
g Gas phase
in Inlet
l Liquid phase
m Mixture
out Outlet

Table 1
Previous multiphase CFD works on alkaline water electrolysers using laminar flow
models.
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Dahlkild [28] ✓ ✗ ✓ ✗

Wedin and Dahlkild [37] ✓ ✓ ✓ ✗

Mandin et al. [46] ✓ ✗ ✓ ✗

Aldas et al. [32] ✗ ✗ ✓ ✗

Jupudi et al. [29] ✓ ✗ ✓ ✗

Alexiadis et al. [47] ✓ ✗ ✗ ✗

Hreiz et al. [48] ✗ ✗ ✗ ✗

Schillings et al. [38] ✓ ✓ ✗ ✗

Schillings et al. [39] ✓ ✓ ✗ ✗

Bideau et al. [41] ✓ ✓ ✗ ✗

Hess et al. [49] ✗ ✗ ✓ ✗

Duan et al. [36] ✓ ✓ ✓ ✗

This work ✓ ✗ ✓ ✓

reduces the complexity of the simulations, experimental observations
indicate that the size and shape of the electrodes can have strong effects
on the bubble behaviour [14,15] and ohmic losses [22,23]. Conse-
uently, there is a need to better understand the bubble behaviour

around electrodes. Various multiphase flow simulations of alkaline wa-
er electrolysis exist in the literature. The vast majority of these studies

consider the evolution of a bubble plume along a flat vertical electrode.
Some include the effect of bubbles on the current distribution [28–36]
while others assume a constant current density [37–44]. An attempt
to categorise most of these studies is given in Table 1. We restrict
ourselves here to alkaline water electrolysis with laminar flow.

Due to the high costs associated with computational methods that
ttempt to resolve the gas-liquid interface for every bubble, most

studies employ either the two-fluid or the mixture model. However, this
approach requires the use of closure models to capture the sub-scale
low features. In particular, it is found that some form of an additional
ubble dispersion mechanism is required to accurately predict the
idening of a bubble plume along a vertical gas-evolving electrode [28,

38,41,42,45]. A notable exception is the work by Schillings et al.
[39], who use a 4-way coupled Eulerian-Langrangian approach which
includes a bubble collision event model able to predict plume widening
without the need for empirical closure models.

Nonetheless, all multiphase flow studies mentioned in Table 1 con-
cerned either a flat-plate electrode geometry or in some cases a porous
electrode region for highly porous metal foam electrodes. To our best
knowledge, no existing studies have attempted to simultaneously re-
solve the multiphase flow and bubble transport around the resolved
structure of the electrodes in zero-gap alkaline water electrolysis. Here,
we propose a model that couples the distribution of gas fraction and
current in a physical way.
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In the holes of zero-gap electrodes, there will be less flow than on
vertical surfaces so bubble-bubble interactions are expected to domi-
nate gas removal. While average gas volume fractions have been stud-
ied and quantified in the bulk flow of alkaline water electrolysers [14,
20], no direct measurements of the local gas fraction distribution inside
the perforations of the electrodes exist. However, visual observations
from behind the electrode [9,50] and through the membrane [51–56]
suggest that inside these holes the maximum random bubble pack-
ing fraction is approached at high current densities. In addition, in
concentrated electrolytes, bubbles are known to show coalescence in-
hibition [14,57,58]. This allows us, as a first approximation, to use
equations similar to those used for modeling solid particles.

The purpose of this paper is to include additional bubble disper-
sion through a solid-pressure model similar to that used for granular
flows, in the holes of the electrodes in a zero-gap configuration. This
represents a significant progress from previous studies and constitutes
a novel approach to describing bubble transport in confined regions.

The rest of the paper is organised as follows: Section 2 introduces
the model geometry and numerical approach used to describe the
multiphase flow and electrochemistry, along with the considered clo-
sure models. Section 3 shows simulation results for the gas fraction
distribution, velocity profiles, and bubble-induced voltage losses for
the different solid-pressure models. Section 4 then further investigates
the various voltage losses in the system and validates them against
experimental results from Haverkort and Rajaei [9].

2. Methods

2.1. Multiphase flow

The two-phase hydrodynamics are described using the mixture
model for laminar, incompressible flow [28,59]. The mixture model is
based on an Eulerian framework and treats each phase as an interpen-
etrating continuum. A condition for the mixture model validity is for
the continuous and dispersed phase to be in dynamic equilibrium. This
means that there is no relative acceleration between the two phases
and the sum of forces on the bubbles is zero [60]. This is a reasonable
approximation for the small bubbles that arise in electrolysis. We
further assume that the gas bubbles are spherical, that the bubbles do
not coalescence [14,57,58], and that the zero-gap electrode assembly
can be reasonably described with the two-dimensional geometry shown
in Fig. 1. Due to the large amount of bubbles, it is computationally
unfeasible to capture all features of this kind of flow. To address this,
the mixture model uses the gas fraction 𝜀 to represent the amount
of bubbles present in each computational cell. The volume-averaged
velocity of the mixture 𝐔 is then given by 𝐔 = (1 − 𝜀)𝐮l + 𝜀𝐮g, where
𝐮l and 𝐮g denote the liquid and gas velocities. Since the gas density
is negligible compared to the liquid density 𝜌l, the mixture density is
𝜌m = (1 − 𝜀)𝜌l and the mass-averaged mixture velocity 𝐔m is equal to
the superficial liquid velocity 𝐔l = 𝜌𝑙(1 − 𝜀)𝐮l. The continuity equation
for the mixture in a steady state is
∇ ⋅ 𝐔m = 0 (1)

The mixture model relies on solving a single momentum equation
which represents the transport of the mixture of liquid and gas as a
whole. The momentum equation for the mixture in a steady-state is
𝜌m𝐮l ⋅ ∇𝐮l = − ∇𝑝 + ∇ ⋅𝐊 − 𝜌m𝑔�̂� (2)

where 𝜇m = 𝜇l
1−𝜀 is the mixture viscosity [61], and 𝐊 = 𝜇m

(

∇𝐔 + (∇𝐔)T)
is the mixture viscous stress tensor.

We model the actual velocities of the liquid and gas phases in
terms of the slip velocity 𝐮s = 𝐮g − 𝐮l, which represents the difference
between the gas and liquid velocities, and the slip flux or drift flux
𝐔s = 𝜀

(

𝐮g − 𝐔
)

= 𝜀 (1 − 𝜀)𝐮s, after which we obtain from ∇ ⋅
(

𝜀𝐮g
)

= 0
the gas continuity equation:
𝐔 ⋅ ∇𝜀 + ∇ ⋅ 𝐔s = 0 (3)

297 
Fig. 1. Representation of the two-dimensional simulation geometry, coordinates, and
boundary conditions. See Eq. (16b) for the expressions used for the inlet and outlet
pressures 𝑝in and 𝑝out and Eq. (17) for the expression used for the symmetry boundary
condition. The symmetry boundary condition prescribes vanishing stresses in the 𝑧
direction. The grayed domain in the centre represents the diaphragm, and the white
regions bordering this represent the two electrodes. Inside the diaphragm, the fluid
flow is not solved for, and only current and potential distributions are simulated. At
the electrodes bubbles evolve, which is represented in the gas fraction 𝜀 and by the
coloured surface in the figure. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

The actual sub-grid model for 𝐮s is the combination of different slip
velocities, each modeling a different slip mechanism:

𝐮s = 𝐮St + 𝐮Hd + 𝐮Sd + 𝐮Sp (4)

where 𝐮St is Stokes’ rise velocity, 𝐮Hd is hydrodynamic dispersion, 𝐮Sd
is shear diffusion and 𝐮Sp is solid pressure.

In this study, we use an adapted version of the slip velocity closure
models presented by Dahlkild [28]. The formulation for these slip
velocities arise from assuming that all forces acting on the bubbles
are in equilibrium with the drag force. Here, we assume that the drag
force can be described by Stokes’ drag, which is generally valid for
electrolytic bubbles smaller than 100 μm [62].

𝐮St = 𝑓 (𝜀)𝑤St �̂� (5)

𝐮Hd = −𝑓 (𝜀)𝑑b𝑤St
2

∇𝜀
𝜀

(6)

𝐮Sd = −
𝑑2b
4
|

|

|

|

𝜕 𝑤
𝜕 𝑥 + 𝜕 𝑢

𝜕 𝑧
|

|

|

|

𝜀(1 + 0.5e8.8𝜀)
3(1 − 𝜀)

∇𝜀 (7)

The difference in density between the bubbles and the liquid gives a
buoyancy-induced rise velocity 𝐮 , where 𝑤 =

𝜌l𝑔 𝑑2b is the terminal
St St 18𝜇l
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Table 2
The various values for the parameters in Eq. (9) from literature.

Author 𝐶 𝜀∗

Gidaspow & Ettadieh 1983 [71] 20.17 0.38
Ettadieh 1984 [72] 24.09 0.37
Shih 1987 [73] 22.48 0.20
Gidaspow 1989 [74] 24.18 0.14

rise velocity of a single bubble due to buoyancy.
The second slip velocity 𝐮Hd is the hydrodynamic self-diffusion. This

erm is due to collision-like interactions between bubbles, and is based
on observations for suspended particles [63]. In general, the dispersion
may have to be split in a direction parallel and normal to the bubble

otion. However, in the absence of experimental validation of this
assumption we opt for simplicity and consider isotropic dispersion.

ere 𝑓 (𝜀) = (1 − 𝜀)𝑛 is a hindrance function for a swarm of rising
ubbles, in which a high concentration of bubbles results in slower
elocities relative to the liquid. We use 𝑛 = 4 which results in a
indrance function similar to what was used previously [38,64].

The third slip velocity component 𝐮Sd represents shear diffusion,
where increased bubble-bubble interactions in a sheared flow result in
more bubble dispersion [65].

In addition, at high void fractions, inter-particle collisions will
become more important, similar to the particle interactions in dense
ranular flows, which result into an additional slip velocity to account
or this mechanism. These interactions result in increased dispersion
f the particles, which is often described with sub-scale models like
he so-called solid pressure 𝑝s [66,67], which leads to the inclusion

of solid pressure slip velocity 𝐮Sp. In alkaline water electrolysis, the
bubbles behave like rigid spheres due to their small diameter and
since coalescence is largely inhibited due to the presence of strong
electrolytes [14,57,58]. From this behaviour, an analogy between rigid,
pherical bubbles and solid particles is made, and we propose the use
f solid pressure to describe the strongly increased bubble dispersion
ates at high gas fractions.

Several models describing solid pressure exists in the literature,
mong them:

∇𝑝s =

⎧

⎪

⎨

⎪

⎩

𝛾0𝜌𝑔 𝑑b∇
(

(𝜀−𝜀min)𝛾1
(𝜀max−𝜀)𝛾2

)

Jackson & Johnson

𝐺(𝜀)∇𝜀 Modulus of Elasticity
(8)

where the modulus of elasticity 𝐺(𝜀) is defined as [68]

𝐺(𝜀) = e−𝐶(𝜀∗−𝜀) (9)

This is then translated [69] to the slip velocity component 𝐮Sp

𝐮Sp = −
𝑑2b∇𝑝s
18𝜇 𝜀 (10)

Many different parameters for these solid pressure models exist in
iterature. For the Jackson & Johnson solid pressure model in Eq. (8),

we use 𝛾0 = 0.002, 𝛾1 = 2, 𝛾2 = 5, 𝜀min = 0, and 𝜀max = 0.65 [70].
This represents a combination of the parameters originally proposed by
Jackson & Johnson, and the maximum gas fraction from experimental
results by Coenen & Janssen for hydrogen bubbles in alkaline water
electrolysis [20]. For the modulus of elasticity approach, four sets of
arameters are given in Table 2.

Note that inserting Eq. (6) into Eq. (3) gives an advection-diffusion
quation with a diffusion coefficient given by (1 − 𝜀)𝑛+1 𝑑b𝑤St∕2. Note
lso the similarities between the solid-pressure slip velocity of Eq. (10)
nd hydrodynamic dispersion of Eq. (6). Therefore, solid pressure can

be considered to be another dispersion mechanism, which increases and
iverges as the maximum gas fraction 𝜀 is approached.
max

298 
2.2. Electrochemistry coupling

The liquid phase consists of a concentrated solution of potassium
ydroxide salt (KOH) dissolved in water. In the resulting alkaline
olution, the hydrogen and oxygen evolution reactions are given by,
espectively

Cat hode ∶ 4 H2O + 4 e− ←←←←←←←←←←←←←←←←←→ 4 OH− + 2 H2

Anode ∶ 4 OH− ←←←←←←←←←←←←←←←←←→ 2 H2O + O2 + 4 e−

The hydroxide ions produced at the cathode and consumed at the
node are the charge carriers in the electrolyte between the electrodes.
n excellent approximation is to assume the concentrations of K+ and
H− to be equal to give electroneutrality [75]. At high electrolyte

concentrations and sufficient mixing, the electrolyte concentration can
e take to be approximately homogeneous and the current density can

then be approximately described by Ohm’s law:

𝐢 = −𝜅∇𝜙 (11)

where 𝐢 is the ionic current density, 𝜅 is the electrolyte conductivity,
and 𝜙 is the electrostatic potential in the electrolyte. The effective
conductivity of the electrolyte is reduced in the presence of bubbles.
A reasonably accurate description of the effect of gas fraction on
the effective conductivity of the electrolyte is given by Bruggeman’s
equation [75]

𝜅 = 𝜅0(1 − 𝜀)3∕2 (12)

where 𝜅0 is the intrinsic conductivity of the electrolyte. The conductiv-
ty of the diaphragm is given by 𝜅 = 𝜅0𝜖∕𝜏2 with 𝜖∕𝜏2 = 0.35 the ratio
f porosity and tortuosity squared [75], experimentally determined
n [76]. The reaction kinetics at the electrode surface are described by

the concentration-independent Butler-Volmer equation

𝑗⊥ = 𝑗∗

(

e
𝛼 𝐹 𝜂
𝑅𝑇 − e− (1−𝛼)𝐹 𝜂

𝑅𝑇

)

(13)

where 𝑗⊥ is the local current density at the electrode surface, 𝑗∗ is the
xchange current density, 𝛼 is the charge transfer coefficient, and 𝜂 is
he activation overpotential, which defined as 𝜂 = (𝐸 − 𝜙) − (𝐸 − 𝜙)eq
ith the electrode potential 𝐸 and a subscript eq denoting equilibrium
alues at 𝑗⊥ = 0 [75].

Since the electrolyte potential and activation overpotential vary
ocally as a result of the current distribution model, a current density
eighted average is used to determine and compare the different
verpotentials along the electrodes and diaphragm:

⟨𝜂⟩ ≡
∫𝑆e

𝑗⊥ 𝜂 𝑑 𝑆e

𝑗 𝑆e
(14a)

⟨𝜙e⟩ ≡
∫𝑆e

𝑗⊥ 𝜙 𝑑 𝑆e

𝑗 𝑆e
(14b)

⟨𝜙d⟩ ≡
∫𝑆d

𝑖n 𝜙 𝑑 𝑆d

𝑗 𝑆d
(14c)

with 𝑆e and 𝑆d the areas of the electrode and the diaphragm, respec-
tively, and 𝑖n the current density normal to the diaphragm surface. The
total ohmic losses are then obtained from the difference in potential
between the cathodic and the anodic sides of the electrodes or the
diaphragm.

2.3. Boundary conditions and model parameters

At the bottom inlet and top outlet, we use pressure boundary
conditions

(−𝑝𝐈 +𝐊) ⋅ 𝐧 = −𝑝in∕out𝐧 (15)

with a mixed hydrostatic and local Bernoulli boundary condition at the
nlet and a fixed prescribed pressure at the outlet

𝑝 (𝑥) = −1𝜌 (𝑊 (𝑥) (1 − 𝜀))2 (16a)
in 2 l



W.L. van der Does et al.

t

[

𝐭

s
L

f

a

v

p
s

t
w
s
s
1
c
c
w
t
c
c
s
s

w

r

International Journal of Hydrogen Energy 102 (2025) 295–303 
Table 3
Simulation parameters taken from [9]. These parameters have been used in the
computational simulations, unless stated otherwise.

Temperature 𝑇 300 K
Density [80] 𝜌l 1260 kg/m3

Viscosity [80] 𝜇l 1.9 mPa s
Bubble diameter H2 𝑑b,H2

40 μm
Bubble diameter O2 𝑑b,O2

80 μm
Anode exchange current density 𝑗∗,a 200 A/m2

Cathode exchange current density 𝑗∗,c 800 A/m2

Anode charge transfer coefficient 𝛼a 0.65
Cathode charge transfer coefficient 𝛼c 0.5
Electrolyte conductivity 𝜅0 65.4 S m−1

Equilibrium potential 𝐸0 1.38 V
Areal electronic resistance 𝐴𝑅 17 μΩm2

Jackson & Johnson model parameters 𝛾0 0.002
𝛾1, 𝛾2 2, 5
𝜀min, 𝜀max 0, 0.65

𝑝out (𝑥) = −𝜌l𝑔 𝐻 +

{

− 1
2𝜌l (𝑊 (𝑥) (1 − 𝜀))2 𝑊 (𝑥) < 0

0 𝑊 (𝑥) ≥ 0
(16b)

The mixed hydrostatic and local Bernoulli pressure boundary condi-
ion best reproduced the return flow intensity on the inlet and outlet

boundaries observed in natural convection experiments Brangeon et al.
77],Sun et al. [78],Desrayaud et al. [79]. In Eq. (16b) 𝑊 is the

upward component of the volume-averaged mixture velocity. At the
outlet, the external dispersed phase concentration 𝜀out = 0 so that
any potential backflow of electrolyte does not re-introduce additional
gas into the domain. At the outwards-facing boundaries, symmetry
boundary conditions, of no slip and zero tangential viscous stress, are
applied:

𝐔 ⋅ 𝐧 = 0 (17a)
T𝐊𝐧 = 0 (17b)

At the diaphragm a no-slip boundary condition is used for the
mixture:

𝐔 = 0 (18)

and at the electrode surface the gas flux and mixture velocity are given
by:

𝜀𝐮g = 𝐔 = −𝑈g𝐧 (19)

where the mixture and gas velocity normal to the electrode surface are
et to the rate of electrochemical gas production 𝑈g through Faraday’s
aw:

𝑈g =
Vm
𝑛𝐹

𝑗⊥ (20)

where Vm is the molar volume and 𝑛 is the electron stoichiometric ratio
or the reaction, which is 2 and 4 for hydrogen and oxygen evolution,

respectively. At the anode surface a constant electrode potential is
applied:

𝐸a = 0 (21)

and at the cathode an average current density is applied so that the
verage current density equals the geometric current density 𝑗:
1
𝑆e ∫𝑆e

𝑗⊥ 𝑑 𝑆e = 𝑗 (22)

The parameters for the base case simulation are given in Table 3.

2.4. Numerical methods

This study employs the stationary solver in COMSOL Multiphysics
6.2 with first-order discretisation for the velocity and pressure fields,
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Fig. 2. Grid convergence study for the cell potential 𝐸cell for meshes with different
element sizes at 𝑗 = 104 A∕m2. As expected for first-order discretisation, the cell
otential 𝐸cell converges linearly as the element size is decreased. The 12.5 μm element
ize differs by only 10 mV from the extrapolated exact value for the cell potential.

the volume fraction, and the current and potential distribution. A grid
convergence study with square elements ranging in size from 100 μm to
6.25 μm was performed. Fig. 2 shows the effect of mesh element size on
he cell potential at 𝑗 = 104 A∕m2. The cell potential changes linearly
ith decreasing mesh size, as expected for a first-order discretisation

cheme. Based on this, further mesh refinement beyond an element
ize of 12.5 μm is expected to result only in a change of less than
0 mV in the cell potential. An element size of 12.5 μm was therefore
hosen for this study. Over the range of element sizes used in this grid
onvergence study, the gas fraction distribution and velocity profiles
ere not significantly affected by the grid size. The dependence of

he cell potential on mesh refinement is due to the large gradients in
urrent density that occur inside the holes close to the separator. The
urrent distribution model therefore requires a much smaller element
ize than the mixture model. The chosen mesh represents accurate
imulation results while maintaining reasonable computational loads.

3. Results

3.1. Highest observed gas fraction

Without a solid pressure model, very high gas fractions of around
90% occur in the simulations, as shown in Fig. 3. While in theory a
polydisperse bubble arrangement could exceed the maximum random
packing fraction for spheres of around 64%, this is in contradiction with
experimental observations of the gas fraction around electrodes, both
from the back-side [9,50] and in between the electrode and membrane,

hile viewed through the membrane [52–54,56]. Because the flow
shear inside the holes is quite low, hydrodynamic and shear-induced
dispersion do not facilitate adequate bubble removal. By introducing
additional bubble dispersion to the model through solid pressure, more
ealistic gas fractions are obtained. The shape of the curves in Fig. 3 for

the different solid-pressure models of Table 3 and Eq. (8) are similar but
differ in the magnitude.

The buoyancy induced by the bubbles gives rise to a liquid veloc-
ity that increases with height up to approximately 0.2 m/s. Fig. 4a
shows the velocity profile in the electrolyser domain at a current
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Fig. 3. The highest local gas fraction 𝜀 obtained in the simulations, against current
density for various solid pressure models. For the simulation without any solid pressure
model, the gas fraction is unrealistically high. See Table 3 for the used simulation
parameters.

density of 104 A∕m2 with the Jackson and Johnson solid pressure model
from Eq. (8). However, the velocity inside the holes remains limited and
gas transport depends mostly on dispersion. Consequently, the highest
gas fractions observed occur inside these holes, as illustrated in Figs. 4
and 5.

3.2. Bubble-induced resistance

Direct validation of a given gas fraction in water electrolysis is diffi-
cult, since no local measurements of the gas fraction in an operational
electrolyser exist. However, the additional resistance induced by the
generated bubbles is available in literature. To determine the bubble-
induced losses in the simulations a bubble-free simulation case without
multiphase flow model is done, in which there is no bubble effect on
the conductivity of the electrolyte. The bubble-induced resistance 𝑅b is
then defined as

𝑅b =
𝛥𝐸cell

𝑗
(23)

where 𝛥𝐸cell is the difference in cell potential between any simulation
with bubble effects included and the cell potential obtained from the
bubble-free simulation. This allows for a comparison of the bubble-
induced resistance between the different solid pressure models and
experiments. These are validated against experimental values which
were obtained by measuring the increase in resistance in the first sec-
onds after a current was applied to a cell [9], which in two independent
tests gave resistances of 1.4 ⋅ 10−5 Ωm2 and 1.7 ⋅ 10−5 Ωm2, respectively.
The bubble-induced resistance for the various solid pressure models
is shown in Fig. 6. Since the experimental values contain significant
uncertainty, a range is represented by the grey shaded area. All models
give results within the experimental uncertainty. The solid pressure
model from Jackson & Johnson (Eq. (8)) provides both good agreement
and allows significant flexibility to tune it to physically measurable
parameters. The conventional literature approach without solid pres-
sure model significantly overestimates the gas fraction, consequently
resulting in a gross overestimation of the bubble-induced resistance.
300 
Fig. 4. (a) Mixture velocity profile and (b) gas fraction at a current density of 104

A∕m2. The twice as large gas flux of the cathode on the right gives rise to higher gas
fractions and larger velocities. See Table 3 for the used simulation parameters.

3.3. Other voltage losses in alkaline water electrolysis

Fig. 7 compares the simulated contributions to the cell potential
with those determined experimentally by Haverkort and Rajaei [9]. The
simulation results were obtained for a simulation using the parameters
listed in Table 3. The resulting activation and ohmic overpotentials
were weighted based on the current distribution to account for the
local variations in current distribution, as described by Eq. (14). The
equilibrium potential 𝐸eq and electronic resistance 𝐴𝑅 reported in the
work of Haverkort and Rajaei [9] were used as input, so match exactly.
For the anode and cathode potentials, the exchange current density
and Tafel slope from Haverkort and Rajaei [9] were used as input so
the good agreement between the experiment and simulations is not
surprising. However, the obtained ohmic resistance of approximately
7.1⋅10−5 Ω∕m2 is also in excellent agreement with the experiment,
despite the fact that the resistance of the membrane contributes only
3.67⋅10−5 Ω∕m2. The additional resistance arises due to the strong
current inhomogeneity introduced by the electrode geometry, the in-
active electrode front face, and the bubbles. Fig. 8 illustrates how the
current lines are strongly distorted from equispaced straight lines. Since
the reaction does not take place on the electrode surface facing the
diaphragm [9,50] and preferentially occurs inside the holes close to the
diaphragm, resistive losses mostly occur close to the diaphragm. The
high gas fraction inside these holes further adds to the ohmic losses
in the electrolyser. The strong current inhomogeneity introduced by
the inactive electrode front and electrode geometry and the high gas
fraction inside the electrode result in a significant additional resistance.
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Fig. 5. Contours of the gas fraction 𝜀 in increments of 0.06 around the first 6 mm in
height of a simplified 2D cross-section of the electrodes and diaphragm in a zero-gap
alkaline water electrolysis set-up. Results for current densities 𝑗 of 100, 500, 2 000,
and 4000 A∕m2. The vectors show the mixture velocity field. See Table 3 for the used
simulation parameters.

Fig. 6. The bubble-induced equivalent resistance, calculated by dividing the difference
in cell potential due to bubbles by the geometrical current density, against current den-
sity for various solid pressure models. The experimentally determined bubble-induced
resistance [9] contains significant uncertainty, and as such a range is represented by
the grey shaded area. See Table 3 for the simulation parameters used.
301 
Fig. 7. The cumulative effects of the equilibrium potential 𝐸eq, anodic and cathodic
activation overpotentials 𝜂a and 𝜂c, electrode ohmic losses 𝐴𝑅𝑗, bubble-free ohmic
losses 𝑗 𝑅bubble−f r ee, and bubble-induced ohmic losses 𝑗 𝑅b. Solid lines show model values
based on experimental fits using 𝑅bubble−f r ee = 5.35 × 10−5 Ωm2 and 𝑅b = 1.68 × 10−5 Ωm2

from Haverkort and Rajaei [9]. The discrete data points represent the corresponding
potentials resulting from the simulations in the present study. See Table 3 for the used
simulation parameters.

This strong difference between the diaphragm resistance and the actual
resistance was previously investigated by de Groot and Vreman [4]
by assuming a chosen value for a homogeneous gas fraction. Here we
instead calculate the gas fraction by coupling the local gas production
rate to the current density at the electrode, and further describe the
bubble transport around the electrodes with an extended multiphase
flow model. This presents a crucial next step forward towards a com-
prehensive model of the relevant processes in and around gas-evolving
electrodes.

4. Conclusions

Conventional bubble dispersion models used in flat-plate alkaline
water electrolysis simulations are shown to be inadequate for electrode-
resolved simulations. Without additional measures unrealistically high
gas fractions are obtained, even at current densities much lower than
typically used in alkaline water electrolysers. As a result, the resistance
due to bubbles is strongly overestimated.

We propose to include a solid pressure model, in analogy with
simulations of dense granular flows. The associated force effectively
prevents nonphysically high gas fractions by increasing the degree of
bubble dispersion as the gas fraction increases. The used 2D repre-
sentation of a zero-gap configuration matches experimental results for
activation overpotentials and ohmic losses well, and most importantly
can accurately predict the bubble-induced ohmic losses. All tested solid-
pressure models give relatively similar results, with the Jackson &
Johnson model [70] showing the best agreement with the experimental
data. The scope current work is limited to laminar flow conditions.
While only limited velocities occur inside the holes of the electrode, the
effect of turbulence on bubble dispersion in the electrode holes remains
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Fig. 8. Contours of the electrolyte potential 𝜙l around the 2D cross-section of an
alkaline water electrolyser in zero-gap configuration at a current density of 𝑗 = 104
A/m2. The surface current density 𝑗⊥ is given at the electrodes and the local electrolyte
current density 𝑖 is given by the streamline plot. See Table 3 for the used simulation
parameters.

a subject of further research.
The proposed methodology includes the interaction between local

current and gas fraction distributions. This allows, for the first time,
for predictive modeling of the local overpotentials in alkaline water
electrolysis. The improved understanding given by this model of the
interaction between current distribution and bubbles signifies a next
step in the design and optimisation of gas-evolving electrodes.
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