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ARTICLE INFO ABSTRACT
Keywords: In water electrolysers, gas crossover caused by elevated dissolved gas concentrations poses a major challenge,
Bubble growth reducing product purity, safety, and operational stability. However, most existing electrolyser models assume

Gas crossover
Dissolved gas
Alkaline water electrolysis

that all generated products leave the electrode in the gaseous phase, neglecting the dynamics of dissolved gas
transport. Experimental observations from the literature reveal that bubbles can continue to grow even after
detachment, suggesting significant dissolved gas supersaturation. In this work, we develop a computational
multiphase flow model that couples the transport of dissolved gas, gas fraction, and volumetric interfacial
area to quantify bubble growth within electrogenerated plumes. The model is validated using experimental
data extracted from literature videos, where individual bubbles are tracked to determine their size and position
over time. The absolute average relative error in predicting bubble diameters is below 7%, demonstrating the
model’s accuracy. Results show that at a gas-evolution efficiency of 40%, detached bubbles can grow up to 1.4
times their initial diameter, corresponding to a threefold increase in volume. This confirms that the observed
post-detachment bubble growth can be quantitatively explained by the uptake of dissolved gas within the
plume. By incorporating this mechanism, the model enables improved prediction of dissolved gas distributions,
supporting more reliable design and operation of industrial electrolysers.

1. Introduction Note that the products oxygen, O,, and hydrogen H, are produced
in dissolved form. Since gas solubility in common electrolytes is very
low (< 1 mM), supersaturation [4,5] quickly leads to the formation
of gas bubbles on the surface of the electrode that absorb these dis-
solved gases. Most of the oxygen and hydrogen thus leave a typical

electrochemical cell through buoyancy in the form of gas bubbles.

Water electrolysis can play a pivotal role in the energy transition
by transforming renewable electricity into green hydrogen, which can
be locally produced, stored, and distributed. However, currently, only
a very small percentage of global hydrogen is produced by water
electrolysis [1]. Instead, hydrogen is typically produced much cheaper
by reforming hydrocarbons, contributing to the emissions of CO,. To
advance the energy transition, further improvements are needed in the

The gas bubbles impact the efficiency of water electrolysis by in-
creasing the resistance to the flow of ions through the electrolyte,

economics of water electrolysis, essentially through increased energy
efficiency and reduced equipment and process costs [2].

Currently, the two most developed technologies are Alkaline Water
Electrolysis and Proton Exchange Membrane Water Electrolysis [3].
Alkaline electrolysers are usually more cost-effective because they rely
less on scarce electrode materials and are proven to be reliable and
durable. These alkaline electrolysers generally use porous diaphragms
to separate the produced hydrogen and oxygen bubbles. The half-
reactions that occur in an alkaline water electrolyser at the cathode
and anode are:

Cathode : 2H,0 + 2¢~ — H, + 20H" )

Anode : 20H™ — %02 +H,0 +2¢ @
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increasing ohmic losses. To prevent the accumulation of bubbles at the
electrode surface, generally, the gas-evolving electrodes are oriented
vertically. This orientation will cause the bubbles to form a bubble
layer, or a plume, along the electrode. At high current densities, the
relative importance of ohmic losses increases. An approach often used
to reduce the resistance due to bubbles is to put the electrodes in a
‘zero-gap’ configuration, i.e.: directly adjacent to the diaphragm [6—
8], such that the bubble plume evolves on the outer side of the
electrode-diaphragm assembly, whereas the ions cross through the
membrane.

The gas bubbles also cover a part of the electrode area, inactivat-
ing the region of the electrode and thereby increasing the activation
overpotential [6-9]. At low current densities, dissolved hydrogen and
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Nomenclature

Greek letters
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UHd
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S
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Constants

Te oMo

=

Gas fraction [-]

Surface tension of the liquid [N/m]
Liquid dynamic viscosity [kg/ms]
Mixture dynamic viscosity [kg/ms]
Liquid kinematic viscosity [m2/s]
Gas density [kg/m?]

Liquid density [kg/m?]

Mixture density [kg/m?]

Volumetric interfacial area [1/m]
Dissolved species concentration [mol/m?]
Saturation concentration [mol/m?3]

Gas evolution efficiency [-]

Current density [A/m?]

Interphase mass transfer coefficient [m/s]
Mixture viscous stress tensor [Pa]

Liquid viscous stress tensor [Pa]

Unit normal to the surface [-]

Electrons used per oxygen molecule [mol]
Bubble number density [1/m?]

Dissolved species flux magnitude at the
electrode [mol/m?s]

Number density flux at electrode [1/m?s]
Gas flux at electrode [m/s]

Pressure [Pa]

Atmospheric pressure [Pa]
Non-dimensional bubble radius at experi-
mental data point i [m]

Bubble radius [m]

Bubble release radius at the inlet [m]
Non-dimensional bubble radius at simula-
tion data point i [m]

Bubble radius at the outlet [m]

Ambient temperature [K]

Volume-averaged mixture velocity [m/s]
Mass-averaged mixture velocity [m/s]

Gas velocity [m/s]

Hydrodynamic dispersion slip velocity
[m/s]

Liquid velocity [m/s]

Slip velocity [m/s]

Stokes rise velocity [m/s]

Volumetric interphase mass transfer rate
[1/s]

Molar volume [m?/mol]

Stokes terminal velocity [m/s]

Diffusion coefficient [m?2/s]
Faraday’s constant [C/mol]
Acceleration due to gravity [m/s?]
Henry’s constant [mol/m>Pa]
Universal gas constant [J/mol K ]
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oxygen reaction products can introduce a concentration overpoten-
tial [8,10]. Increasing the mass transport of dissolved gas from the elec-
trode to the electrolyte bulk or bubbles can decrease this concentration
overpotential and increase the energy efficiency.

Mass transport near gas-evolving electrodes is primarily due to a
combination of micro-mixing induced by bubble motion and advective
transport due to electrolyte flow [11]. These flows may be due to
forced flow, but the natural convection due to rising gas bubbles can
give rise to substantially large flow velocities as well [12]. The gas
distribution should be accurately known to analytically model these
flows and their effect on mass transport [13] and gas bubble resistance.
This gas distribution is strongly influenced by the size of the bubbles
through their slip velocities. While most simulations in the literature [9,
14,15] use a mono-dispersed bubble size distribution, a wide range of
different bubble sizes usually co-exist in experiments [9,16,17]. The
size distribution of the release bubbles may still change significantly
by taking up dissolved gas. Four major phenomena that affect the size
of rising bubbles [9,16,18] are:

(1) Bubble coalescence

(2) Change in hydrostatic pressure
(3) Uptake of water vapour

(4) Uptake of dissolved gas

In concentrated electrolytes, coalescence (1) is strongly inhibited
[19,20], and it primarily occurs close to the electrode surface or where
streamlines converge [9,21]. Therefore, coalescence can usually be
conveniently neglected in numerical simulations of rising bubbles in
electrolytes.

The decrease in hydrostatic pressure (2) exerted on the bubbles
during their ascent is insignificant unless the cell’s height exceeds
several meters or operates at sub-atmospheric pressure.

The presence of water vapour (3) can increase the size of the
bubbles significantly [22]. However, this is only relevant at elevated
temperatures near the boiling point of water.

In this paper, we investigate the final scenario (4), in which the
diameter increases due to the addition of dissolved gas.

A fraction of the electrochemically produced dissolved gas is ab-
sorbed by the bubbles adhering to the electrode surface, which defines
the so-called adherence region, and the remainder leaves the adherence
region in dissolved form. From this, the gas evolution efficiency can
be defined as the ratio of gas absorbed in the adherence region over
the total products produced electrochemically, which is often below
unity [23-27]. Note that the dissolved products released into the elec-
trolyte can still be absorbed by rising bubbles, outside the adherence
region, if the local concentration of dissolved gas is above solubility.

Usually, in multiphase flow simulations, the gas evolution efficiency
is assumed to be 100%, and the interaction between dissolved gas
and bubbles is not taken into account [9,14,15,28-31]. However, there
are many experimental observations [9,32-34] in the literature of the
growth of rising bubbles due to the uptake of dissolved gas after leaving
the electrode. While these observations most often come from wire elec-
trodes [32-34], in this study, we use the data from the videos provided
in Ref. [9] for parallel plate electrodes to evaluate the performance of
our model.

The interaction of the dissolved gas with bubbles is often taken
into account in the case of interface-resolved single bubble simula-
tions [35-41]. Including bubble growth in a volume of fluid-like model,
while common in boiling simulations, has only recently been applied in
electrolysis by combining it with the Euler-Euler model and including
the interaction with dissolved gas [42]. There have been sparingly few
studies in electrolysis that model the growth of released bubbles. An
example is the Ref. [43], where authors assumed that bubbles nucleate
inside the porous electrodes only above an artificially high supersatu-
ration, giving unrealistic results. Ref. [44] provides preliminary, highly
idealised simulations in Poiseuille flow. Arguably, a more relevant



N.K. Venkatesh et al.

example is Ref. [45], where the interaction between dissolved gas
and gas volume fraction is simulated near a microwire array electrode
and a vertical planar electrode. However, this model does not self-
consistently include the growth in the bubble radius by coupling the
transport of dissolved gas with the gas fractions, as done in our present
study.

The dissolved hydrogen that is not taken up by the hydrogen
bubbles can potentially cross over the anode side through the porous
separator [46] and reach the oxygen side, causing an explosive mix-
ture [47,48]. A similar risk exists for dissolved oxygen. For this reason,
industrial safety standards set a maximum of 2% hydrogen to oxygen
ratio. In alkaline electrolysers, this phenomenon is particularly relevant
at low current densities, which severely limits the operating window
of electrolysers [49]. A mathematical description of the interaction
between dissolved gas and bubbles is required to model this important
phenomenon.

This paper models the gas bubbles that continue to grow after they
are released from the electrode and demonstrates that the uptake of
dissolved gas can explain this phenomenon. The main aim of our paper
is to outline the appropriate modelling equations (detailed in Section 2)
to study the growth of these released bubbles and the distribution of
dissolved gas concentrations and gas fractions in the bulk (detailed in
Section 4). The simulation results are compared with experimental data
from the literature, demonstrating that the observed bubble growth can
be described satisfactorily.

2. Model

The subsequent sections present, the multiphase fluid flow model
detailed in Section 2.1, which is coupled to the transport of dissolved
gases through an interphase mass transfer term, elaborated in Sec-
tion 2.2. Section 2.3 completes the model with the prescribed boundary
conditions and the values of the parameters used in this study.

2.1. Two-phase flow model

The mixture model [50], implemented in COMSOL Multiphysics
v.6.2 [51], is used to describe the two-phase flow. In the mixture model,
both gas and liquid are considered as a single fluid, the mixture, of
variable density and viscosity, depending on the local gas fraction, e.
The mixture density p,, can be expressed as p,, = (1 —¢€)p; +é&p, and, for
a negligible gas density p,, p,, ® (1 —€)p;, where p; is the liquid density
and ¢ is the gas fraction, the volume of gas per unit volume. With u,
and u; being the gas and liquid velocities, respectively, the volume-
averaged mixture velocity U and the mass-averaged mixture velocity u
are defined as

U=cu, +(1-o)y 3
pyEUg + (1l =
Pm

u

G

2.1.1. Multiphase flow governing equations

The governing equations for the multiphase flow consist of the
conservation equations for bubble number density [Eq. (5)], gas volume
fraction [Eq. (6)], mass [Eq. (7)], and momentum [Eq. (8)] of the
mixture, which read:

V- (nguy) =0 (5)
V-(euy) =V (6)
V- (ppw) =0 )
V:(pyuu)=-Vp+V -K—-p.g ®

where, ny is the bubble number density, the number of bubbles per unit
volume, p the pressure, K the Newtonian viscous stress tensor for the
mixture and g the acceleration due to gravity. The term V in Eq. (6) is
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the volumetric source for the gas fraction due to absorption of dissolved
gases in the electrolyte, detailed in Section 2.2.

The bubble number density conservation is governed by Eq. (5),
assuming no coalescence or breakup of the bubbles. Note that the
transport of interfacial area per unit volume a [m?/m?] can be obtained
from bubble number density ny and gas fraction e [50]. In the absence
of bubble coalescence and breakup, we are essentially solving the same
equation through a variable bubble radius R. The gas fraction can
be expressed as a product of the volume of a bubble and the bubble
number density, ¢ = 47R3ny/3, from which we calculate the bubble
radius R as

1/3
[ 3¢
R= <4nnd > ©

This effective bubble radius is thus a derived quantity obtained from
the gas fraction and bubble number density and not explicitly solved
for. The source term for the gas fraction, the right-hand side of Eq. (6),
will lead to bubble growth. We thus obtain a spatially varying bubble
radius in the simulation domain.

The Newtonian viscous stress tensor K for the mixture is modelled
in terms of the volume-averaged mixture velocity as

K=u, (VU+VUT—§(V-U)I> (10)

with p,, the mixture viscosity. Since in our simulations, the gas fraction
is expected to be low € < 5 %, given the low current density, we simply
take pu,, ~ y, the liquid viscosity.

2.1.2. Slip velocities
The slip velocity ug = u, —u; accounts for the relative motion of the
gas phase with respect to the liquid and is modelled as [14,15,28]:

ug = Ug, + Uy 1n

where ug, is the Stokes rise velocity and uy, is hydrodynamic disper-
sion. The primary slip velocity, the Stokes rise velocity in the upward
direction %, is given by

2 gR?

o o

ug, = wgZ where wg, =
where v; = u;/p, is the liquid kinematic viscosity. The Stokes terminal
velocity wyg, results from the balance between buoyancy and viscous
forces under the assumptions of creeping flow around an undeformed
spherical bubble. A term that we do not include here is the hindrance
factor [14,52,53], which is known to slow down settling solid particles
at higher volume fractions. Since we expect relatively low gas fractions,
working with low current densities, this effect can be neglected.

The second term in Eq. (11) represents the hydrodynamic disper-
sion [53-58], which arises as rising bubbles interact. We will use:
Uyg = —% where Dy = Rwg, [(1) g] 13)
which was found to describe the transverse settling of solid spheres
well. Other effects, like the Saffmann lift [59-61], shear dispersion and
shear migration [62] used in the reference studies [14,28] are excluded
here as they are expected to have a negligible effect for the low gas
fractions considered here. Owing to these small gas fractions, we also
do not use solid pressure models that account for the long-term contact
forces used in the modelling of bubbly flows with relatively high gas
fractions [58].

2.2. Dissolved gas transport

As discussed in the introduction, most models reported in the lit-
erature use a gas evolution efficiency of 100%. In reality, some of the
dissolved gas may leave the adherence region along with the bubble
plume at the electrode surface.
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The concentration of dissolved species/gas ¢ [mol/m?], is modelled
by the advection—diffusion equation shown in Eq. (14). The volumetric
source V, in the right-hand side of Eq. (6), serves as the molar sink
when divided by the molar volume V,,.

V- (ue - DVe) = —vl as

m
where molecular diffusion is given by D and y; is the liquid velocity
obtained from solving the fluid flow equations. Thus Eq. (14), along
with Egs. (5), (6), (7) and (8), complete the governing equations of the
system.
The interfacial volume transfer rate V [1/s] from the liquid to the
bubbles is modelled as:

V =ka (c—cs)vm (15)

Where ¢, = 1.3 [mol/m3] is the saturation concentration at the

surface of the gas-liquid interface. The value of this saturation con-
centration is obtained from Henry’s law as ¢, = H (% + pg), where H
is the Henry’s constant, and p, the atmospheric pressure. Note that
the Laplace pressure due to surface tension is only comparable to
atmospheric pressure when the bubble radius is in the order of 1 pm.
For bubbles in this study, with radii greater than 40 pm, the Laplace
pressure is only 3% of the atmospheric pressure, and hence the changes
in the dissolved gas concentration at the bubble surface, due to surface
tension, are negligible. The interfacial surface area per unit volume «
[m2/m?3], for bubbles of uniform radius R, can be obtained from the
product of the individual bubble’s surface area (4zR?) with the bubble
number density (ny), which can be reduced to,
_ 3¢
"R
where in the final expression, we insert Eq. (9). Assuming Stokes flow,
neglecting coalescence and internal circulation within the bubble, the
interfacial mass transfer coefficient k, into a single sphere can be
modelled reasonably accurately by [63,64]

D 2Ru \ /3
kn o 1+ (14— an

with D the molecular diffusion coefficient of the dissolved gas. For
a typical 2R = 100 pm bubble 2Rug, /v is in the order of unity, but
2Rug /D > 1 because D < v in liquids.

As mentioned earlier, the radius of the bubbles changes according to
Eq. (9) as the gas fraction ¢ and the bubble number density n, change.
Through Egs. (6) and (15), dissolved gas is converted to gas fraction,
which increases the bubble radius. We note that this change in radius,
in turn, also impacts the gas distribution by changing the slip velocities
u, through Egs. (11) and (13), which is accounted for in this model. An
increased bubble size will lead to more dispersion and, thus, wider gas
plumes.

a= 2% = (36ze’ny)""” 16)

2.3. Boundary conditions

At the electrode (see Fig. 1), a boundary condition for the gas flux
N, is imposed through

AN
&7 uF
where j is the local current density, f, is the gas evolution efficiency,
F =~ 96,485 [C/mol], is the Faraday’s constant and n = 4, the number of
moles of electrons required to generate one mole of the product(oxy-
gen). For an ideal gas at a pressure p,, temperature T, and R, as the

universal gas constant, the molar volume is given as V,, = R,7/py.
The flux of dissolved species or dissolved gas N, at the electrode is
given by

A= 1y
N, = ———
nF

18

19
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Gas Outlet
(—pI+K)-i=0
-DVc-1ni=0

Elegtrode Symmetry
gug i = Ng U':j
ndug~ﬁ=Nnd K-ng0
(DVc—cy)-n=0

(DVc—cyy) -t = N,

Wall

VA eug~ﬁ=ndug-ﬁ=0
(DVc — cuy) -1 =0
U=0

X

Fig. 1. This figure (not to scale) shows the boundary conditions used for
the respective domains. The term h represents the unit vector normal to
the boundary pointing inwards. The regions above and below the electrode
are non-reacting walls (shown in blue). The air-liquid interface at the top
allows only the gas to leave the domain, and at the centre of the channel
(shown with a double-sided arrow), a symmetry condition is used. The terms
K and K; = K - (1 - &)(p; + p, — py)uu represent the mixture and liquid
viscous stress tensors, respectively. The conditions for the number density flux
Nyq = N,/(4zR3/3) and concentration flux N, are shown through Egs. (18)
and (19) respectively.

where j is the local current density, f, is the gas evolution efficiency,
F is Faraday’s constant and n = 4 is the number of moles of electrons
required to generate one mole of the product (Oxygen). The air-liquid
interface at the top is modelled to have no outward normal diffusive
flux, whereas the walls and symmetry are modelled with no net normal
flux, as shown in Fig. 1.

At the top of the domain is the air-liquid interface, which allows
only gas to escape. This is modelled by equating the normal com-
ponents of the sum of the liquid viscous stress tensor and pressure
to zero. To reduce computational effort, only half of the domain is
simulated, with a symmetry condition at the mid-section of the channel
implemented by equating the normal components of the mixture stress
tensor K and the volume-averaged mixture velocity to zero. The walls
impose a no-slip condition on the mixture velocity and a no-penetration
condition for the gas fraction and number density. The respective
equations for these boundaries are specified in Fig. 1.

The values of all the general parameters used in the study are
outlined in Table 1.

3. Methodology

The videos from the experiments of Hreiz et al. [9] were analysed
to visualise the bubble growth and trajectories of rising bubbles. The
authors provide six videos, two each, for three average current density
cases. The two videos include one for the upper half section of the
channel and another for the lower half. It was observed that the
video for the lower half of the 130 A/m? current density case showed
considerable bubble growth and clearly recognisable bubble outlines,
and hence, was chosen to obtain validation data for this study.
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Table 1

The values of the different parameters used in this study. The values are taken
at ambient temperature of 20 °C. The diffusion coefficient [65] and Henry’s
constant [65] for oxygen are considered in this study.

Value (SI units)

1005 [kg/m’]

1.32 [kg/m?]

8.9x 107 [Pa s]
0.072 [N/m]

2.3% 107 [m?/s]

1.3x 107> [mol/Pa m?]
96,485 [C/mol]

8.314 [J/mol K]

Parameter(Symbol)

Liquid density (p,)

Gas density (py)

Liquid viscosity (u;)
Surface tension (y)
Diffusion coefficient (D)
Henry’s constant (H)
Faraday’s constant (F)
Gas constant (Rg)

Symr:netry
— Fit
L
20 thm Reported
50 A
45 4

36 mm

20mm

1200 800 400 0
j[AIm?]

>

6 mm

Fig. 2. (left) The dimensions of the electrode channel assembly of Hreiz
et al. [9] and the simulation geometry used in this study (not to scale). (right)
Reported values for the current density along with our fit j = 0.004z72 +
9219¢51982° [A/m?] with z in [m]. This continuous and differentiable function
for current density is chosen for numerical stability.

The details of the electrode channel assembly are shown in Sec-
tion 3.1, the methods used to obtain the validation data in Section 3.2
and the approach to obtain comparable simulation data in Section 3.3.
The mesh used along with the grid convergence study is presented in
Section 3.4.

3.1. Configuration and current density

The experiments of Ref. [9] were conducted in a vertical channel
with oxygen evolution on both sides; see Fig. 2. The hydrogen evolution
occurs on electrodes outside the channel [18]. This configuration leads
to strong inhomogeneous current distributions along the electrode, see
Fig. 2, with very high current densities reported at the bottom sections
of the electrode and almost no reaction occurring in the top section. The
reference study [9] reports different current values for six sections of
the electrode and their respective dimensions with an average current
density of 130 A/m? over the entire electrode. For numerical stability,
a curve is fit to match the reported overall average current density.

Electrochimica Acta 547 (2026) 147827
3.2. Experimental data

Fourteen individual bubbles were manually tracked from the bottom
section of the channel, corresponding to approximately 25 mm of the
electrode. The bubble positions and their respective diameters at the
corresponding position were measured using the software ImageJ [66].
An example of the bubble trajectory and the approach is shown in
Fig. A.1. The two-dimensional frontal area of the bubble (in pixel?),
sampled every ten frames, is used to calculate the diameter with an
accuracy of 1 px ~ 20 pm. The bubble trajectories were obtained
with similar accuracy by recording the coordinates of the bubbles’
centre points for every frame using ImageJ software’s manual tracking
feature. This dataset is used to compare with the simulations for bubble
diameter growth. Note that, from this method, we only get the velocity
and the position of the bubble and not their release locations along
the electrode. The initial x direction velocity was used to extrapolate
their release locations. The diameters measured in the first frame were
taken as their release diameters R;,. More details on the approach used
to collect the diameter data are presented in Appendix A.

3.3. Particle tracking simulations

To obtain bubble growth data from simulations, we inject 72 mass-
less tracer particles with uniform release diameters at equidistant re-
lease locations along the electrode. The released particles follow the
gas velocity u,, obtained by solving the coupled governing equations
detailed in Section 2. Note that the gas velocity obtained from the
flow field includes the slip velocities mentioned in Egs. (11)-(13). We
extract particle diameters by interpolating each trajectory against the
bubble-diameter distribution, obtained using Eq. (9), and then use these
diameters for the comparisons in the following sections. The trajectories
of the particles chosen for comparison are such that they represent the
upper and lower bounds of the release heights of the bubbles traced
from the experiments. More details on the particle tracing simulations
are presented in Appendix B.

3.4. Mesh and implementation

To capture the concentration boundary layer, small mesh elements
are needed close to the electrode. Small elements are also required at
the bottom of the electrode owing to the current distribution (Fig. 2).
Thus, all the meshes chosen for the grid convergence study have smaller
elements closer to the electrode and larger elements in the centre of the
channel. Similarly, the mesh elements from the bottom to the top of the
electrode increase in size.

Three meshes (coarse, medium and fine) with a grid refinement
factor [67] of r = 2 were chosen for the study. The mesh sensitivity
was found to be much higher for number density than for dissolved
gas concentration. Fig. 3 shows the average values of dissolved gas
concentration and bubble number density along the electrode, based on
which the grid convergence index was estimated. The number density-
based grid convergence index' (GCI) for coarse and medium mesh is
calculated to be GCI;, ~ 23%, and that for the medium and fine mesh
is calculated as GCI,; ~ 12%. Based on this grid convergence index, the
medium mesh was chosen for the subsequent simulations.

The final mesh has a smallest element size of approximately 0.01 mm
close to the electrode and a largest element size of 0.05 mm, at the
centre of the channel in the x-direction. In the z-direction, the final
mesh has a minimum element size of 0.02 mm and a maximum element
size of 0.125 mm. Overall, the chosen mesh has approximately 68,000
elements. The mesh element size distribution in the domain is shown
in Fig. 4.

fa=hl
fir=1)

e and r is the mesh refinement factor. The asymptotic grid
convergence is reached when the GCI,; /GCI,, ~ 1. [67]

! Grid convergence index (GCD) is calculated as GCI, =
_ IN3=1)/(fr=11)

where,
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Fig. 3. The values of dissolved gas concentration (left y-axis) and the bubble
number density (right y-axis), averaged along the height of the electrode,
against the number of elements in the domain. The error between the fine
mesh and medium mesh for number density is approximately 5.6%, and the
same for concentration is 0.08%.
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Fig. 4. The element size distribution of the mesh used in the simulations.

The governing equations were implemented in COMSOL Multi-
physics v.6.2 [51]. The number density conservation Eq. (5) is im-
plemented in terms of volume-averaged mixture velocity and slip-flux.
According to the COMSOL manual [51] (page 614), the right-hand side
of the equation should be proportional to (piI - pLg) but was wrongly
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implemented as proportional to (pl + pi) leading to conservation issues.
1

. . s, .
We have corrected this error in the implementation of the number
density equation present in this version.

4. Results

The primary results include a comparison of the simulation with ex-
perimental data [9] outlined in Section 4.1. The effects of gas evolution
efficiency and bubble release radius on the growth rates are discussed
in Section 4.2.

4.1. Bubble growth

The bubble radius from the experiments [9], shown in Fig. 5(top),
grows up to 40% of their release radius, almost tripling the bubble
volume. This indicates that a significant fraction of the gas ends up
in the bubbles during their rise. Note that the radii R of the bubbles
from experiments shown in Fig. 5(top) are non-dimensionalised with
their measured release diameter R;,. As a rough estimate, let us assume
that the average bubble increases in radius by a factor R,,/R;, =~
1.35, with R, being the final bubble radius from the experimental
data. Assuming that the released bubbles absorb all the dissolved gas,
from the definition of the gas evolution efficiency, we have f, =~
(Riy/Row)® ~ 0.4. This is the value of f, we use in the simulations,
whose resulting dissolved gas concentration is shown in Fig. 6(bottom).
The bubble trajectories obtained from particle tracing, indicated by
white dashed lines, are overlayed in Fig. 5(bottom). Trajectories are
chosen to represent the lowest and highest release locations of the bub-
bles in the experiments, labelled as ‘a’ and ‘b’, respectively. The bubble
diameters associated with these trajectories are shown in Fig. 5(top)
with blue dashed lines. Note that the rest of the bubble trajectories are
not displayed in the figure to make the presentation clearer. To see
all the trajectories and their respective diameters in the simulations,
see Appendix B.

The bubble radius can be seen to grow mostly near the bottom of the
electrode, where the dissolved gas concentration is the largest, owing
to the higher current distribution. The bubble growth stagnates when
the bubble moves away from the electrodes, where the dissolved gas
is lower, as seen for trajectory ‘a’. The bubble in trajectory ‘b’ does
not exhibit growth as steep as ‘a’ since it is released from a region of
lower concentration. The experimental data (in red) also shows several
bubbles with larger growth when released at the bottom compared to
the ones released at the top of the electrode. The reason is evident
from Fig. 5(bottom): by comparing curves ‘a’ and ‘b’, bubbles that start
at lower heights, like ‘a’, originate from the region of high dissolved
gas concentration but curve away from the electrode sooner. Whereas,
the bubbles released from higher sections of the electrode, although
originating from a region of lower gas concentration, have a larger
residence time in the concentration boundary layer, thus exhibiting low
but steady growth rates.

The sharp depletion of dissolved gas along the height of the elec-
trode can be explained by the gas fraction distribution shown in Fig.
6(bottom) and the current density distribution shown in Fig. 2. Since
the gas fraction in the bottom section of the electrode is substantially
larger, the dissolved gas is absorbed by the bubbles. This, in combi-
nation with the low flux of dissolved gas along the height, leads to a
significant depletion of dissolved gas. The resulting bubble diameter
distribution obtained from the simulations, assuming all bubbles start
with an equal diameter R;, = 40 pm, is shown in Fig. 6(top). The
gas fraction distribution shows that the gas fractions everywhere stay
below 5%, warranting our neglect of an effect on the mixture viscosity,
hindrance and other bubble effects that only become important at
higher gas fractions.

We note that in our continuum model, the particle path lines are
smooth curves that do not overlap and thus are contained between
the path lines ‘a’ and ‘b’. Due to bubble-bubble interactions, actual
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Fig. 5. (top) The non-dimensionalised bubble radii from experimental videos
(see Section 3.2) compared with the simulation results (see Section 3.3) as a
function of electrode height. These radii are non-dimensionalised with their
release radii R;,. The envelopes ‘a’ and ‘b’ correspond to bubble diameters
along the trajectories shown in the bottom figure that represent the minimum
and maximum release heights seen in the experiment. (bottom) The bubble
trajectories ‘a’ and ‘b’, overlaying the dissolved oxygen concentration contour
[mol/m?] (in colour). The dissolved gas distribution sharply drops along height
due to decreasing current density (see Fig. 2) and higher gas fraction in the
bottom (see Fig. 6) that absorbs this dissolved gas.

bubbles will follow irregular trajectories that can instantaneously even
move towards the electrode. The hydrodynamic dispersion coefficient
of Eq. (13) describes these random motions on average seemingly quite
well, resulting in good agreement between the predicted and observed
curves in Fig. 5.

To quantify the error in predicting the diameter of the released
bubble, we use the results of the particle tracking simulations and the
particle tracking data from the experiments. The radii of the bubbles,
at every measurement point along the bubble trajectories in the ex-
periments, non-dimensionalised with the respective release radii, are
compared with the non-dimensional bubble radii predicted by the
simulations for the trajectories with the same release heights. With N
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Fig. 6. (top) The diameter in [pm] obtained from the simulations of bubbles
starting with 2R;, = 80 pm and a gas evolution efficiency of f, = 40%.
(bottom) The gas fraction contours (in colour) overlayed with the bubble
number density in [1/mm?®] from which the bubble radius is obtained using
Eq. (9).

as the number of experimenEaI data points, the average relative error is
R

exp i~ Rsim,i

calculated as —ZN = —5.0%, suggesting that the model

marginally over- predlcts the bubble diameter growth. The absolute
Rexpi—R
average relative error is calculated as —ZN M 6.2%. This

error includes the manual error in measuring the frontal area of the
bubbles from the experimental videos and the errors arising due to
difference in trajectories between experiments and simulations.

4.2. Varying gas evolution efficiency and bubble release radius

The gas evolution efficiency f, depends on the bubble coverage, the
extent of micromixing due to bubble release and mass transfer towards
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Fig. 7. (top) The bubble growth for different values of gas evolution ef-
ficiency ( fg). (bottom) The bubble growth for different inlet diameters in
the simulation. ‘a’ and ‘b’ correspond to the bubble trajectories at the same
release heights shown in Fig. 5. While these bubble trajectories do not change
significantly by varying the inlet diameter (R;,), varying the gas evolution
efficiency ( fg) has a noticeable impact which is reflected in their bubble
growth rates.

the adhered bubbles relative to the mass transfer to the bulk, which
is beyond the scope of this study. Therefore, this section investigates
the sensitivity of the model to the parameter governing gas evolution
efficiency f,.

The value of f, = 0.4 used in the main text is compared to values
of 0.3 and 0.5 in Fig. 7(top). As the gas evolution efficiency decreases,
the growth rate of the detached bubble increases, which is an expected
consequence of a larger flux of dissolved gas in the electrolyte.

Fig. 7(bottom) compares the value for the detachment diameter
R;,, = 40 pm with values of 35 pym and 45 pm. This small variation in re-
lease diameter only results in modest changes in the x-velocities of the
bubbles, subtly changing their path lines and, hence, their growth rates
only marginally. An interesting observation here, is the increase in the
range of bubble diameters with decreasing inlet diameter, indicating a
slight increase in the polydispersity of bubble sizes.

5. Conclusion and discussion
A new numerical model has been presented and validated to predict

the growth of bubbles in an electrolyser after detachment. The model
highlights the importance of using a gas evolution efficiency less than
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unity to obtain realistic results. We show that the bubble diameter
can grow significantly, and in the present case, it causes some bubbles
to almost triple in volume. The absolute average relative error in
predicting the bubble diameter using this model is less than 7%.

We note that the relatively large bubble growth observed in Ref. [9]
may be quite different in other configurations. The relatively localised
production of gas due to the inhomogeneous current distribution, com-
bined with a low gas fraction, leads to high supersaturations of dis-
solved gas. At atmospheric pressures, the gas fractions are much higher
at the high current densities in electrolysers typically seen in industry,
and the bubble growth would not be this significant. However, at ele-
vated pressures, the gas fractions can be much lower, and the bubbles
may grow much more away from the electrode.

Our model provides a detailed picture of the dissolved gas concen-
tration distribution and its effect on the growth rate of the bubbles. An
accurate description of dissolved gas is a necessary first step to describe
gas cross-over, which limits the operational window of electrolysers.
As such, this is an important next step towards a more complete
description of this important phenomenon.

Future work would include the validation of the model for a wider
range of current densities, and to improve the agreement on the veloc-
ity field, should relevant experimental datasets become available.
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Appendix A. Experimental data

This section provides more information on how the bubble growth
data was obtained from the experiments of Hreiz et al. (2015) [9]. The
video of the lower segment, corresponding to the experimental case
corresponding to the current density of 130 A/m?, was converted to
a still image sequence. The bubbles chosen to represent the data were
such that they were close to the electrode, and the bubble outlines were
clearly visible through all the frames under consideration. The frames
were analysed manually using ImageJ [66] to get coordinates of the
centre of the bubble to obtain its position (x and z coordinates) in every
frame to obtain the trajectory. The trajectory of one such traced bubble
is shown in Fig. A.1-left.

The 2—dimensional cross-sectional area of the bubble was obtained
every 10 frames by drawing a circular mask along the visible outline
and measuring the masking area within the circle using the measure
feature of ImageJ. One such example is shown in Fig. A.1-right. The
diameter was then obtained from the 2D area. All the values were con-
verted from pixels to millimetres using the channel width dimensions
provided in the references [9,18]. The individual bubble diameters
obtained in this method are plotted in Fig. A.2.
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Fig. A.1. Left: The trajectory of one of the bubbles traced in blue. Right: The
method used to measure the diameter of the bubble at the instant. The images
were obtained from the video provided in Ref. [9] for an average current
density of 130 A/m? and analysed using ImageJ [66].
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Fig. A.2. The bubble diameters (d,) obtained through the measurement tech-
nique outlined in Appendix A. This data is used for validation in this study. It
can be noted that non-dimensionalising with the release diameter is ideal for
comparison with a single inlet diameter simulation.

The distribution of dissolved gas concentrations and bubble growth
in the vicinity of an electrode depends on the current density distri-
bution at the electrode. The authors in Ref. [9] provide videos for
three different values of average current densities, but only one current
distribution data set is presented for the case of 130 A/m?. In their
preceding works [68], they provide the current distribution for cases
with different channel widths but without the corresponding videos.
Thus, we are unable to extend the validation to other current densities
in the present study.

Figure 4 in Ref. [9] provides a contour plot of the gas-phase velocity
obtained using particle image velocimetry (PIV). However, it is diffi-
cult to extract the velocity profiles from the aforementioned contour
plot. Therefore, we reproduced the results with the videos from the
reference article. The gas-phase velocity obtained from the experiments
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Fig. B.1. The trajectories of the particle tracing simulations, from which
the diameter data is obtained, to compare with the experimental data. The
trajectories are coloured by radius R and non-dimensionalised by inlet radius
R

in®

was asymmetric, with approximately 14% higher velocity on the right
electrode, despite being in a symmetric setup and both electrodes
evolving oxygen. Furthermore, the large bubbles adhering to the elec-
trode’s surface distorted the local flow field around the bubble, further
complicating a comparison with our simulations. Despite these issues,
the gas-phase velocity field obtained from the present model matches
that obtained from the experiments reasonably well. We note that, to
obtain a more accurate match, further improvements are required, both
to the slip velocities used in the model and the experimental datasets
in the literature.

Appendix B. Particle tracking - simulations

To get comparable bubble growth data from simulations, the par-
ticle tracing feature in COMSOL was employed. 72 massless tracer
particles were released from the electrode every 0.5 mm along the
electrode height. The velocities of these particles are set to the gas
velocity (uy) obtained from the solved flowfield. The diameters of
each of the particles are then obtained by interpolating the values of
the diameter distribution, obtained from the solved flowfield, to the
trajectory of the particle. The trajectories chosen for the comparison in
the main validation presented in Fig. 5 correspond to the extremities
of the release locations of the tracked bubbles from experiments. All
the pathlines of the particle tracing simulations for a gas-evolution
efficiency of f, = 0.4 are shown in Fig. B.1.

Data availability

Data will be made available on request.
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