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ARTICLE INFO ABSTRACT

Keywords: Membraneless flow-through water electrolysers keep the generated hydrogen away from oxygen bubbles by
Membraneless electrolyser forced convection, removing membrane costs while improving energy efficiency. Previously, micrometre holes
Perforated plate electrodes were used to ensure a homogeneous flow distribution. Here, we strongly reduce flow resistance using electrodes

Discharge channel design
Flow uniformity

Critical velocity

Gas crossover

with large holes, while a discharge channel that widens in the direction of the main flow improves flow
distribution. At too low liquid velocities, we provide direct in-situ measurements showing that the bubble
size between the electrodes increases over time and with height due to coalescence. Counterintuitively, we
find that a straight discharge channel requires less liquid flow. Using a combination of multiphase simulations
and imaging experiments, we find that the higher velocity through the final downstream holes in a straight
discharge channel prevents gas bubbles in the gap. The superficial velocity at which the electrolyte enters the
feed channel must be an order of magnitude greater than that of the hydrogen produced at the electrode. The
electrolyte velocity through the last holes should be even two orders of magnitude greater, so the gas fraction
stays well below 1 percent there. Interestingly, at lower liquid flow rates, computational fluid dynamics predicts
that natural electrolyte convection diverts the flow towards the hydrogen-producing electrode. By identifying
the local flow requirements, this work helps to balance low pressure drop with effective gas bubble removal
in membraneless electrolysers.

1. Introduction are per- and polyfluoroalkyl substances (PFAS), whose persistence
and associated health and environmental risks have drawn increasing
Alkaline water electrolysis (AWE) stands out as the most ma- regulatory scrutiny [12,13], so that periodic separator replacement
ture and cost-effective method for large-scale green hydrogen produc- carries an environmental as well as a maintenance and capital cost
tion [1]. State-of-the-art AWE systems typically employ a zero-gap penalty.
configuration, where porous electrodes are pressed directly against To overcome these limitations, several types of membraneless elec-
a diaphragm [2,3]. This diaphragm is essential for separating the trolysers are studied as an alternative architecture [14]. By removing
hydrogen and oxygen gas streams, thereby ensuring product purity and the diaphragm, these systems often rely on the convective flow of the

preventing the formation of explosive mixtures [4,5]. Conventional al-
kaline electrolysers use a separator between the electrodes, historically
asbestos, and since its ban, porous ceramic-polymer composites such as
Zirfon [6]. However, separators imposes a significant ionic resistance,
which leads to ohmic losses and lowers the overall energy efficiency
of the system [7,8]. Furthermore, the harsh alkaline environment
and elevated operating temperatures can cause membrane degradation
over time, compromising the electrolyser’s long-term durability and
increasing operational costs [6,9,10]. Finally, diaphragms allow sig-
nificant crossover of dissolved gases via diffusion and electro-osmotic
flow, further degrading gas purity and raising safety concerns [11].
Furthermore, the fluorinated ionomers used in PEM and AEM cells

electrolyte to separate the product gases. The flow may be parallel
to the electrodes in a flow-by configuration or normal to the porous
electrodes in a flow-through configuration. The use of flow-through
electrodes has a long history with applications including flow batteries,
electrosynthesis, and metal removal [15-19]. Application to water
electrolysis was studied, e.g., in Refs. [20-22] and more recently for
membraneless electrolysis in Refs. [23-32]. This reduces material costs,
enhances mass transport, and has the potential to improve energy
efficiency by reducing the inter-electrode ionic resistance. However, the
performance of membraneless electrolysers critically depends on the
management of gas bubbles generated at the electrodes. The formation
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Fig. 1. (a) Schematic of the flow-through electrolyser with (a) straight channels satisfying /, = %lf. (b) an alternative design with a variable-electrode permeability,
(c) an alternative with a variable-feed channel width =, and (d) Schematic of the flow-through electrolyser, a variable-width discharge channel designed to promote
uniform flow through the electrodes. The discharge channel width /,(z) varies according to the shown Eq. (1), derived in Appendix A.

and accumulation of bubbles can increase local electrolyte resistance,
cause non-uniform current distribution, and take away some electrode
area, leading to significant efficiency losses through bubble overpoten-
tials, particularly at high, commercially relevant current densities [33—
37]. In areas of low flow velocity, bubbles can become trapped within
the electrode’s porous structure, exacerbating these issues [35]. A more
homogeneous flow distribution seems desirable as it holds the promise
of lowering the required inlet velocity. This has the advantage of
increasing the outlet gas fraction and thereby lowering the cost of
gas-liquid separation.

A key challenge, therefore, is to ensure a uniform electrolyte flow
distribution through the electrodes to effectively mitigate bubble ac-
cumulation [23]. Previous studies have addressed this by adding an
inactive layer [25,26], asymmetrically coating electrodes [27], or using
electrodes with a low hydraulic permeability [25]. A high pressure drop
across the electrode, relative to the gap height, ensures that the flow is
well distributed. However, this increased hydraulic resistance necessi-
tates higher pumping power, suggesting that improvements are possi-
ble. Gas separation is achieved by the convective flow itself: the elec-
trolyte enters the central channel vertically and is forced horizontally
through the porous electrodes. The H, evolved at the cathode moves
with the electrolyte into a catholyte discharge channel, and the O,
evolved at the anode into the anode discharge channel. We note that the
product-gas purity of the present cell was not measured. For the closely
related divergent electrode-flow-through concept, Gillespie et al. re-
ported 99.8% H, purity [24]. This work introduces a novel approach
to address the flow uniformity challenge in membraneless electrolysers
without resorting to high-pressure-drop electrode modifications.

2. Design, modelling, and experimentation
2.1. Discharge channel design

Fig. 1(a) shows the elements of a standard membraneless flow-
through electrolysis cell schematically. The fluid usually enters the feed
channel as a laminar flow, travels sideways through the two perforated
electrodes, carrying the produced oxygen and hydrogen bubbles, and
then rises and exits through the discharge channels.

Using a highly permeable electrode, as we do, will reduce the
overall pressure drop, but will cause fluid to leave the feed channel
preferentially near its end. To avoid this, a homogeneous flow through
the electrodes can be achieved in at least three ways, schematically
depicted in Fig. 1(b)-(d).

First, the electrode’s permeability may be tailored to increase in
the downstream direction. However, this would present a significant
manufacturing challenge and will likely result in substantially increased
electrode costs. Second, the feed channel width can be made to decrease
in the downstream direction as shown in Fig. 1(c). However, to min-
imise ohmic losses, the feed channel width should be kept as small as
possible everywhere, which results in a non-optimal design. Therefore,
we opted for a third option: varying the geometry of the discharge
channels. While a straight channel has a simpler cell geometry and
can be more compactly distributed over larger areas, the diverging
shape shown in Fig. 1(d) can make more effective usage of area when
several cells are oriented radially in a circular cross-section stack.
It also naturally allows the gas hold-up to increase downstream. A
variable discharge channel may add machining complexity and costs.
However, if the variable channel proves significantly more efficient,
this larger CAPEX could be offset through lower OPEX via higher
energy efficiency.

When the flow through the electrodes is homogeneous, the pressure
drop over the electrodes is constant, and the pressure gradients in the
feed and discharge channels are equal. The discharge channel flow
rate will increase linearly with height, which allows its ideal shape
to be determined analytically under the Hele-Shaw approximation; see
Appendix A for details. The resulting variable width of the discharge
channel, /,4(z), as a function of the vertical coordinate z reads

I(z) = I; 3] ==
i@ =l 55,

where [; is the constant width of the feed channel and 4 is the total
height of the electrodes. Fig. 1(b) shows the variable discharge channel
shape of Eq. (1).

€8]

2.2. Experimental setup and PIV measurements

Fig. 2 shows the experimental setup (a), the used VECO electrodes
(b) and an exploded view of the electrolyser (c) of the variable channel
width electrolyser. The main body was 3D-printed using a FormLabs
3+ printer with Clear Resin 4.0. Two narrow slots (400 pm wide, 40 mm
long) were printed for the electrodes. Two nickel VECO electrodes
(ZP200685) with a thickness of 300 pm were inserted and fixed in place
using the same resin, maintaining a spacing of 1 mm. Each electrode
contains slotted holes (740 pm x 200 pm) with an open area fraction of
€ =18 % and were inserted into slots to form a /; = 1 mm inter-electrode
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Fig. 2. (a) Overview of the experimental setup. (b) Dimensions of the VECO electrodes (ZP200685) showing the slotted apertures used in the present study. (c)
Exploded schematic view of the electrolyser, showing the 3D-printed body (dark grey), EPDM gasket (black), PMMA window (transparent), and electrodes. (d)
Contour plot of the horizontal velocity component (u) in the feed channel with no applied current (0 mA cm~2), showing approximately symmetric flow.

gap. With a channel depth of 5mm, the resulting feed channel cross-
section is Smm?, and the electrode length of 40mm yields an active
area of 2cm?.

The top of the cell was sealed with a laser-cut 0.5 mm EPDM gasket
and a 4mm thick PMMA face plate, allowing optical access to the
inter-electrode region. The assembly is fastened using stainless steel M4
bolts, nuts and washers, as shown in Fig. 2.

From Eq. (1), the discharge channel width diverges as z approaches
h. Instead, we cut this off at a height of z = 0.99 h. A similar cell was
made with a straight discharge channels, whose widths were chosen to
be I = 0.5 mm wide, half that of the feed channel.

A 6M Potassium Hydroxide (KOH) solution in deionised water is
prepared using KOH pellets (>85 %, Sigma Aldrich). It was circulated
through the cell using a Marchmay MK 313 centrifugal magnetic drive
pump, to ensure constant flow, without pulsation, this pump is con-
trolled by a TEC E3 Ecodrive variable-frequency drive. The system
operated at ambient temperature (22 °C, uncontrolled). The flow rate
and temperature are monitored with a MIM-13 01H flow sensor, and
the pressure drop across the cell is measured using a Siemens SITRANS
P PED-SEP differential pressure transmitter.

The inlet velocity was varied between 0.05ms™! and I ms~!, corre-
sponding to Reynolds numbers in the range of approximately 35-770
within the feed channel. Liquid progressively flows through the elec-
trodes along the channel height. The corresponding average superficial
velocity through the electrodes is 0.6—13 mms™!, and the mean velocity
inside the electrode holes, dividing by the open-area fraction of ¢ =
0.18, is 3.5 — 69mms~!. Experiments were conducted across current
densities ranging from open-circuit conditions up to 1 Acm™2.

The electrodes were connected to a DC power supply (Owon
SPE6103) using alligator clips. The electrolyser was mounted vertically
so that the gas rises along the z-axis.

Flow visualisation within the feed channel was performed using
Particle Image Velocimetry (PIV). The electrolyte was seeded with
neutrally buoyant polyamide tracer particles of 55pum diameter. The
flow was illuminated with LED panels, and images were captured with
a Chronos 1.4 high-speed camera at 1069 frames per second. For each
condition, 500 frames were used in an ensemble correlation to obtain

statistically converged velocity fields, enabling a direct comparison
with the numerical results. Fig. 2(c) shows the region of interest
within the feed channel that was investigated, and Fig. 2(d) shows the
resulting horizontal velocity field at zero applied current, confirming
approximately symmetric flow and thus geometry.

2.3. Numerical model

Model setup. Computational fluid dynamics (CFD) simulations were
performed in COMSOL Multiphysics using a multiphase mixture model
formulation based on [38]. We modified this model to include two
distinct dispersed phases for O, and H, bubbles. This approach solves
a single set of transport equations for the mixture, accounting for
the slip velocities between the gas bubbles and the liquid. The model
incorporates the key physical phenomena, including buoyancy, hydro-
dynamic and shear-induced dispersion, and solid pressure. The detailed
governing equations and boundary conditions are provided in Appendix
B.

Fig. 1(a) schematically shows the two-dimensional simulation do-
main. The electrode is modelled as a series of discrete channels con-
necting the feed electrolyte channel to the anode and cathode discharge
channels. This two-dimensional representation is derived from the
three-dimensional geometry of the Ni-E3 electrode (Veco ZP200685),
which contains slotted apertures measuring 740 pm X 200 pm and has
an open-area fraction of ¢ = 18%; see Fig. 2(b). The electrode is
represented by a two-dimensional channel with an equivalent hydraulic
diameter, D, = 4A/P, where A is the aperture cross-sectional area and
P is its wetted perimeter. The spacing between adjacent channels along
the electrode is chosen such that the total open area per unit electrode
length is preserved, corresponding to the measured open-area fraction
of ¢ = 18%. As in Ref. [38], the fluid dynamics model was coupled
with the local current density through the Butler-Volmer equation to
account for the electrochemical gas generation at the electrodes. The
ionic current density in the electrolyte is governed by Ohm’s law,
where the bubble-induced reduction in electrolyte conductivity was
modelled using the Bruggeman correlation [39]. Boundary conditions
included a fully developed laminar parabolic velocity profile at the
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Fig. 3. Validation of the numerical model against experimental data from the variable-width electrolyser prototype. (a) Simulated (a) and measured (®) cell
potentials are shown across a range of current densities. Curves illustrate the cumulative contributions of individual overpotentials: anode activation only (blue),
anode + cathode activation (red), and the full cell voltage including electrolyte ohmic resistance (orange). Stacked bands at j = 400, 600, and 1 A cm~? decompose
the total overpotential into anode activation (blue), cathode activation (red), and electrolyte ohmic loss (orange), with magnitudes and fractions annotated (see
text for fitting procedure and contact-resistance estimate). (b) Flow rate per unit depth along the discharge channel height for the anode and cathode sides at

j =005 Acm™2 and a feed inlet velocity of 1.0ms™!

this figure legend, the reader is referred to the web version of this article.)

inlet, a dynamic pressure condition at the outlet, no-slip conditions on
the channel walls and electrode surfaces, and a gas flux at the elec-
trode surfaces dictated by Faraday’s law of electrolysis. Key simulation
parameters are summarised in Table 1.

Mesh refinement study. A mesh refinement study was conducted, us-
ing the horizontal velocity component at the anode electrode hole
as the convergence criterion. This quantity is particularly relevant
because flow through the electrode holes is critical to bubble re-
moval and, hence, to the current density distribution. A mesh with
a maximum element size of 60 pm and a minimum element size of
0.2 pm provided approximately grid-independent results. Detailed mesh
refinement results are provided in Appendix C.

Model validation. The numerical model was validated against experi-
mental data from a variable-width electrolyser prototype. As shown in
Fig. 3(a), the simulated cell potentials agree well with the experimental
measurements over a range of current densities. The model slightly
differs from the experiment, which may be due to the simulated gas or
current distribution, but experimental uncertainty in the feed channel
gap width likely also contributes. Fig. 3(a) also provides a simple log-
linear formula to describe the data. The ohmic contribution j//x uses
the feed-channel width / and the bubble-free electrolyte conductivity
K.

The equilibrium potential ~V,q = 1.23 V of the water splitting
reaction was used. Tafel slopes b, = RT /a,F and b, = RT /a F at the

, comparing experimental data against numerical results. (For interpretation of the references to colour in

Table 1
Simulation parameters for the alkaline membraneless electrolyser model.

Parameter Value

Temperature, T'
Liquid density, p,
Liquid viscosity, g

293K
1257kgm= [40]
1.6mPas [40]

Hydrogen bubble diameter, d,, 50 pm
Oxygen bubble diameter, d,, 100 pm
Electrolyte conductivity, «;, ) 63Sm™! [41]
Anode exchange current density, j,, 0.00026 A m~2
Cathode exchange current density, j,. 0.62Am™
Anode charge transfer coefficient, a, 0.86

Cathode charge transfer coefficient, a 0.5

Feed channel width, /; 1mm

Feed channel height, A; 40 mm
Electrode slot dimensions, w x h 740 pm x 200 pm
Electrode slot hyd. diam., D, 315 um
Electrode open area fraction, e 0.18

Note: The exchange current densities (j, ;) and charge transfer coefficients (a,, a.)
are obtained through a combination of experimental data fitting (as shown in Fig. 3(a))
and values from Ref. [42] for similar electrodes. We note that the fit is not unique.

anode and cathode, respectively, using data from Ref. [42] obtained for
similar electrodes. The exchange current densities j,, and j,. were not
determined experimentally, but fitted to achieve good agreement. Note
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that b, n(j/j,a) + be In (i /ju) = (by + b In (j/j,), where j, = ji/% /%,
Therefore, the exchange current densities in Table 1 that we used in our
simulations are not unique in providing a good fit to the data. Knowing
the anode and cathode values individually would require additional
reference electrode experiments.

Electrode kinetics are found to dominate at all operating points: at
j =04Acm™2, only 6% is attributable to electrolyte ohmic resistance,
with the remaining losses spread roughly equally between anode and
cathode activation overpotentials. As the current density increases to
1 Acm2, the ohmic fraction rises to 14%.

Fig. 3(b) compares the experimental and numerical flow rate per
unit depth, along the channel height for the anode- and cathode dis-
charge channels in the variable-width discharge channel configuration.
The numerical model reproduces the main experimental trends, in-
cluding the close agreement between flow rate per unit depth in the
anode and cathode discharge channels and the pronounced increase in
velocity near the channel outlet. Interestingly, the experimental results
show that the flow rate is higher in the discharge channels throughout
the cell, except at the top holes. This can likely be explained by the
clogging of the top holes with gas, increasing the velocities through
the holes below the gas cap. This behaviour is not captured in the
numerical model.

3. Results and discussion
3.1. Critical velocity for stable operation

An important performance metric for membraneless electrolyser
operation is the required liquid flowrate at a given current density. The
larger the flow rate, the more electrolyte must be pumped, increasing
both pumping and gas-separation costs. As argued in Ref. [25], be-
low a critical inlet velocity, bubbles enter the gap and do not leave
effectively enough, leading to an additional ohmic drop. There, a
maximum additional cell voltage equal to 0.1 V was used to define
this critical velocity. Here, it was determined by starting at a high inlet
velocity (e.g., 3ms™!) and incrementally decreasing it until a sudden
cell potential increase (>2 %) was observed, signalling the onset of gas
accumulation as seen in Fig. 4(a).

Fig. 4(b) presents the resulting critical liquid velocity (w;) as a func-
tion of current density (j) for both the variable and straight discharge
channel configurations. The feed channel is 1 mm wide and 40 mm
tall, so to obtain the average flow rate per electrode area, we need to
divide the average inlet velocity by 80. From Fig. 4, at 0.4 Acm™2 an
inlet velocity of about 0.4ms~! was required, or an average superficial
electrode velocity of about U; = Smms~!, while Ref. [25] needed
3.5mms~!. This is only slightly lower, but because Nickel felts were
used, the hydraulic resistance was much higher.

The critical velocity increases with current density sub-linearly in
Refs. [25,44], which was argued to be explainable by capillary action.
Here, at least for the straight discharge channel, we find that a linear
relation between critical velocity and current density may be more
appropriate. A current density of 0.4 A/cm? generates roughly U, =05
mm/s of superficial hydrogen flux. Therefore, we find that the average
volumetric liquid flux through the electrodes has to be roughly 10 times
the gas flux to avoid gas accumulation.

Fig. 5(a)-(c) shows what happens at lower liquid velocities. Since
we did not inactive the front of our electrodes, bubbles are also gen-
erated inside the gap at all liquid velocities. However, at sufficiently
high liquid flow rate, these leave downstream again. Beyond the critical
flow rate, the drag forces on the bubbles are insufficient to transport
them out of the holes, and instead, bubbles coalesce to form a gas cap
at the top of the feed channel. This is what causes the cell voltage to
increase beyond the set threshold. Fig. 5(d) and (e) shows how the
bubble size increases gradually over the height of the feed channel and
time, respectively. After about two seconds, a gap-filling bubble can
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Fig. 4. (a) Cell potential as a function of liquid inlet velocity at different
current densities for the straight discharge channel. Dashed vertical lines
mark the critical inlet velocity corresponding to a >2% potential increase. (b)
Critical liquid inlet velocity for the onset of gas accumulation as a function
of current density. Experimental data (filled circles) indicate the velocity
threshold. The CFD predictions based on the criterion that the average gas
fraction ej,ote & Uy /€ljgqpoe < 0.00735 (triangles with dotted fit lines) follow
an approximately offset-linear dependence on current density. Flow reversal
data (diamonds) mark inlet velocities where the horizontal velocity at the
anode holes changes direction from outward to inward. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

be seen to arise near the top of the feed channel, only at the highest
current density of 0.28 A/cm?.

Interestingly, the experimental result in Fig. 4 shows that the vari-
able discharge channel, despite providing a more homogeneous flow
distribution, consistently requires a higher critical velocity than the
straight channel. To understand this observation, we have to look
further into the difference in flow profiles between these two cases,
which we do in the next section.

3.2. Influence of discharge channel geometry on flow distribution

The modelled velocity profile shown in Fig. 6 shows the same pic-
ture as the PIV measurements, but in much more detail and resolution,
as well as showing gas fraction. It is clear that the velocity profile
through the electrode is far from homogeneous. The liquid inertia
causes most of the flow to leave the discharge channel through the last
few holes.

Fig. 7 compares the horizontal velocity component (uy,.) of the
electrolyte as it exits the anode electrode holes for both the straight
and variable discharge channel designs. The data is presented for an
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Fig. 5. (a)-(c) Video snapshots of the top of the variable discharge channel geometry; approximately the region highlighted in Fig. 2(c). (a) 1s, (b) 2’5, (c) 3 s
after a current of j = 0.28 A/cm’ is switched on. The feed velocity w; = 0.15 m/s was below the critical velocity, so that a gas cap can be seen to form at the
top. The cathode is on the right. See video S1 in the supplementary information for the full video. (d) Volume-weighted bubble diameter D,; =, D}/ Y D? over

2

all Al-recognised bubbles i using the BubblyFlow script by Kiiciik et al. [43], in the top ~7 mm of the feed channel for j = 0.14 A/cm? and j = 0.28 A/cm’ as
a function of height, 3 s after switching on the current: bars show 20 bins and the solid lines show the Gaussian kernel estimate with ¢ = 0.2 mm. (e) D,; over

time, smoothed with a 30% noise tolerance; the inset shows the root-mean-square (RMS) diameter 4/ 2,.': , D?/N for comparison.

electrolyte inlet velocity of 0.5ms~! and at three distinct operating
current densities: 0.1 Acm=2, 0.4 Acm™2, and 0.8 Acm~2. Compared to
the first hole, the velocity decreases by almost an order of magnitude
towards the end, then spikes up by two orders of magnitude in the
last hole, near the outlet. In contrast, the variable-discharge channel
exhibits a much more uniform velocity distribution across most of the
electrode holes. This improved distribution confirms that an increasing
discharge channel width, as described by Eq. (A.5), can improve flow
homogeneity. However, near the end of the channel, and in particular
in the last hole, the velocity spikes up strongly. The reason is the
inertia of the fluid, which was not included in the simplified analysis
of Appendix A.

Because the straight discharge channel is much less wide at the
position of the last hole compared to the variable channel, even more
electrolyte exists through these last holes. Surprisingly, it seems that
because, and not in spite, of this strong inhomogeneity, the straight
discharge channel performs well with a lower inlet velocity. The gas cap
forming in Fig. 5(a)-(c) can be avoided with a sufficient liquid velocity
through the last holes. This can be better appreciated by watching the
supplementary videos.

To quantify this assumption, we investigated which parameter in
our simulations best correlated with the data on the critical liquid
velocity, including the inlet velocity, mean superficial velocity, total
pressure drop, gas fraction, centreline velocity, last-hole velocity, and

various powers, ratios, and products of these. The best predictor turned
out to be the ratio of liquid and gas flowrates through the last hole: the
dotted lines in Fig. 4(b) show the condition that the superficial liquid
velocity through the topmost hole is 136 times larger than the gas flow
rate per unit electrode area. This local criterion works better than any
other, more global dimensionless candidates like the Reynolds number,
capillary number, or Weber number.

We note that when the superficial liquid velocity e is much larger
than the superficial gas velocity U, and any slip velocity, the gas
fraction in the last hole can be approximated by the

ex % (2)
€u

This immediately follows from ignoring gas fraction variations over the

electrode hole area and equating the average liquid velocity u to the gas

bubble velocity U, /e. The criterion eujpgmole > 136U, can thus be seen

to be equivalent to the criterion that the gas fraction in the last hole

should stay below approximately 0.7%.

A plausible hypothesis is that above this gas fraction, bubbles can
no longer effectively leave through the last hole. Instead, coalescence
causes the bubble growth shown in Fig. 5(a)-(c), and leads to the
potential increases shown in Fig. 4(a).

This could also explain why the straight discharge channel requires
a lower liquid flowrate than the variable discharge channel. Because
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Fig. 6. Straight discharge channel at inlet velocity 0.1 ms~' and current den-
sity 0.1 Acm™2. White regions represent solid electrode material. (a) Velocity
magnitude with superimposed velocity vectors. The solid rectangle marks the
zoom region shown in (b) and (c). (b) Gas volume fraction in the zoom
region; the cathode side (right) exhibits a higher gas fraction than the anode
side (left), consistent with the stoichiometrically larger hydrogen production
rate. (c) Horizontal velocity u-component in the zoom region; positive values
(red) indicate flow directed towards the cathode discharge channel (right)
and negative values (blue) indicate flow towards the anode discharge channel
(left), confirming that the electrolyte exits each set of holes towards its
respective discharge channel. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

its flow is less homogeneous, it has a higher flowrate through the last
hole, keeping the gap more effectively free of bubbles.

3.3. Asymmetric buoyancy

We finally turn our attention to a noteworthy prediction of the
simulations. Because the gas flux at the hydrogen side is twice that
of the oxygen side, a larger buoyancy force is exerted there. The
higher upward velocity will draw in more liquid from the feed channel,
causing an asymmetry, as shown in Fig. 8. At low liquid flow rates, the
flow in the anode can even be seen to reverse as a consequence.

Clearly, this is a very undesirable situation that leads to significant
gas crossover. The green diamonds in Fig. 4 show the liquid velocities
below which the simulations show flow reversal in the configuration
with a variable discharge channel. Luckily, this seems to occur only
at liquid flowrates below the critical flowrate, so it does not provide
an additional constraint. As a result, we were not able to confirm this
hypothesis experimentally, as below the critical liquid velocity, too
much gas accumulates. In Fig. 4, at low current densities, the flow
reversal curve in Fig. 4 comes close to the critical liquid velocity.
Therefore, it will be interesting for future work to investigate the effect
experimentally in this regime.

We expect this phenomenon to occur only in the case of very open
electrodes, which offer little hydraulic resistance to the asymmetric
forcing imposed by buoyancy. If the frictional pressure drop across the
electrodes becomes greater, buoyancy will likely have less effect on the
flow.

Interestingly, in the simulations, we found no flow reversal in the
straight discharge channel configuration, within the investigated range
of operating conditions. The reason appears to be that the larger inertia
associated with the more inhomogeneous flow in the straight discharge
channel is more difficult to reverse by asymmetric buoyancy forces.
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Fig. 7. The horizontal u.-component velocity at the centre of the anode hole
entrances, obtained from numerical simulation. The inlet velocity was 0.5ms™!.
The variable-width discharge channel configuration creates a much more
homogeneous flow distribution compared to the straight discharge channel.
However, its lower flow velocity through the last hole causes more bubbles in
the gap. The main plot uses a logarithmic scale, while the zoomed area shows
the detailed comparison for the last 4 holes on a linear scale.
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Fig. 8. Variable discharge channel simulations at an inlet velocity 0.1 ms™!

and current density 0.1 Acm~2, in the regime where flow reversal occurs
(see Fig. 4(b)). White regions represent solid electrode material; (a) Velocity
magnitude with superimposed velocity vectors. The solid rectangle marks the
zoom region shown in (b) and (c). (b) Gas volume fraction in the zoom
region; the upper electrode holes show significantly elevated gas accumulation
because insufficient liquid flow is available to discharge the gas produced
there. (c) Horizontal velocity u-component in the zoom region; on the anode
side (left), the holes in the upper region of the electrode (approximately the
four holes below the last hole) show positive u-values, indicating that flow is
directed towards the cathode rather than towards the anode discharge channel,
demonstrating a reversal of the intended flow direction.
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4. Conclusions

We studied, both experimentally and computationally, a membrane-
less alkaline water electrolysis cell with highly permeable electrodes,
using a variable-width discharge channel to improve flow uniformity
across the electrode holes. Despite its more homogeneous velocity
field, higher inlet velocities were required to prevent gas accumulation
compared to a straight discharge channel. We found the reason to be
the reduced electrolyte velocity through the last holes at the top of the
feed channel, which reduces bubble-removal capacity.

On average, the liquid flowrate per unit electrode area has to be
about an order of magnitude larger than the hydrogen gas flowrate,
similar to what was previously reported for Nickel felts. This makes
that the used electrodes will incur significantly smaller pressure drops.
However, locally in the top holes, the liquid flowrate must be more than
two orders larger than the gas flowrate per unit electrode area. This is
equivalent to requiring the gas velocity to stay below about 0.7%. Be-
low this critical liquid velocity, bubbles cannot be effectively removed,
and a gas cap was found to appear. We use image recognition to show
that bubble coalescence in the inter-electrode gap is responsible. The
volume-weighted bubble size was found to increase over the order of
seconds and primarily towards the top of the gap.

An interesting additional prediction from the simulations is the
onset of flow reversal, driven by the greater buoyancy on the hydrogen
side. Luckily, it was simulated to occur only at velocities below the
critical liquid velocity and only when the discharge channel widened
in the streamwise direction.

These findings highlight that local electrolyte velocities, rather than
overall flow uniformity alone, govern the performance of membraneless
electrolysers and therefore provide a clear design criterion for future
scale-up with highly permeable flow-through electrodes.
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Appendix A. Analytical derivation of discharge channel profile

This appendix repeats, for convenience, the derivation of the dis-
charge channel width profile required to achieve uniform flow distri-
bution through the electrodes previously reported in Ref. [44]. In this
case, the pressure gradient over the feed and discharge channel will be
identical, denoted by subscripts f and d,

dp| _|dp
2], ] -

With [, > [ the electrode thickness in the y-direction, Hele-Shaw
flow can be assumed when wgy/?/vi,. Here I is the distance between the
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walls in the x-direction, either /; or /; in the feed or discharge channel.
Furthermore, we assume £ > [. Under these assumptions, the flow will
locally approximately satisfy plane Poiseuille flow, and the pressure
gradient in the feed and discharge channel can be rewritten to

2 = 12 (A.2)
With u the dynamic viscosity, w the vertical liquid velocity and substi-
tuting Eq. (A.1) into Eq. (A.2), yields
wi(z) _ wy(2)

2 2
I I3

(A.3)

As the velocity decreases linearly over the discharge channel, we can
write the feed velocity, wy, as

w(2) = w;(0) (1 - %) . (A.4)

Mass conservation gives the relationship between the feed and dis-

charge velocity as wyly = %‘(wf(O)—wf(z)). Substituting Eq. (A.4), yields

wy(z) = w[(O)% ZITf and substituting this and Eq. (A.4) into Eq. (A.3), we
d

find

ly(z) = ;3] o - - (A.5)

Reversing the argument, we find that under the given assumptions
and with the discharge channel satisfying Eq. (A.5), the flow velocity
through the electrode will be homogeneously distributed.

Appendix B. Numerical model: Governing equations and bound-
ary conditions

We use gas volume fractions &g, for oxygen and ey, for hydrogen,
with the total gas fraction defined as ¢ = g, + e,. The mixture’s
volume-averaged velocity is:

U=(-ou +e£g,ug, + ey, Uy, (B.1)

where u, ug,, and uy, represent the velocities of the liquid, oxy-
gen, and hydrogen phases, respectively. With gas densities negligible
compared to the liquid density p,, the mixture density is:

pm =1y, (B.2)

The mass-averaged mixture velocity U, matches the superficial liquid
velocity:

U, =0, =(-on,. (B.3)
The steady-state mixture continuity equation is:
V.U, =0. (B.4)

A single momentum equation describes the transport of the three-
phase mixture:

Py - V)u; = =Vp+ V- -K—p, ez, (B.5)

where the mixture viscosity is u,, = u;/(1 — ¢) [45], and the viscous
stress tensor is K = p, (VU + (VU)T).

The velocities of the oxygen and hydrogen phases are characterised
by slip velocities: u; o, =up, —w and u;y, = uy, —u. The slip fluxes
are:

Uso, =€0,(1 a5, Uy =ey, (1 —ougy,. (B.6)
From the continuity of each gas phase, we derive:

U Veo, +V Uy =0, (B.7)

U-Vey, +V-U,y, =0. (B.8)
Each slip velocity is composed of four contributing mechanisms:

ug; =g + Upg; + Ugg; + Ugp s (B.9)
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where i = O, or H,, representing Stokes’ buoyancy-driven rise, hydro-
dynamic dispersion, shear-induced diffusion, and solid pressure effects,
respectively.

Adapting formulations from prior work [46], these mechanisms
assume force balance, with Stokes’ drag valid for bubbles under 100 pm
[47]:

Stokes’ rise velocity (buoyancy-driven vertical motion):

ug; = f(e)wg 2, (B.10)

where wg,; = plgdgi /(18y,) is the terminal velocity due to buoyancy,
and dy; is the bubble diameter for each gas.
Hydrodynamic dispersion:

db iWs i Ve.
Upg,; = —f(g)—'l2 o 6—' (B.11)
i
Shear-induced diffusion:
d2 8.8¢
bi |dv  oul &(1+0.5e%°¢)
L L At - B.12
U= o T oyl T sa— (B.12)

The hindrance function f(¢) = (1 — €)* accounts for reduced bubble
mobility at high gas fractions [48,49].
Solid pressure term (dispersion at high gas fractions) [38]:
dg i Vps,i
= B.13
50 = T e ®-13)
with the solid pressure gradient given by:

(51' — 6min)y1 >

" (B.14)

Vi =10p18dy,; vV <

(gmax
using y, = 0.002, y; = 2,7, =5, ein = 0, and €, = 0.65 [50], consistent
with experimental data [51].

The liquid phase comprises a concentrated potassium hydroxide
(KOH) solution, enabling oxygen and hydrogen evolution at the anode

and cathode:
Cathode: (B.15)

(B.16)

4H,0 +4e~ — 40H™ + 2H,,

Anode: 40H™ - 2H,0+ O, +4e™.

Hydroxide ions act as charge carriers, balanced by K* for elec-
troneutrality [39]. Under high KOH concentration and sufficient mix-
ing, the electrolyte is treated as uniform, with ionic current density
governed by Ohm’s law:

i=—xVg, (B.17)

where « is the effective conductivity and ¢ is the electric potential.
Gas bubbles reduce the effective conductivity, approximated using
Bruggeman’s model [39]:

K = ko(1 — €)3/2, (B.18)

where k is the intrinsic conductivity of the bubble-free electrolyte.
Electrode reaction kinetics follow the Butler-Volmer relation:

. - afn _ (=wFy
/l =] eRT —¢ RT s

where j, is the local current density normal to the electrode surface, j*
is the exchange current density, « is the charge transfer coefficient, F is
the Faraday constant, R is the universal gas constant, T is temperature,
and n = (E - ¢)—(E — Beq is the overpotential [39].

(B.19)

Boundary conditions

At the inlet, a fully developed flow condition is applied by specifying
an average velocity:

1
Uav:}/g. u-nds,

inl

(B.20)

where A is the inlet cross-sectional area, £, is the inlet boundary, and
n is the outward unit normal vector.
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Table C.2
Mesh refinement scenarios evaluated in the convergence study.

Scenario Max element size [pm] Min element size [pm]
1 200 5

2 100 2

3 60 0.2

4 50 0.18

At the outlet, a dynamic pressure boundary condition is imposed:

(—pI+K)-n=—pyn, (B.21)
where the outlet pressure is defined as

L (w1 - o)’ we <0
Pout = —pgH+4 2" ’ ’ (B.22)

0, w(x) 20,

with p, the liquid density, g the gravitational acceleration, H the
vertical distance between the inlet and the outlet, w(x) the vertical
velocity component, ¢ the local gas volume fraction, n the outward unit
normal vector, I is the identity tensor, and K is the viscous stress tensor.

Symmetry conditions are applied at the outer computational bound-
aries, ensuring no flow across the boundary and zero tangential stress:

U-n=0, t'Kn=0, (B.23)

where t is the tangent vector.

A no-slip condition is enforced at the discharge channel walls:
U=0. (B.24)

At the electrode surfaces, the gas flux and mixture velocity are
determined by the electrochemical gas production rates according to

Faraday’s law:
gu; =U=-U;n, (B.25)

where U; = V,j,/(n;F), with V,, being the molar volume of gas at
standard conditions, ny, = 2 for hydrogen, and no, = 4 for oxygen.
The anode potential is fixed at a reference value:

E,=0. (B.26)
At the cathode, the average current density is enforced:

L / i dS, =)

Se s J1 e Js

where S, is the electrode surface and j is the specified applied current
density.

(B.27)

Appendix C. Mesh refinement study

Four progressively refined mesh configurations were evaluated,
with maximum element sizes ranging from 200 pm to 50 pm and mini-
mum element sizes from 5 pm to 0.18 pm. The mesh refinement param-
eters are summarised in Table C.2.

The horizontal velocity component in each of the anode holes for
the straight and variable discharge channel configurations, evaluated
at an input velocity of 0.5ms~! and a current density of 0.1 Acm™
is provided in Figure S7. The results demonstrate clear convergence
behaviour as the mesh is refined, with scenarios 3-4 producing virtu-
ally identical results across all hole positions. Based on this analysis,
scenario 3 with a maximum element size of 60 pm and a minimum
element size of 0.2pm was selected for all subsequent simulations.
The negligible difference between scenarios 3—4 confirms that further
refinement would not yield meaningful improvements in the solution
quality.
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Appendix D. Supplementary data

Supplementary videos and figures are provided to support the re-
sults discussed in this paper. S1 and S2 are at 140 mAcm~> and
280 mA cm~2 respectively at an inlet velocity of 0.15m/s. S3 to S6 show
the flow behaviour in the top and bottom sections of both the variable
and straight discharge channel configurations at 50 mA cm=? at an inlet
velocity of 1m/s. The white particles seen in the video are the PIV
tracer particles.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ecmx.2026.102272.

Data availability

Data will be made available on request.
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