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A B S T R A C T

In this work, single-phase Computational Fluid Dynamics (CFD) simulations are used to extract, based on a 
Residence Time Distribution (RTD) analysis, two representative parameters that allow to quantify electrolyte 
flow uniformity and flow recirculation in water electrolysis cells. This then allows to compare different cell 
geometries on the same ground. The optimum cell configuration is the one that homogenises the flow without 
generating recirculation of the electrolyte within the cell. In that case, we can take advantage of the whole 
surface area of the electrodes, without the risk of gas bubbles being trapped inside the cell. In a first step, several 
modifications of the injection channels are considered in a reference configuration using knitted mesh-type 
spacers as porous transport layer (PTL). Although this indeed results in some improvement in the flow behav
iour, significantly better results are obtained by the use of foams as PTL: they increase the effective cell volume 
covered by the electrolyte and at the same time lower the risk of flow recirculation within the cell. Furthermore, 
keeping the foam’s pore size sufficiently large on the order of 3000 µm allows to limit the pressure drop across 
the cell.

1. Introduction

In the coming years, considerable efforts will have to be made to 
reduce greenhouse gas emissions in order to limit the increase in global 
average temperature to 1.5 ◦C, as stated by the international community 
through various climate agreements (Kyoto Protocol to the United Na
tions Framework Convention on Climate Change, 1997; Paris Agreement 
to the United Nations Framework Convention on Climate Change, 
2015). One way to decarbonise a wide range of sectors is to use green 
hydrogen as an energy carrier to store and deliver usable and clean 
energy (Future, 2022). At present, the most sustainable way of pro
ducing hydrogen relies on the utilisation of renewable electricity, 
including wind and solar power or hydroelectricity, for conducting 
water electrolysis (Shih et al., 2022; Brauns and Turek, 2020). Currently, 
the two most mature technologies used to produce hydrogen are alkaline 
and proton exchange membrane (PEM) water electrolysis (Li, 2022). 
Alkaline water electrolysers (AWE) use an alkaline solution, typically 
KOH between 1 and 6 M, at a temperature in the range 30–80 ◦C, a 
diaphragm and Ni-based electrodes (Grigoriev et al., 2020). The primary 
hurdle associated with this technology revolves around improving the 
efficiency and diminishing capital expenditure (CAPEX) of the 

electrolyser (Proost, 2020). Next to this, PEM electrolysers use solid 
polysulfonated membranes as an electrolyte and operate at high pres
sure and in a range of temperatures between 20 and 80 ◦C (Shiva Kumar 
and Himabindu, 2019). The latter technology has the advantage of 
presenting much higher production rates but it relies on the use of costly 
and scarce electrocatalytic materials like Ir and Pt (Wang et al., 2022). 
From an economic point of view, it is highly appealing to find a way to 
integrate the best of these two commercially available technologies, 
yielding high production rates per electrode area, while benefiting from 
more cost-effective electrode materials.

Recent experimental studies in our group have shown that it is 
possible to significantly improve the performance of alkaline electro
lysers by shifting from traditional gap cells to zero-gap cells, wherein the 
anodic and cathodic chambers are filled with 3-D porous electrodes 
(Rocha et al., Jun. 2022; Rocha et al., 2023). Porous nickel foams, with 
pore sizes ranging from 450 to 3000 µm, as well as 3-D printed triply 
periodic minimal surface (TPMS) geometries were studied as electrodes. 
The advantage of using such 3-D structures is that the available surface 
area for hydrogen production is much higher (Arenas et al., 2017). At 
the same time however, such an increased hydrogen production rate 
may lead to stagnant gases being trapped in the complex porous 
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channels of the electrodes. This is the reason why optimised electrolysis 
cells with forced electrolyte flow have been designed at the lab-scale to 
favour bubble removal and decrease the Ohmic resistance of the system. 
More specifically, the cells were designed with a double elbow at the 
inlet to guide the flow and enhance its spread throughout the cell, 
emphasising the importance of inlet effects (Weusten et al., 2021). The 
anodic and cathodic chambers were developed with increasing super
ficial area in the stream direction in order to homogenise the flow as 
much as possible before it enters the electrodes. This allows to take 
advantage of the whole area provided by the 3-D electrodes (Rocha 
et al., 2022). The enhanced performance of these zero-gap alkaline 
electrolysers has been confirmed experimentally and current densities of 
2 A⋅cm− 2 were observed at cell voltages lower than 2 V when using a 
flow-engineered laterally-graded bi-layer foam configuration (Rocha, 
2024).

Up to now, such high operational current densities have barely been 
reached in industrial-scale alkaline electrolysers (Zhao et al., 2024; 
David et al., 2019) because most of them use traditional gap cells and 
operate under natural convection, leading to high cell voltages and high 
electrode coverage by gas bubbles (Jang et al., 2021). Alkaline zero-gap 
electrolysers with forced flow have emerged in the last years as a major 
development compared to traditional electrolysers (Daoudi and Bou
nahmidi, 2024). These systems typically use 2-D perforated/punched 
plates as active electrodes (Zhao et al., 2024) and porous transport 
layers (PTL) as elastic elements to press the electrodes onto the separator 
(Zhao et al., 2023). These PTL are therefore primarily meant to maintain 
electrical contact between the current collector plates and the elec
trodes. Knitted mesh or expanded mesh spacers are typically used to this 
end due to their simple manufacturing process (Zhao et al., 2024; Lee, 
2021).

Efforts have then been made in order to apply the same methodol
ogy, i.e. moving towards zero-gap cells with knitted mesh spacers and 
forced electrolyte flow, to a 6-kW industrial-scale prototype electrolyser 
installed in our lab. Unfortunately, it was impossible to get similarly low 
cell voltages as with the lab-scale setup. This was attributed to the fact 
that the cells in our prototype electrolyser are not optimised for forced 
electrolyte flow, leading to a non-optimal distribution of the electrolyte 
in the anodic and cathodic compartments. The aim of this work is to 
perform Computational Fluid Dynamics (CFD) simulations to assess the 
behaviour of the electrolyte within one single cell in order to find some 
optimal configuration that simultaneously homogenises the flow and 
reduces recirculation of the electrolyte, thereby enhancing bubble 
removal. The problem of flow uniformity in electrolysis cells has already 
been addressed in recent literature studies (Wang et al., 2023; Xue et al., 
2024; Lafmejani et al., 2018). However, it has never been tackled in 
combination with flow recirculation studies. Moreover, most reviews 
related to this topic focus on numerical modeling of hydrogen bubble 
generation and escape itself, using multiphase simulations (Rodríguez 
and Amores, 2020; Aboukalam da Cruz et al., 2023; Lee et al., 2022; El- 
Askary et al., 2015; Wosiak et al., 2022; Rajora and Haverkort, 2023). 
We believe that a first and necessary step before including electro
chemistry and bubble evolution would rather be to focus on the elec
trolyte flow behaviour itself inside electrolysis cells, to ensure that high 
flow uniformity and low flow recirculation is achieved.

The main objective of this work is to define two parameters, based on 
single-phase flow simulations and a Residence Time Distribution (RTD) 
analysis, that allow to compare the performance of different cell con
figurations on the same ground. A first parameter will be defined to 
evaluate the level of flow uniformity inside the electrolysis cell, while a 
second one will give an estimation of flow recirculation. The aim of this 
parametric study is to propose a strategy to improve the distribution of 
flow in industrial-scale electrolysis cells. To this end, several modifica
tions of the injection channels will first be considered in a reference 
configuration, using knitted mesh-type spacers as porous transport layer 
(PTL). Although it was found that this may indeed result in some 
improvement in the flow behaviour, the major novelty of this work lies 

in demonstrating that the use of foams as PTL has a much higher po
tential for both improving the flow uniformity and reducing the flow 
recirculation as compared to these knitted meshes that are commonly 
used in industry today.

2. Methodology

A dismantled view of a single cell is shown in Fig. 1(a) where the 
anodic and cathodic half-cells are composed of a current collector, a 
structural ring, a knitted mesh spacer and an electrode, and are sepa
rated by a diaphragm. The simplified geometry of the cathodic half-cell 
that will be considered as a reference configuration in this work is 
depicted in Fig. 1(b). It consists of a flat cylinder with a diameter of 20 
cm and a thickness of 6 mm, filled with a knitted mesh as PTL. The 
electrolyte inlet is located at the bottom of the cell and has a diameter of 
2 mm, while the outlet diametrically opposed at the top has a diameter 
of 3 mm. The electrolyte is a 30 wt% KOH solution at 70 ◦C with a ki
nematic viscosity ν = 8.28⋅10-7 m2⋅s− 1 (Le Bideau et al., 2019). Its flow is 
forced at the entrance of the half-cell by imposing a flow rate Q with a 
corresponding inlet velocity vin. The inlet velocities that will be 
considered in this work are in the range 0.3 to 7.3 m⋅s− 1, corresponding 
to a flow rate of 0.06 and 1.38 l⋅min− 1 per cell, respectively. In order to 
compare our prototype cell with other cells from the industry, a new 
parameter is required, defined as the average velocity inside the cell: 

vavg =
Q

ε⋅tcell⋅Dcell,avg
(1) 

which is the ratio between the flow rate and the average cross-section of 
the cell, defined as the product between the porosity inside the cell ε 
(which in turn depends on the 3-D structure used as PTL), the thickness 
of the cell tcell and the average diameter of the cell Dcell,avg. The latter is 
obtained by integration of the cell chord length over the whole cell 
diameter (i.e. from − Rcell to Rcell): 

Dcell,avg =

∫ Rcell

− Rcell

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
y

Rcell

)2
√

dy =
π⋅Rcell

2
(2) 

with Rcell the radius of the cell and y the integration variable. Based on 
the average velocity, it is possible to compare the prototype cell 
considered in this work with other industrial electrolysis cells. As an 
example, a comprehensive analysis of industrial scale electrolyser stacks 
has been reported by Sakas et al. (Sakas et al., 2022; Sakas, 2024). This 
study considered a 3 MW alkaline water electrolyser consisting of 2 half- 
stacks, each containing 163 cells connected in series, and the electrolyte 
flow rate was fixed to 19.9 kg⋅s− 1 per half stack. Considering a 30 wt% 
KOH solution at 70 ◦C, one can calculate for each individual cell a 
volumetric flow rate of 6 l⋅min− 1. This corresponds to an average ve
locity of 1.4 cm⋅s− 1 if the cell thickness is fixed to 6 mm and the porosity 
to 98 % (which is a typical value for knitted mesh-type spacers 
commonly used in the industry). Considering the highest flow rate of 
this study, we come up with an average velocity of 2.5 cm⋅s− 1 which is 
on the same order of magnitude as compared to industrial electrolysers. 
This confirms that the flow velocities considered in this work are com
mon practice in industry as well.

In order to simulate electrolyte flow within the cell, the pimpleFoam 
solver implemented in OpenFOAM was used to solve the incompressible 
Navier-Stokes equations for single-phase flow, based on the finite vol
ume method (Batchelor, 1967): 

∇ • u = 0 (3) 

∂u
∂t

+ (u • ∇)u = −
1
ρ ∇p + ν∇2u + g (4) 

where u (u, v) is the velocity field, ρ the density of the fluid, p the 
pressure and g accounts for gravity. The boundary conditions for the 
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simulation are the inlet velocity vin, the pressure at the outlet, which is 
fixed to 0 m2⋅s− 2 without loss of generality, and the no-slip condition at 
the lateral walls. The assumption of 2-D flow is made since a plug flow 
develops across the thickness of the half-cell in the turbulent regime. 
Due to the small inlet diameter Din of the cell and to the imposed elec
trolyte flow rate, a jet flow is expected to develop within the cell and the 
corresponding Reynolds number can be calculated as (Lee et al., 2003): 

Re =
vin⋅Din

ν (5) 

Since jet flow fields are likely to exhibit laminar properties at Re < 1000 
(Zuckerman et al., 2006), a laminar model1 is used for inlet velocities 
lower than 0.4 m⋅s− 1 and the k-ω turbulent model available in Open
FOAM is used to account for turbulence at higher flow rates. The tur
bulent boundary conditions at the inlet are specified as follows: 

k =
3
2

⋅(I⋅vin)
2 (6) 

ω =
k0.5

C0.25
μ ⋅l

(7) 

with k the turbulent kinetic energy, I the turbulence intensity which is 
fixed to 0.05, ω the turbulence specific dissipation rate, Cμ a model 
constant equal to 0.09 and l a reference length scale (fixed to 0.01⋅Dcell). 
The end time of the simulations tf ,1 is fixed based on the inlet velocity 
magnitude to ensure a stationary solution is reached in each case. The 
time step size Δt is fixed to 0.001 s.

Concerning the integration of porous media as PTL within the cell, it 
is in principle possible to explicitly include the exact PTL geometry, i.e. 
based on high-resolution micro-CT (computed tomography) scanned 
data (Kuhlmann et al., 2022; Sadeghi et al., 2020) into the simulations. 
Unfortunately, this is highly demanding from a computational point of 
view. To counter this problem, spatially averaged equations have been 
used to implicitly account for porosity based on the Darcy-Forchheimer 
law (Edouard et al., 2008): 
⃒
⃒
⃒
Δp
L

⃒
⃒
⃒ =

1
k1

⋅μ⋅v + k2⋅ρ⋅v2 (8) 

Fig. 1. (a) Dismantled industrial scale prototype cell with (1) current collector plate, (2) structural ring, (3) knitted mesh spacer, (4) electrode and (5) separator; (b) 
Simplified representation of the cathodic half-cell used as a reference configuration for the simulations from side (left) and front (right) view. The knitted mesh filling 
the half-cell is modelled by implementing a Darcy-Forchheimer drag force in OpenFOAM.

1 For the laminar flow regime, the plug flow assumption does not hold. So, 
for the 2-D assumption to be valid in this regime, one would have to account for 
the viscous dissipation in the cross-stream direction through a Darcy’s like 
term. However, we have omitted this contribution as the empty cell is not the 
main focus of this work.
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with |Δp/L| the pressure drop per unit length, μ the dynamic viscosity of 
the fluid, k1 the Darcian permeability and k2 the non-Darcian coefficient 
of the porous structure. In what follows, the Darcian permeabilities and 
non-Darcian coefficients of a knitted mesh spacer and of one of the 
foams previously used in our experimental studies (Rocha et al., 2022) 
will first be extracted in order to implicitly account for these structures 
in the simulations.

Pressure drop calculations using the pimpleFoam solver were per
formed numerically on a 10 × 10 × 0.9 cm3 industrial knitted mesh-type 
spacer having a porosity ε = 0.98. Based on a CAD model provided by an 
industrial partner, the knitted mesh was reconstructed in OpenFOAM 
thanks to the snappyHexMesh utility. The geometric details of the 
knitted mesh are shown in Fig. 2. As illustrated in Fig. 3, the calculated 
data were then fit with the Darcy-Forchheimer eq. (8) to extract the 
Darcian permeability k1 and the non-Darcian coefficient k2 of the knit
ted mesh. The following values were obtained: k1 = (1.26 ± 0.01)⋅10-5 

m2 and k2 = 10.29 ± 0.13 m− 1. Next to this, a foam specimen was also 
considered, having a pore size of 3000 µm and presenting a porosity of 
0.94 (Rocha et al., 2022). |Δp/L| calculations were performed based on 
micro-CT scans of a 2 × 2 × 0.56 cm3 foam sample, using the same 
methodology as explained in (Rocha, 2024) to reconstruct the foam from 
the scans. This resulted in the following parameters: k1 = (94.76 ±
5.35)⋅10-9 m2 and k2 = 290.46 ± 0.61 m− 1. As shown in Fig. 3, the 
pressure drop calculations of the 3000 µm pore-sized foam showed good 
agreement with a similar foam from the literature (Liu et al., 2006).

It can already be observed from Fig. 3 that the 3000 µm foam exerts a 

significantly larger influence on the flow than the knitted mesh-type 
PTL, resulting in a substantial increase in pressure drop: 3.6 bar⋅m− 1 

at 1 m⋅s− 1 for the 3000 µm foam as compared to 0.1 bar⋅m− 1 for the 
knitted mesh. As the respective porosities already suggested, the foam is 
much denser than the knitted mesh, which explains the larger pressure 
difference generated as liquid flows through it. This already emphasises 
the fact that foams will be more suited to guide the electrolyte flow, 
contrarily to knitted meshes whose primary function is rather to main
tain some space between the gas separator and the current collector 
plates while still guaranteeing electrical contact.

In order to assess flow uniformity and flow recirculation within the 
electrolysis cell, two parameters have been defined based on a Residence 
Time Distribution (RTD) analysis. This method consists of injecting 
tracers at the inlet of the cell at time t = 0 s and then measuring the 
concentration of tracers at the outlet as a function of time Cout(t). This 
concentration can be determined numerically by solving the con
vection–diffusion equation for the concentration field C(x, y, t)
(Probstein, 2005): 

∂C
∂t

+ u • ∇C = D∇2C (9) 

where D is the diffusivity of the tracers within the fluid considered. In 
our simulations, a diffusivity value of 5⋅10-9 m2⋅s− 1 was taken, corre
sponding to the diffusivity of hydrogen in a 30 wt% KOH solution at 
70 ◦C (Tham et al., 1970). The scalarTransportFoam solver of Open
FOAM has been used to calculate C based on a step injection of the 

Fig. 2. (a) Optical micrograph of a knitted mesh-type spacer commonly used as PTL in industrial electrolysers; (b) CAD model for the knitted mesh used as PTL in the 
current study; (c) Geometric details of one basic element; (d) Front and upper view of the knitted mesh-type spacer.
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tracers (Li, 2017) at the inlet, with impermeable boundary conditions at 
the wall, and an open boundary at the outlet. This solver uses the ve
locity field computed at tf ,1 in the single-phase simulations to calculate 
the scalar transportation, meaning that u is considered to be stationary 
in eq. (9). The end time of this step injection is set to tf ,2 = 180 s to make 
sure that Cout(t) becomes constant and equal to the concentration of the 
feed. Based on this concentration profile, it is possible to calculate the 
cumulative distribution function and the RTD function E(t) =

Cout(t)∫ tf ,2
0

Cout(t) dt
, the latter giving an indication of the number of fluid ele

ments leaving the cell after having spent a given time.
The first parameter, aimed at determining flow uniformity and the 

presence of dead/stagnant zones within the cell, is the dimensionless 
time θ (Wang et al., 2023). It is defined as the ratio between the mean 
residence time of the fluid inside the cell of volume V and the space time, 
i.e. the time that would be required to fill the whole space available at a 
fixed inlet flow rate Q: 

θ =
tm
τ =

∫ tf ,2
0 t⋅E(t)dt

V/Q
(10) 

This parameter gives an image of the effective volume used inside the 
cell. Two cases can be identified: θ < 1 and θ ≥ 1. If θ < 1, this means 
that tm < τ and hence that the mean time spent by the fluid inside the cell 
is lower than the time required to fill it. In other words, there will be 
some dead/stagnant zones of low velocity in the cell where no gas will 
be produced. On the other hand, when θ ≥ 1, tm ≥ τ which means that 
fluid elements remain in the cell for a time higher or equal to the space 
time. In this case, the electrolyte will have time to homogenise over the 

whole cell volume and to fill its entire space. As a result, no dead zones 
are to be expected and the electrolyte will be uniformly distributed over 
the entire electrode area, enhancing hydrogen production. Note that 
when porous media are added inside the cell, the porosity of these 3-D 
structures must be considered in the computation of the space time τ, 
so that τ = ε⋅V/Q. In other words, the volume of the cell available for the 
electrolyte will be smaller when it is filled with a porous transport layer, 
leading to slightly lower space times.

Another phenomenon which may occur during hydrogen production 
inside the electrolysis cell is the entrapment of hydrogen bubbles inside 
the domain. For this reason, it is interesting to determine whether the 
electrolyte goes directly from the inlet to the outlet of the half-cell or if it 
recirculates, the latter leading to a poor evacuation of the bubbles. A 
second parameter is therefore defined to characterise this recirculation 
phenomenon, namely the dimensionless variance σ2

θ (Nauman, 2003). It 
is defined as the ratio between the variance of the RTD function and the 
square of the mean residence time: 

σ2
θ =

σ2

t2
m
=

∫ tf ,2
0 (t − tm)2⋅E(t)dt
( ∫ tf ,2

0 t⋅E(t)dt
)2 (11) 

When σ2
θ = 0, this means that there is no recirculation of the flow since 

the RTD function presents no dispersion around the mean residence 
time. This case corresponds to an ideal plug flow (Nauman, 2003). On 
the other hand, when σ2

θ > 0, some recirculation of the flow occurs, 
which could lead to entrapment of hydrogen bubbles in the cell.

In order to simulate multiphase flow within the cell, a mixture model 
formulation (Ishii and Hibiki, 2011) has been used and implemented on 

Fig. 3. Evolution of the pressure drop per unit length |Δp/L| as a function of upstream velocity v considering a 30 wt% KOH solution at 70 ◦C for an industrial knitted 
mesh and a 3000 µm foam. (Blue curve) Comparison with experimental data from the literature (Liu et al., Mar. 2006). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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the driftFluxFoam solver available in OpenFOAM. This solver solves the 
continuity and momentum eq. (3) and (4) for a gas–liquid mixture by 
weight-averaging velocity, density and viscosity as a function of the gas 
fraction α. In the simulations, the gas fraction at the inlet of the cell αin 
was imposed as an additional boundary condition compared to single- 
phase simulations. The density of the gas was set to 0.08 kg⋅m− 3 and 
the dynamic viscosity to 0.88⋅10-5 Pa⋅s (Rocha, 2024).

Finally, the meshing strategy that was used to discretise the 
computational domain into hexahedral elements is represented in Fig. 4. 
The mesh was generated with the blockMesh utility offered by Open
FOAM. Fig. 4(a) shows the computational mesh developed for the 
cathodic half-cell, consisting of 6000 elements and 11 blocks. Dividing 
the space into several blocks allows to keep all meshing elements hex
ahedral and to avoid the presence of irregular cells. As observed in Fig. 4
(a), the three cells sharing the red point as vertex have a regular shape. 
Moreover, a grading of the elements was applied in order to refine the 
zones close to the inlet and the outlet of the domain, as these are well- 

known critical locations in terms of flow distribution and evacuation 
(Rocha et al., 2022; Weusten et al., 2021). A mesh sensitivity analysis 
was then performed by computing the pressure drop per unit length |Δp/
L| between the inlet and the outlet of the cell as a function of the number 
of meshing elements, considering an inlet velocity of 1.5 m⋅s− 1. As 
observed in Fig. 4(b), the pressure drop tends towards a constant value 
as the mesh gets finer, meaning that the mesh does not influence the 
results anymore. As it can be seen in Fig. 4(c), the related computational 
times (CPU times) were also calculated, logically showing an increasing 
trend as the number of elements rises. We observe that at least 12 h of 
computation time (running the simulation in parallel and using 4 cores 
on the supercomputing facilities of our university) are required when 
the mesh is made of 300,000 elements or more. For this reason, and 
since Δp starts to stabilise in this region, a reference mesh of 230,000 
elements has been chosen for all simulations.

Fig. 4. (a) Computational mesh made of 11 blocks and 6000 elements with the intersection (red point) between three blocks (denoted 1, 2 and 3) being highlighted; 
(b) Evolution of the pressure drop per unit length |Δp/L| and of (c) the computational time (CPU time) as a function of the number of meshing elements for vin = 1.5 
m⋅s− 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

The parametric study described in the previous section was first 
applied to the reference cell configuration already shown in Fig. 1(b) 
with a knitted mesh-type spacer. Fig. 5(a) shows a typical velocity 
profile inside the domain for an inlet velocity of 1.5 m⋅s− 1. As expected, 
the electrolyte forms a jet stream at the entrance of the half-cell due to 
the small inlet diameter compared to the much larger diameter of the 
cell chamber. This leads to an inhomogeneous distribution of the flow, 
with some zones that are not flushed by the electrolyte (dead zones) and 
some recirculation near the outlet (diametrically opposed at the top). As 
can be observed in Fig. 5(b), this jet stream behaviour is also confirmed 
by the KOH deposits that we collected on one of our prototype’s current 
collector plates after a series of tests.

Computation of the dimensionless time θ then allows to quantify the 
degree of homogeneity. Its profile as a function of inlet velocity vin 
(bottom axis) and corresponding average velocity vavg (top axis) is 
shown in Fig. 5(c). It clearly shows that flow uniformity increases as the 
inlet flow rate increases, as expected. However, for the range of veloc
ities considered, the dimensionless time remains quite low (lower than 
0.6) meaning that distribution of the electrolyte is still rather poor. In 
order to quantify the occurrence of recirculation of the flow, the 
dimensionless variance is shown in Fig. 5(d). It appears that σ2

θ also 
increases with increasing inlet velocity, which means that a higher flow 
rate also leads to more recirculation. This explains why there are fewer 
dead zones when the inlet flow rate is increased. Contradictory con
clusions arise from these two parameters, since a higher flow rate is 
desired from a uniformity point of view, while lower velocities will 

Fig. 5. (a) Velocity profile at time t = 5 s (in log-scale and with laminar model) for the reference cell with the knitted mesh and vin = 1.5 m⋅s− 1; (b) KOH deposits 
observed on a current collector plate in our prototype electrolyser; (c) Dimensionless time θ and (d) dimensionless variance σ2

θ as a function of inlet velocity vin 

(bottom axis) and average velocity vavg (top axis).

K. Van Droogenbroek et al.                                                                                                                                                                                                                   



Chemical Engineering Science 310 (2025) 121513

8

generate less recirculation of the flow. Since the dimensionless time 
remains very low and the dimensionless variance relatively high (far 
above 1), new configurations need to be considered in order to improve 
the performance of the electrolyser.

At first, since the inlet opening seems to be a crucial point in terms of 
flow distribution, some modifications were applied to the reference 
configuration and two different inlet configurations have been studied: 
an inclined inlet (at 45◦ to the right) and three inlets. Note that for each 
configuration studied, the volumetric flow rate was kept constant and 
the corresponding inlet velocity was calculated accordingly. A video 
comparing the velocity profiles of these three configurations is available 
in the Supplementary Information section. The dimensionless times and 
variances of these two new configurations have been compared to the 
reference case in Fig. 6. Concerning flow uniformity, it appears from 
Fig. 6(a) that inclining the inlet channel or increasing the number of 
inlets clearly lowers the risk of dead zones in the cell. Indeed, dimen
sionless times close to unity are reached for high inlet velocities when 
more than one inlet is envisaged. Next to this, Fig. 6(b) highlights the 

fact that the cell with an inclined inlet is more suited to avoid recircu
lation of the flow as compared to the reference configuration because the 
electrolyte is now directly guided towards the outlet. As it was already 
the case for flow uniformity, the use of multiple inlets is even more 
interesting since lower values of σ2

θ can be reached. Another relevant 
observation is that the dimensionless variance globally increases with vin 
for all these cases. This clearly highlights the fact that simply increasing 
the flow rate inside the cell is not the best option since there will be a 
price to pay in terms of flow recirculation, even if the flow is better 
distributed.

From these observations, the case with three inlets might seem the 
most suited to improve the flow distribution while simultaneously also 
lowering the level of recirculation. However, this configuration is not 
necessarily the best from an operational point of view due to the high 
discrepancy between both dimensionless parameters at low and high 
inlet velocities. For instance, if the number of cells in the electrolyser 
increases, the inlet flow rate in one cell will be lower for a constant 
volumetric pumping rate. This then implies that the value of θ will 

Fig. 6. (a) Dimensionless time θ and (b) dimensionless variance σ2
θ as a function of inlet velocity vin (bottom axis) and average velocity vavg (top axis) for different 

inlet configurations, all using a knitted mesh-type spacer as PTL.
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decrease significantly, generating more dead zones in the cells. The same 
remark holds for the dimensionless variance when decreasing the 
number of cells: it will then increase significantly when moving towards 
higher inlet velocities, leading to more recirculation. In other words, we 
should also aim to identify a configuration characterised by dimen
sionless parameters that exhibit minimal sensitivity to changes in vin.

To tackle this challenge, we considered the substitution of the con
ventional knitted mesh-type porous transport layers by foams. Fig. 7
compares the values of θ and σ2

θ for the reference configuration, the case 
with three inlets (both using a knitted mesh) and for a cell using a 3000 
µm foam as PTL. Fig. 7(a) points out the net improvement that foams can 
create in terms of flow uniformity. Due to the intricated channels of the 
foam, the electrolyte is likely to travel through some preferential pore 
paths, while at the same time experiencing a significant drag force from 
the structure. This leads to high residence times and a value of θ higher 
than 1. In other words, no dead zones are expected, contrarily to the 
reference configuration and the case with 3 inlets. This also highlights 
the fact that the knitted mesh-type spacers typically used in industry 

today do not help at all to homogenise the flow inside the cell. On top of 
that, Fig. 7(b) shows that the use of foams also significantly lowers the 
value of σ2

θ (even approaching 0), meaning that no recirculation is to be 
expected. This clearly underlines the interest of using foams as porous 
transport layers in water electrolysers: they naturally improve unifor
mity of the flow while simultaneously avoiding electrolyte recirculation. 
At the same time, they are also less sensitive to changes in the inlet 
velocity. Note that in contrast to the previous figures where the average 
velocity was plotted on the top axis, the flow rate Q is now shown on the 
secondary axis of Fig. 7, as the average velocity is not suitable for 
comparing different PTL types due to its dependence on porosity (see eq. 
(1)). As an illustration, another video available in the Supplementary 
Information section compares the velocity profiles of an empty cell (i.e. 
without any PTL), the reference configuration (using a knitted mesh- 
type spacer as PTL) and the cell filled with a 3000 µm foam.

These two aforementioned phenomena are explicitly confirmed by 
the velocity vectors shown in Fig. 8 for the reference configuration with 
a knitted mesh (a, left) and the case where the cell is filled with a 3000 

Fig. 7. (a) Dimensionless time θ and (b) dimensionless variance σ2
θ as a function of inlet velocity vin (bottom axis) and flow rate Q (top axis), comparing a knitted 

mesh and a 3000 µm foam as PTL.

K. Van Droogenbroek et al.                                                                                                                                                                                                                   



Chemical Engineering Science 310 (2025) 121513

10

µm foam (b, right). In the first case, some electrolyte is clearly recircu
lating on the borders of the cell and the zones next to the central jet 
stream present zero velocities. This is completely different in the 
configuration with the 3000 µm foam where all velocity vectors point in 
the same (upward) direction and no dead zones are observed. This is 
fully in line with the observation in Fig. 7 of a dimensionless time close 
to 1 and a dimensionless variance close to 0. The main hurdle related to 
the use of foams as PTL is that the electrolyte velocity, although being 
homogeneously distributed, will be much lower inside the cell. In other 
words, even if gas could potentially be produced everywhere in the half- 
cell, efforts are still required to ensure that the electrolyte velocity is still 
sufficiently high for an efficient gas removal.

To this end, some preliminary multiphase simulations have been 
performed on the same cell geometry, considering an inlet velocity of 
1.5 m⋅s− 1. In order to determine if the gas is correctly brought to the 

outlet, a mixture 50 % electrolyte – 50 % gas is injected inside the cell (i. 
e. the gas fraction at the inlet αin is fixed to 0.5) and the gas fraction at 
the outlet αout is calculated numerically as a function of time. The results 
are shown in Fig. 9 for three distinct cases: the reference cell configu
ration with a knitted mesh-type spacer, the cell filled with a 3000 µm 
foam and an empty cell. Two important conclusions can be extracted 
from this graph. First of all, we see that the gas fraction at the outlet of 
the cell takes more time to start increasing when it is filled with a foam. 
This is indicative for the obstruction caused by the foam and for the fact 
that the flow will be more homogeneously distributed throughout the 
cell before reaching the outlet. In the two other cases, some gas reaches 
the outlet more rapidly due to the jet stream behaviour, but will take 
more time to tend towards its final value (i.e. αout = 0.5). In other words, 
this gives an indication of the flow uniformity and of the presence of 
dead zones in the cell. Moreover, it also shows that efficient gas removal 

Fig. 8. Velocity vectors coloured by magnitude (in log-scale) at an inlet velocity vin = 1.5 m⋅s− 1 for (a) the reference cell with a knitted mesh and (b) using a 3000 µm 
foam as PTL.

Fig. 9. Gas fraction at the outlet of the cell αout as a function of time t with αin = 0.5 and vin = 1.5 m⋅s− 1, comparing an empty cell configuration with the use of a 
knitted mesh and a 3000 µm foam as PTL.
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can be achieved even when the flow velocities are low (i.e. when the 
3000 µm foam is used as PTL). A second observation is related to the 
reference cell (and this behaviour is even more pronounced when the 
cell is empty). When looking at the related curves, we see that after 
reaching a first plateau, the gas fraction presents some peaks and os
cillates while keeping increasing. This is due to some recirculation of the 
mixture as it approaches the outlet. It then goes back towards the inte
rior of the cell along its borders before facing the central jet and being 
transported back to the outlet, generating a new peak on the graph. This 
behaviour disappears with time as less recirculation is observed. These 
oscillations are not observed when the 3000 µm foam is used as PTL, 
meaning that no recirculation effects are to be expected. These results 
are totally in line with the analysis that was made previously (see Figs. 7 
and 8), which demonstrates the interest of defining the dimensionless 
parameters θ and σ2

θ based on single-phase simulations.
The low flow velocities when using foam-based PTL are mainly due 

to the high pressure drop generated by the foam structure that comes at 
the expense of an improved flow homogenisation and a reduced flow 
recirculation. As observed in Fig. 10(a), additional pressure drop cal
culations were also performed on a foam having a smaller pore size of 
only 450 µm and presenting a porosity of 0.85 (Rocha et al., 2022). The 
same methodology as described previously based on micro-CT scans was 
used to extract the parameters k1 = (2.62 ± 0.13)⋅10-9 m2 and k2 =

2437.31 ± 2.58 m− 1 for the 450 µm foam. As compared to the other 3-D 
structures studied in this work, the influence on the flow is even larger in 
this case in terms of pressure drop, with 33 bar⋅m− 1 calculated at 1 
m⋅s− 1. It is worth noticing that the fit shows once more good agreement 
with a similar foam from the literature (Innocentini et al., 1999). Fig. 10
(b) compares the pressure drop per unit length |Δp/L| as a function of 
inlet velocity vin for the two cases shown in Fig. 8, as well as for a cell 
filled with a 450 µm foam. Note that this graph fundamentally differs 
from the results presented in Figs. 3 and 10(a), which focused on isolated 
3-D structures (i.e. not yet incorporated into the cell geometry), thereby 
assuming a uniform upstream velocity v flowing through the knitted 
mesh or foam. In this case, the inlet velocity within the cell becomes the 

variable of interest, and the associated pressure drop is affected by the 
specific geometry of the cell. Once again, the corresponding flow rate is 
indicated on the graph. It can be observed that the addition of foams 
within the cell leads to higher pressure drops compared to the use of 
traditional spacers. This means that there will be a price to pay in terms 
of pumping power when such foams are used as alternative PTL. How
ever, even for the highest inlet velocity and considering a cell diameter 
of L = 1 m, the pressure gradient generated by the 3000 µm foam re
mains smaller than 2 bar. This is negligible with respect to typical 
operating pressures of 30 bar. On the contrary, the 450 µm foam would 
lead to a pressure drop on the order of 12 bar, which is much more 
significant. This highlights the necessity for maintaining the foam’s pore 
size above a specific threshold to ensure that the foam structure still 
exhibits sufficiently open channels for facilitating electrolyte flow. In 
any case, simply modifying the geometry of the PTL (i.e. replacing 
knitted mesh-type spacers by foams) remains much easier than changing 
the entire cell design.

As a summary, the different inlet configurations presented in Fig. 6
(i.e. 1 inlet, inclined inlet and 3 inlets) have been compared in Table 1 in 
terms of flow uniformity (θ), flow recirculation (σ2

θ ) and pressure drop 
per unit length (|Δp/L| in bar.⋅m− 1), for an inlet velocity of 1.3 m.⋅s− 1. 
The three types of porous transport layers studied in this paper (i.e. 
knitted mesh-type spacer, 3000 µm foam and 450 µm foam) have been 
considered in each case. From this table, the configuration with 1 inlet 
and the 3000 µm foam used as PTL clearly stands out as it strongly 
homogenises the flow (θ ≥ 1), reduces recirculation (σ2

θ →0) and main
tains the pressure drop on a reasonable range, while not modifying the 
entire cell design.

4. Conclusions

In this work, single-phase CFD simulations have been used to extract, 
based on a Residence Time Distribution (RTD) analysis, two represen
tative parameters (θ and σ2

θ ) that allow to quantify electrolyte flow 

Fig. 10. (a) Evolution of the pressure drop per unit length |Δp/L| as a function of upstream velocity v for a 450 µm foam considering a 30 wt% KOH solution at 70 ◦C. 
(Blue curve) Comparison with experimental data from the literature (Innocentini et al., Oct. 1999). (b) Evolution of the pressure drop per unit length |Δp/L| as a 
function of inlet velocity vin (bottom axis) and flow rate Q (top axis), comparing the reference cell configuration with a knitted mesh to the use of both a 3000 µm and 
450 µm foam as PTL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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uniformity and flow recirculation in water electrolysis cells, and hence 
to compare different cell geometries on the same ground. The optimum 
cell configuration is the one that homogenises the flow (θ ≥ 1) without 
generating recirculation of the electrolyte in the cell (σ2

θ →0). In that 
case, we can take advantage of the whole surface area of the electrodes, 
without the risk of gas bubbles being trapped inside the cell. In a first 
step, several modifications of the injection channels have been consid
ered in a reference configuration using knitted mesh-type spacers as 
porous transport layer (PTL). Although it was found that this may indeed 
result in some minor improvement in the flow behaviour, significantly 
better results are obtained by the use of foams as PTL: they increase the 
effective volume covered by the electrolyte and at the same time lower 
the risk of flow recirculation within the cell. Furthermore, keeping the 
foam’s pore size sufficiently large (on the order of 3000 µm) allows to 
limit the increase in pressure drop and hence the need for a higher 
pumping power.
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