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G R A P H I C A L A B S T R A C T

H I G H L I G H T S

Volume of fluid simulation is validated against X-ray CT data with 88% match.
Water clusters inside the GDL can merge in-plane before emerging to the channel.
3D contact angles extracted from CT images show heterogeneous wettability.
Microporous layer cracks can impact water flooding in the gas diffusion layer.
Oxygen transport to the catalyst layer is impacted by water distribution.

A R T I C L E I N F O

Keywords:
Gas diffusion layer
Water clusters
Volume of fluid
MPL cracks
Water management

A B S T R A C T

The formation of discrete water clusters in polymer electrolyte fuel cell gas diffusion layers (GDL) can lead to
increased resistance for oxygen transport in the catalyst layer. This study investigates the effect of MPL crack
propagation on the water cluster development in a X-ray computed tomography (CT) microstructure using the
volume-of-fluid method (VoF). The VoF calculation was compared to operando CT data by voxel matching,
obtaining a maximum 88 % accuracy. Using 3D contact angle extraction, the local scale heterogeneous
wettability in the GDL was investigated. In a simulation study, MPL cracks were created as the boundary
sources for water and the effect of increasing the area fraction covered by cracks on the water distribution
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in the GDL was investigated. The increased cracking, created larger discrete water clusters in the GDL with
greater connectivity, due to in-plane coalescence. The in-plane movement leads to coalescence of clusters,
forming fewer, larger clusters at later times close to breakthrough to the channel. This phenomena is shown
by the decrease in water cluster density (n mm−2) from 10 to 5. This immobile water impacts the distribution
of oxygen at the catalyst layer (10 % local difference) and therefore the current density distribution.
1. Introduction

In polymer electrolyte fuel cells (PEFC) several material layers are
required to distribute reactants (hydrogen and oxygen) and products
(water, heat and electricity) of the electrochemical reaction. During
certain operating conditions (such as during high current density op-
eration), the structure of these layers can impact the performance of
the cell as a result of water flooding (as shown by the concentration
gradient in Fig. 1(a)). Understanding the development of discrete water
clusters in this system which form as a consequence of the surrounding
materials is important for design and operation of fuel cells [1]. There-
fore, the coupling between the gas diffusion layer (GDL), gas channel
(GC) and microporous layer (MPL) is important because the interfaces
can facilitate or hinder mass transport of oxygen to reach the catalyst
layer [2,3].

Water accumulation in the GDL in the form of discrete water clusters
decrease the effective diffusivity of the system since the tortuosity of the
air phase is increased by their presence [4]. This effect is illustrated by
the oxygen concentration distribution around the white water clusters
shown in Fig. 1(a). They also contribute to further flooding in the CL,
due to blocking the area for diffusion by through the pathways at the
MPL/GDL interface. Furthermore, the air flow distribution in the flow
fields and GDL could be impacted by the presence of water, possibly
leading to heterogeneity in air velocity distribution which feeds the
entire cell, potentially leading to regions of diffusion limited transport
of oxygen [5].

Water clusters in the GDL provide the pathways of water flow to
the gas channel flow fields [1,6–10]. They also control water removal
from catalyst layer which can cause oxygen starvation, flooding, non-
uniform current distribution and degradation. Oxygen starved regions
will undergo degradation due to differences in reaction rates and
temperature gradients and consequently it is important to resolve water
cluster topology in different GDL microstructures [11] which contribute
to these scenarios.

As highlighted by Fig. 1(b), water may appear from MPL cracks
due to its hydrophobic wettability. They form preferential pathways for
water to enter the GDL from the MPL/CL and therefore water clusters
can be disconnected with independent water phase pressures [12].
Water then percolates through the fibrous porous network to the flow
field channels (or rib regions) as shown by Fig. 1(b) where both
microstructure and wettability effect water accumulation. Depending
on the spatial distribution of these MPL cracks and the wettability of
the channels, the water may attach and spread on the rib surfaces.
Cracks in the MPL surface as shown by Fig. 1(c) may change in size due
to degradation processes [13], which will increase the available area
for water injection, and potentially lead to more independent water
clusters emerging into the GDL.

However, it is difficult to study the interaction of these materials
with water since these processes occur micro-scales inside opaque
materials. Due to the difficulty in experimental imaging, set up and
controlled MPL cracking, it is difficult to use ex-situ methods to perform
sensitivity analysis on the materials. Furthermore, the appearance of
water, as either a boundary source or a condensation source is difficult
to quantify and control. In ex-situ experiments the inlet condition of
water is from either discrete sources (e.g. hydrophobic MPL cracks
or condensation [14]) as shown in Fig. 1(c) or applied as a full area
injection (e.g. Water reservoir experiments [15]).

Liquid water transport is further complicated by the region of inter-
est either under the rib or channel (e.g. at high humidity, under the rib
2

regions, water appears from condensation nucleation points [16,17]).
X-ray CT experiments show discrete water clusters forming both under
the channel and rib regions [12,14,18–21]. Under different bound-
ary conditions porous GDL microstructures can create different water
cluster topology [14,22,23]. Therefore, evaluating process characteris-
tics (such as saturation and effective diffusivity) in conditions closely
resembling operating fuel cell conditions is essential to increase the
applicability of the results to aid in fuel cell design. This is especially
important to reduce cell cost and lifetime by opening the operating
window to high current density 2 A cm−2, where water distribution
in the porous layers effect the distribution of oxygen [24]. This can
be achieved by simulation of water transport in current and future
materials which can develop strategies for the design of novel materials
for water management [5,25].

Experimental studies show material degradation can affect the per-
formance of fuel cells [26,27]. During cycling, catalyst and MPL cracks
can propagate and expand, creating a fractured surface. MPL crack
dilation has been shown to be possible during the lifetime operation
of PEFC at different locations across the cell [13]. An example of
this possible degredation induced crack dilation is shown in Fig. 1(c).
The MPL cracks have a much larger pore dimension (μm) than the
surrounding MPL pores (nm) and have shown to provide pathways for
water transport to the GDL [28]. However, the impact of increased
MPL cracking on water accumulation in GDL has not been investigated.
The area coverage of the cracks on the MPL are shown to be normally
between 2%–8% [29]. However, the effect of extreme cracking scenar-
ios (between 14%–100% MPL area covered by cracks (i.e. no MPL))
caused by long term degradation [13] has not been studied so far. This
would be challenging experimentally to perform due to the difficulty
of controlled cracking of MPL, as well as the technical complexity of
X-ray imaging [14,18,19].

The presence of MPL cracks is generally accepted to improve water
management [28–34]. However, the impact of crack area fraction on
water accumulation in the GDL has not been studied. Each discrete
water cluster emerging from these MPL cracks has its own phase pres-
sure [18,22,35] and the water cluster density, defined as the number
of water clusters per in-plane area of material is important for flooding
in the channels and water covering the GDL for oxygen transport [1].
This interaction of the GDL-channel interface cannot be ignored, as the
water covering the GDL surface blocks oxygen transport [1,36,37].

Therefore one approach is to use computational fluid dynamics
(CFD) to resolve the porous microstructure from CT images and sim-
ulate water interaction knowing the surface wettability. The volume-
of-fluid method (VoF) is an interface resolving technique to simulate
water–air two-phase flow with interaction with solid surfaces using
the finite volume method [38]. It was used in previous studies [23]
to compare the spatial water topology in SGL 25 BA with CT data
with a 92% spatial distribution of water match. It was further used to
compare dynamic capillary pressure profiles from water simulation in
Toray TGP-H 060 to an image analysis prediction of capillary pressure
from the CT data [12] with good agreement.

There are a number of methods that can simulate and study two-
phase flow in fuel cell GDL ranging from pore-network models [3,
16,39–43], lattice-Boltzmann models [8,32,44,45] to VoF [15,23,46].
There are general advantages and disadvantages of each method for
example pore network models are extremely computationally efficient
due to the extraction of a pore space into network of linear connections.
However, they simplify the geometric space and it is challenging to
account for sub-pore scale variation in microstructure and wettability
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Fig. 1. (a) Visualisation of oxygen transport and consumption with the effect of water distribution in the gas diffusion layer (Toray) and channel. Oxygen consumption is at the
microporous layer (MPL) boundary with water appearing from MPL cracks. (b) Rendering of water cluster percolation from a MPL crack through the Toray GDL and attachment
to channel-rib region. (c) propagation of an artificial MPL crack used in the simulations between 2%–14% area coverage.
that could effect the flow [47]. Lattice-Boltzmann models are explicit
methods and have the advantage that they can use the voxel grid
directly without computational meshing however, there are difficulties
that limit the general application of LBM to different scenarios as
explained in Ref. [48]. The VoF utilising finite volume method can
be applied to small and large scale systems efficiently with a multi-
resolution mesh conforming to solid surface structures. It has been
validated in a variety of flow and interfacial flow phenomena outside
the area of electrochemical devices [49] and for water droplet dynamics
in fuel cell channels and GDL [23,36]. However, due to the small
time step limited by the advection of the volume fraction through the
computational cells, the simulations can be computationally expensive,
requiring between 1–5 weeks on 32 processors [23].

In terms of validation of computational models, only a handful of
studies have compared the exact spatial distribution of water against
experimental results [23,40,45,50]. Further analyses of this kind is
beneficial to test the validity of computational models and the compar-
ison between experimental and simulation results is useful for several
reasons:
3

1. to demonstrate predictive capabilities of models beyond exper-
imental validation so that new designs and structures can be
created.

2. to achieve a robust modelling approach to complement time and
cost demanding experiments.

3. to assess validity of commonly used assumptions in modelling
studies and improve modelling workflows.

4. to link the localized oxygen distribution to the current/voltage
distribution in CL. This allows the study of the effect of MPL
mechanical degradation on CL degradation caused by oxygen
starvation.

While in earlier studies by the authors [12] only a limited extent
of the available CT data was used (as shown by the yellow volume in
Fig. 2(a)), herein the full CT data sets are used for CFD simulations.
The purpose of this study is to investigate the development of discrete
water clusters in response to material degradation in the form the
microporous layer crack network expansion, with the presence of the
gas channel. X-ray computed tomography microstructure and transient
water volume data are provided from authors previous studies [12].
Details regarding the estimated local surface wettability are extracted
using this data.



Journal of Power Sources 555 (2023) 232383D. Niblett et al.
Fig. 2. (a) Dimensions of CT rendered surfaces for Toray TGP H-060 with the areas for the validation (yellow) and MPL crack simulations highlighted. Simulation domain and
boundary conditions for (b) the simulation validation against CT data and (c) the full CT image with generated MPL crack simulations. A subset of the CT image was used for the
validation simulation to increase computational efficiency. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
2. Methodology

2.1. Materials

X-ray Computed tomography images of Toray TGP-H 060 and
operando water distribution was obtained from authors previous study,
where the detailed experimental imaging set up can be found [12].
However, it is important to iterate the measurement conditions to
highlight possible differences between the predictive model and ex-
perimental results. The GDL had a coating of 10 wt % coating of
polytetrafluoroethylene (PTFE) without an MPL and was placed on
top of a catalyst coated membrane (CCM). This was a Gore Primea
membrane (15 μm thickness) with 0.1 and 0.4 mg cm2 loading on
the anode and cathode respectively. The emergence location of water
clusters was controlled by laser ablation of the CCM to an area of
200 × 250 μm active area. The cell was operated under fully humidified
conditions at 32 ◦C with a flow rate of 6 m s−1 oxygen in the flow
channel.
4

This study extracted the solid surface from segmented X-ray CT
images of Toray TGP-H 060 [12] (2.8 ×1.1× 0.15 mm3 at 2.75 μm voxel
size) to generate a surface triangulated file as shown in Fig. 2(a). The
yellow volume shown in Fig. 2(a) was taken as a subset of the full CT
image to create the simulation domain in Fig. 2(b). The full CT image
was then used for MPL cracking scenario simulations as shown in 2(c).

The Toray material did not have a MPL but the CL in the experiment
will have a pore network unresolved by the X-ray CT. For the validation
simulations, a block was used below the extracted GDL microstructure,
with an open area equivalent to the size of the active area. For the MPL
cracking simulations, the open areas were transformed into cracks with
sizes resembling those found in literature [29].

The water injection was not connected underneath the MPL and so
did not have a connected phase pressure. The method for generating
the artificial cracks is as follows: the last image of the segmented CT
dataset was extracted (1001 × 400 × 1 voxels) and circles of 4 voxels
in radius were mapped onto the voxel grid by comparing the euclidean
distances of circle and voxel coordinates. As shown by Fig. 3(a) 500
solid overlapping circles were distributed on the surface. Next the
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Fig. 3. (a) process generating MPL cracks with different area fractions by seeding particles on the last CT image and growing particle radius. (b) GDL microstructure with crack
positions and specific crack growth shown from light to dark blue. (c) Final MPL crack boundary conditions for water injection into the GDL. (d) MPL crack size distribution
(equivalent circular radius) for each MPL crack scenario tested (2, 8 and 14%), with dashed lines showing average crack size. (e) Computational mesh used for the comparison
between VoF and CT data. (e) computational mesh used for MPL cracking scenarios with cell resolution highlighted. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
radius of particles was increased, until specific MPL area fractions was
established. Three different MPL crack area coverage fraction were
used as injection boundary conditions as shown in Fig. 3(c) ranging
from 2, 8 and 14% in terms of area coverage. This approximates the
dilation of MPL cracks without the need of a physical model as shown
in Fig. 3(b). Three different MPL crack area coverage fraction were used
as injection boundary conditions as shown in Fig. 3(c) ranging from 2, 8
and 14% in terms of area coverage. Analysis of the cracks was imported
into a custom code using a MATLAB based porous microstructure
generator [51], to extract the MPL crack distribution which had a
similar crack size to that reported in literature [13,29,32].

2.2. Contact angle extraction

The intrinsic contact angle which would be most appropriate for use
in computational simulation was not used because it was not available
at the time of simulation. The sessile drop method was used to obtain
an approximation of the internal contact angles which was used as the
boundary condition for the VoF simulation. However to understand
the real intrinsic wettability of the microstructure, 120 time steps of
CT images were processed to extract the distribution of contact angles.
The voxels of the solid and water interface were smoothed to a surface.
The normals of each vertex were calculated and vertices (between solid
and water interface) were linked based on a distance of 1 voxel. This
5

ensured that the triple line was not used. This is important as during
the smoothing procedure of voxels, surfaces become parallel (180◦) at
the triple point. The angle between the normal vectors was calculated
as the contact angle. The code was tested against an artificial droplet
with varying contact angles, calculated using the radius of curvature
change [1]:

𝑅 =
(

3𝑉
4𝜋(2 + cos(𝜋 − 𝜃))(1 − cos(𝜋 − 𝜃))2

)1∕3
(1)

where 𝜃 is the liquid contact angle on the solid surface, and 𝑉 is the
volume of the droplet. This droplet was mapped onto a voxel grid and
the contact angles were extracted. This produced an error of 10◦ as
shown in Fig. 5(a). This algorithm is similar to that used in [45] to
extract the internal contact angles of the GDL but instead uses the CT
image directly.

The algorithm was used on each time step of CT data of water
moving through the porous microstructure, requiring around 30 s per
image. The average distribution and fraction of the surface which
corresponds to a particular contact angle is shown in Fig. 5.

2.3. Numerical method

This study used computational fluid dynamics (CFD) and the volume
of fluid method (VoF) to solve two-phase flow of liquid water and air
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Fig. 4. (a) 3D water volume renderings showing the comparison between simulation mapped to CT grid (blue) and CT water data (red) with filtered regions removed (Fig. 4(b)).
This includes the voxel comparison result with height extent shown as colour gradient and with scale bars shown. (b) Simulation volume match with CT data with non-filtered
and filtered data. Green volume shows the filtered regions where the simulation could not enter those flow paths. (c) Capillary number distribution for all water cells and all time
steps. (d) Comparison of the channel emergence location of both CT and simulation with scale bar shown. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
in a transient simulation. Additionally, oxygen transport (convection–
diffusion–reaction) is simulated in a steady-state snap-shot of water
in the complex porous system. The VoF method is a robust interface
tracking method, able to simulate free-surface flows such as water and
droplet or bubble flows in liquids with different density or viscosity
on computational grids that can resolve surface structures [38,52]. It
involves the transport of a volume fraction scalar through a computa-
tional grid using an advection equation, where a value of 1 represents
water, and 0 represents air. At the water–air interface, alpha in the cells
is a fraction of both, which indicates the interfaces lies within the cell.
6

Properties used in solving the Navier–Stokes equations (density and
viscosity) are updated at every time step to account for this. Accurate
advection of the volume fraction requires amendment of the transport
equation and knowledge of the cell interface normal and curvature
through either geometric (isoAdvector) or algebraic methods which
have different advantages which are more clearly discussed in [38].

To simplify the computation, phase change and gravitational accel-
eration were not included and furthermore, multi-species diffusion and
pressure drop due to oxygen consumption was not considered due to
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Fig. 5. (a) sensitivity analysis of the developed 3D contact angle extraction code. (b) histogram of probability and cumulative (blue line—fraction of surface) contact angle
distributions for all surfaces the structure where there is an interface. Results are averaged over 120 time steps, with other lines representing neutral contact angle (dashed at 90◦),
mean contact angle (dotted at 118◦) and measured contact angle (red at 156◦). Data for a similar Toray material reported by Liu 2021 et al. [45] shown in magenta. (c) and (d)
3D rendering of the internal surface of the GDL microstructure with extracted contact angles saved as spheres with a coloured contact angle. (e) Water injection time series for
100% area injection into Toray GDL and (f) showing GDL saturation and water cluster density (n mm−1). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
the small domain size. The flow is assumed to be isothermal, incom-
pressible, laminar flow. The governing equation for mass conservation
solved in each cell is:

∇ ⋅ 𝐮 = 0 (2)

where 𝐮 is the velocity vector. The momentum equation for fluid flow,
excluding gravity but including interface forces is represented by the
Navier–Stokes equations as:

𝜌 𝜕𝐮 + 𝜌∇ ⋅ (𝐮𝐮) = −∇𝑝 + ∇ ⋅ (𝜇(∇𝐮 + ∇𝐮𝑇 )) + 𝐹 (3)
7

𝜕𝑡 𝜎
where 𝑝 is the pressure, 𝜌 is the density and 𝜇 is the viscosity. These
physical properties are determined by the volume fraction of water in
each cell 𝛼, for example the average cell viscosity is: 𝜇 = 𝛼𝜇1+(1−𝛼)𝜇2.
The volumetric interfacial force 𝐹𝜎 is calculated as:

𝐹𝜎 = 𝜎𝜅(𝛼)∇𝛼 (4)

where the interface curvature in each cell is estimated using the vector
of the cell face 𝐒𝐟 and the unit normal vector:

𝜅 = −∇ ⋅
(

∇𝛼
⋅ 𝐒𝐟

)

. (5)

|∇𝛼|
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The scalar volume fraction is transported using the general transport
equation for advection.
𝜕𝛼
𝜕𝑡

+ ∇ ⋅ (𝛼𝐮) = 0 (6)

Different interface capturing or advection schemes can be used for
the advection of 𝛼 in order to obtain a sharp interface. In this study,

penFOAM was used along with the isoAdvector volume of fluid
ethod [52,53]. Details of this method and its features have been

horoughly documented in Ref. [23,52]. However, it is important to
ighlight some of the challenges and features of the volume of fluid
ethod. The VoF method is a mass conservative method although, spu-

ious currents can be generated around the interface, causing numerical
iffusion of the volume fraction [49]. Geometrical interface advection
chemes with piece-wise linear interface reconstruction (PLIC) [38]
r filtering of interface velocity can reduce these values significantly
ompared to the standard interFoam solver in OpenFOAM [49].

The formulation used for the contact angle boundary condition at
he contact line uses the specified contact angle 𝜃 and normal vectors
f the interface 𝐧 and walls 𝐧𝐬:

⋅ 𝐧𝐬 = cos(𝜃) (7)

his method is a simplification for equilibrium conditions and does
ot account for advancing and receding contact angles under highly
ynamic states. However, because the water flow is slow, dynamic
tates would only be found during droplet detachment in the channel
nd therefore was not considered. The simulations were completed with
he same computational settings as authors previous studies (CFL 0.1,
napTol 0, nAlphaBounds 3, clip false, tolerance for velocity, pressure,
lpha 10−9) [23].

To investigate the effect of water and microstructure on the oxygen
istribution, steady-state transport of a passive scalar was solved using
steady-state velocity field found using the simpleFoam solver, similar
rocedure to that performed in Ref. [5]:

⋅ (𝐮𝐶) − ∇ ⋅ (D∇𝐶) = 0 (8)

he oxygen concentration 𝐶 (7.1 mol m−3) is transported through
he air space domain by a combination of molecular diffusion, with
he diffusion coefficient D (2×10−5 m2 s−1) and convection from the
elocity field u. In these cases, the water phase was converted into
solid boundary to approximate a snapshot in time (therefore it was

ot necessary to stop the diffusion of oxygen into water). At the MPL
oundary, a fixed gradient condition is applied to approximate the
assive scalar consumption at a current density 𝑖 of 1 A cm−2:

𝐶 = − 𝑖
4𝐹DMPL

(9)

where 𝐹 is the Faraday constant and DMPL is the effective diffusion
coefficient in the MPL (assumed to be 5.05 × 10−5 m2 s−1) and the
number of electrons exchanged in the oxygen reduction reaction at the
cathode catalyst layer is 4. The convergence criteria for the steady state
flow and transport simulations was set to be 1 × 10−5. The external
walls and GDL surfaces had no slip velocity and zero gradient in
pressure and concentration boundary conditions applied. At the outlet,
a pressure value of 0 Pa, zero gradient velocity and concentration was
applied. The velocity field used for oxygen advection was at steady-
state, assuming the water was static, which was assumed to be valid
because the water flux (1 × 10−5 m s−1) is much lower than the air
flux (1 m s−1) under real operating conditions. This was performed to
reduce the complexity of the computational model.

2.4. Domain generation

The simulation domain consists of the gas channel and gas diffusion
layer with discrete injection locations provided by the microporous
layer cracks as shown by Fig. 2(b). The 3D CT voxel structure was
8

smoothed and meshed using snappyHexMesh to generate the compu-
tational domain. For the comparison between VoF and CT data, the
water inlet was assumed to be equal to the area of the dimensions of
catalyst active area as shown by the yellow patch in Fig. 4(a).

The mesh was refined in three different areas for computational
efficiency (coarse: external channel 13 μm, medium: channel region
at droplet emergence 6.8 μm, fine: porous region for water 3.5 μm) as
hown in Fig. 3(e) and (f). The GDL contact angle was 156◦ [12] which

was applied homogeneously on the solid surfaces. The inlet velocity
of water (from the catalyst active area) and air (from the inlet of the
channel) was 0.1 and 6 m s−1 respectively. The simulation required
approximately 5 weeks on 28 CPU (Intel Xeon E5-2640 0 @2.50 GHz)
with approximately 2 million grid cells to reach breakthrough to the
channel. This was because the adaptive time step was low and the time
required for water percolation to reach the channel was long, meaning
many iterations for the transient simulations were needed.

The simulation and CT image were compared at timesteps when the
volume of water in the GDL was equal. However, due to mechanisms
not included in the simulation (unresolved mesh regions, phase change
or connected water pathways in the catalyst layer), the green region in
Fig. 4(c) appeared early. Therefore, to provide a much closer compari-
son as shown by the images in Fig. 4(b), this was filtered out to remove
the time lag in the simulation data to focus in the analysis on the main
water percolation pathways in the CT data.

The computational grid for the MPL cracking scenarios used a coarse
to medium mesh refinement as shown in Fig. 3(f). This was chosen
to increase computational speed because the simulation domains were
larger. The domain contained 1.96 million cells, with the smallest cell
resolution of 6 μm (with results shown in Figs. 5(e) and 6).

The pore structure developed from this coarser mesh may not
replicate local scale fluid dynamics such as the laminar boundary layer
between tight pore throats. However, we are focused on capillary
dominated two-phase flow and this mesh preserves the general porous
structure of the larger network of pores. Small pores would not receive
much change in flow rate, because of the hydrophobic surfaces. To
decrease simulation time, a water injection rate of 0.01 m s−1 (536

cm−2) was applied to the water inlet surface at the microporous
ayer. This is possible because the development of the water flow
aths is independent of the water velocity below a capillary number
hreshold [23,32].

.5. Assumptions

The model assumes unsteady, laminar, isothermal and incompress-
ble flow which is valid considering the scale and Reynolds numbers
xperienced (Re < 1). The internal surfaces of the Toray material was
et as the measured contact angle (156◦) and the contact angle for the

porous microstructure for the MPL crack simulations (shown in Fig. 6)
was assumed to have a lower homogeneous contact angle of 130◦ which
was set due to the differences in the measured contact angle and the
distribution extracted in Fig. 5. The loss of the GDL contact angle over
cell lifetime is a known issue [54] resulting in performance loss from
water accumulation induced degradation.

Previous studies have shown the volume of fluid method cannot
practically replicate the exact dynamic time series data until break-
through to the gas channel because the time step required for stable
simulation is very low (t = 107 − 109 s) [23]. However, as shown by
the results in this study, the VoF method provides an accurate way to
predict the microstructure water distribution relationship. Therefore,
to study the interaction between the solid structure and water over
120 s of real time, the simulation was accelerated (by increasing the
water flux). The capillary number exhibited by this increased flow
rate was chosen to ensure the flow remains capillary dominated (so
that the flow paths are not influenced by fluid convection). However,
this capillary number was chosen for the inlet area whereas the local

capillary number could be much larger due to pore scale constrictions.
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The increase in the flow rate may lead to an increase in inlet pressure
which could affect how water moves through the porous network.
However, as shown in authors previous study for the same data set,
the phase pressure of water in the simulation was very similar to the
extracted phase pressure calculated purely using curvature analysis and
Young–Laplace equation [12].

2.6. Post-processing

Comparison of water volume data between simulation and CT was
only performed until breakthrough to the gas channel as shown in
Fig. 4. The simulation did not resolve some flow paths in the porous
network which could be related to real connected pathways in the CL
not resolved in the computational mesh [12]. Therefore, to understand
the potential of VoF for replicating the water cluster a comparison
was made between the CT data and the simulation data with the
unrepresented pathways and with them removed (filtered data).

To compute the comparison between the spatial distribution of the
water for both simulation and experiment, the simulation data (volume
fraction) was mapped to a voxel grid with the same dimensions as the
CT image shown in Fig. 4(a). The same process was also used to create
the averaged water thickness maps and the water subtraction processes
are depicted in Fig. 6(a).

To assess our choice of accelerating the water injection rate, the
capillary number distribution for each cell in the validation simulation
domain which contained water was extracted using:

Ca =
𝜇𝑈𝑖
𝜎

(10)

Where 𝜇 is the viscosity of water, 𝜎 is the surface tension and 𝑈𝑖 is
the magnitude of velocity in cell 𝑖. This was extracted for each time
step in the simulation, with the capillary number distribution shown in
Fig. 4(c).

3. Results & Discussion

3.1. Validation of VoF using CT data

Water from the simulation and CT data for the Toray GDL was
compared using a simulation domain shown in Fig. 2(b). This used the
catalyst active area shown in yellow in Fig. 4(a) as the inlet area for
water into the porous domain. The rest of the catalyst area was assumed
as a wall in the simulation.

Fig. 4(a) shows the renderings of volume comparison between the
CT water data and simulation data mapped onto the CT voxel grid
different time steps. This also includes the water volume difference
operation (where the translucent volume shows the matching water
volume). This shows that the VoF simulation can predict water distribu-
tion at different time scales well if given the pore-scale microstructure.
At water breakthrough to the gas channel, the results in Fig. 4(b) show
there is between 58%–88% match in terms of spatial distribution of
water. The accuracy is lower at earlier water production times because
the water in the CT data invaded some pathways in a different order
compared to the simulation data. Furthermore, the reason for lower
water volume percentage match at the early times is also due to the fact
that there are less water voxels in the domain and therefore differences
in a few voxels contribute more to the overall volume percentage
difference. The green volume shown in Fig. 4(b) is the filtered regions
which the simulation did not have access to and was the consequence of
the assumption of a liquid water inlet from the catalyst active area. This
green volume, found by the voxels of water from CT images that the
simulation never entered, are removed for the comparison in Fig. 4(a).
Fig. 4(d) shows there is only a minor difference in the breakthrough
location to the channel.

It is important to note that in each of these comparison cases, the
saturation in the GDL was the same, but the distribution of water in the
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domain was different. Therefore, by comparing water volumes voxel to
voxel, the model is being tested most rigorously. The most important
data is at breakthrough to the channel (e.g. at 120 s in Fig. 4(a)) as
this is when the water phase pressure is controlled by the droplet in the
channel and relatively little movement of water in the GDL will occur.
With that in mind, if VoF can replicate this distribution reasonably well,
such as shown by the comparison between red and blue water clusters
in Fig. 4(a), then this will be the most important criteria to test VoF
accuracy against.

The comparison between the filtered and unfiltered comparison in
Fig. 4(b) shows that the transient simulation does not match well with
transient CT data (in terms of exact interface topology) without filter-
ing. However, in this complex porous structure differences between
simulation and experimental domains can deviate the water growth
by the introduction or removal of important pore-scale features. In
each comparison scenario, the volume of water in the GDL was almost
matching it is only the distribution of that water volume that was
different.

Compared to the VoF simulation of water injection in SGL 25 BA
used in previous studies [23], the studied GDL structure (Toray TGP-H
060) and water clusters are more complex and the pores and throats
are smaller but resolved at a similar voxel size. This fibrous system is
therefore more prone to structure coarsening during the transcription
process since some critical path defining features may only be 1 voxel
in size.

The local scale capillary number distribution is shown in Fig. 4(c),
where the capillary number is calculated using Eq. (10) for cells con-
taining water at all time steps. The inlet area capillary number is shown
by the black dashed line and the stability limit for capillary dominated
water topology is shown by the red dashed line [44]. The distribution
shows that the mean capillary number is around 4 × 10−3 and therefore
there could be an influence of viscous forces which will change the
fluid distribution pathways compared to a purely surface tension driven
scenario. Although, in every pore scale system the pore scale velocity
is much larger than the domain averaged velocity due to the reduced
area of pore throats for flow (e.g. in the Hagen–Poiseuille equation, the
mean velocity is half of the maximum velocity in the cross-section).
Regardless, it was the assumption taken at the time which was able to
replicate the general water distribution pattern at breakthrough to the
channel.

The differences between VoF and CT water volume distribution
could also be attributed to internal heterogeneous wettability [45],
as is shown by the estimated real distribution of contact angles in
the material in Fig. 5. Alternatively, the differences can be caused
by the connected liquid water pathways in the CL [12]. This arises
from the simulation either ignoring or simplifying these properties
(e.g. isothermal conditions, homogeneous wettability, unresolved CL
porous network). Nevertheless, the general water pore network remains
the same between simulation and CT data as shown by Fig. 4(a).
The simplifications used in this investigation were able to reproduce
the water cluster accurate enough, resulting a small error but with
greater computational efficiency. Consequently, this means that the
VoF method can be used with confidence as a good prediction of the
real dynamic water transport in fuel cell GDL. However, there are limits
to the confidence of the model, highlighted by the need to identify the
correct assumptions for water injection from the MPL, which could be
from either percolation or phase change processes. Furthermore, the
differences highlighted by the comparison in Fig. 4(b) and (d) show
that the internal local scale wettability of the material, caused by the
differences in coating methods and surface microstructure can alter the
percolation pathways and this should be considered in future models.

The confidence of the CFD model is likely closer to the 88% accu-
racy because if the sources of water can be explicitly known (either
by resolving the MPL void space, or as a condensation source), the
other pathways not invaded by the simulation will be resolved. Further-
more, the assumptions made in the model for homogeneous pore-scale

wettability can be improved by knowing explicitly the distribution of
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contact angles inside the material. However, this information prior to
experiments is hardly known and therefore a model that can estimate
water percolation pathways like VoF can be useful for material design
for the GDL, MPL and channels combined. Furthermore, the volume
of water inside the GDL (saturation) in both the simulations and the
experiment was the same, but it was the spatial distribution of that
water that differed in Fig. 4(b).

3.2. Water injection and wettability analysis of Toray GDL

The results shown by the validation of the contact angle extraction
code is shown in Fig. 5(a). This analysis at the full range of contact
angles shows that the code can predict the mean contact angle reason-
ably well. However, there is greater variation in accuracy at low and
high contact angles. Nevertheless, the contact angle under predicts hy-
drophobic contact angles and over predicts hydrophilic contact angles.
This should result in a more normal distribution around neutral contact
angle and could explain the shift in contract angle distributions found
by the extraction on the CT data in Fig. 5(b). Regardless, the code was
deemed sufficient due to its computational speed on each timestep (30 s
per stack).

The code to extract the 3D contact angles was applied to each vertex
where the water voxels interacted with the solid voxels, as shown
by the spheres plotted on the surface in Fig. 5(c). It is clear from
the image, that there is a spatial variation in the contact angles in
the porous microstructure with some areas being correlated to being
more hydrophobic or hydrophilic, shown by the difference in colours.
These points are averaged values over 120 time steps and produce the
distribution of contact angles as shown in Fig. 5(b). This shows that
around 80% of the surface is hydrophobic, with a mean contact angle
of 118◦ but also shows that around 20% of the surface is hydrophilic.
These regions may cause wicking and retention into certain areas
of the porous microstructure due to higher capillary adhesion forces
as has been experimentally witnessed [19]. There is a difference in
the distribution of contact angles found using the dynamic water CT
data in this study to the data from Liu et al. 2021 [45]. However,
both distributions show a higher fraction towards hydrophobic internal
contact angles especially with increased PTFE coating including the
observation that the mean contact angle (118◦) is much lower than the
apparent (sessile drop) contact angle by around 40◦. The differences
in our extraction in internal contact angles can be attributed to the
predictive capability of the quick matlab contact angle calculator as
shown by Fig. 5(a) including the unknown distribution of PTFE in both
materials.

Considering the equilibrium contact angle of carbon and PTFE is
around 66◦ [55] and 130◦ [56] respectively, then the local scale contact
angles that exist beyond these ranges could be due to the resolution of
the CT data not being high enough and so the code does not extract the
angle correctly. Alternatively, these extreme contact angles could be
extracted by a combination of the complex microstructure and wetting
dynamics. For example the advancing contact angle of water on carbon
can reach as high as 92◦ [55] and the receding as low as 40◦ [57].
With this in mind, the distribution of PTFE and internal wettability
warrants further investigation, as local scale wettability differences
can be manipulated to create materials with better water management
properties [58].

To investigate the formation of water clusters in the Toray material,
a full area water injection simulation (constant flux) was performed.
Fig. 5(c) shows the water interface at different times, showing the
emergence of several water clusters branches from the injection source.
This is possible because the water phase pressure is large enough to
enter some of the larger pores in the material.

In this case, many individual water clusters emerge prior to the
onset of further in-plane movement. The in-plane movement leads to
coalescence of clusters, forming fewer, larger clusters at later times
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close to breakthrough to the channel as shown in Fig. 5(d).
The in-plane movement and merging of water clusters is clear from
the dynamic response of the water cluster density (the number of
discrete clusters divided by the in-plane area). When the water clusters
reach the channel (2 × 10−3 s), further in-plane merging is suppressed
which is shown by the plateau of the saturation and water cluster
density. This effect is caused by the decrease in the capillary pressure,
caused by the open channel space [12]. This result highlights that using
a thicker GDL could result in more in-plane merging, and therefore
more stagnant water clusters.

3.3. Microporous layer crack inlet simulations

In this section, inlet boundary condition for water at the microp-
orous layer is defined by controlling the cracking ratio (ratio of the
crack area to MPL area) as shown in Fig. 2. These water injection
simulations are performed to understand potential impact of MPL
mechanical degradation on water flooding in the GDL. The simulations
are continued until the saturation in the porous domain remains steady.
The generated crack diameter size distribution is shown in Fig. 3(b).
The crack propagation and size increases with MPL area coverage
(2%–14%) with dimensions similar cracks found in literature [26,29]
(average 60 μm crack width).

Fig. 6(a) shows the thickness of water for each simulation corre-
sponding to crack dilations of 2, 8 and 14% respectively which is shown
in Fig. 3(c). The 100% result (i.e. equivalent to no MPL) is taken from
the final time of Fig. 5(e) and acts as the baseline case against which the
varying crack dilation can be measured. The colour scale in Fig. 6 is sig-
nificant because three-dimensional water volume data is mapped onto a
two-dimensional grid. This allows the thickness (i.e. how much water is
accumulated) to be shown rather than just water blockage, where white
areas contain no water, and blue areas may only contain 1–2 voxels of
water. The water volume difference between each crack area fractions
simulations (increased crack dilation), shows that increasing the crack
propagation (MPL area fraction) changes the distribution of water in
the GDL.

When the same cracks are dilated (i.e. grown) by some physical
process this enables the water network to have greater options for
pores with lower entry capillary pressure. This can allow for entirely
new clusters (shown by large water thickness (red)) or for connectivity
between MPL cracks as shown by the water volume subtraction images
in Fig. 6(a). The difference in cluster formation is particularly marked
when comparing the 14% crack dilation case to that of the full water
injection; there are water clusters in the 14% crack dilation case that
do not appear in the 100% and vice versa. This suggests that the MPL
cracks can alter the development of water clusters in GDL. Hence, ex-
situ analysis (such as capillary pressure-saturation curves) may not fully
represent how the material handles water during cell operation since it
will overestimate GDL saturation.

Increasing the MPL crack area coverage increases the saturation of
the GDL as shown by the saturation profiles in Fig. 6(b) and therefore
in an optimal scenario, water injection sites to the GDL should be
controlled. There is a sharp increase in saturation from the MPL apart
from the 100% case which appears to result in a different saturation
profile than the MPL crack cases. This difference is a result of the
unrealistic conditions set up in the full water injection case; 100%
injection is an extreme boundary condition unlikely in PEFC, since
there would be no access for oxygen diffusion into the CL and thus
represents a near limiting current case. These simulation results are
based on the assumption of only water percolation from the MPL
cracks whereas during PEFC operation, condensation of water vapour
under the rib regions can be an additional source of water [14]. These
results are important as they highlight the importance of the MPL in
determining the water management characteristics of GDLs.
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Fig. 6. Results of the water injection into a Toray material from MPL cracks for: (a) Through-plane water thickness (μm) for the final time step of each MPL crack scenario
(2%–100%) with white showing no water present. Images below show the water volume subtraction process between each cracking ratio (e.g. 8% subtract 2%) revealing water
distribution differences as cracking increases. (b) Saturation of the GDL as a function of the distance from the MPL. (c) Extracted water cluster density, mean and maximum cluster
volumes for each simulation case. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
3.4. Capillary pressure characteristics of discrete clusters

For the 2% crack area simulation, isolated cluster mechanisms
have been extracted for a single water cluster under the rib as shown
by Fig. 7(a) during its percolation and detachment cycle shown in
Fig. 7(b). The capillary pressure of the water increases between points
1 to 2 where the critical pore throat produces the largest phase pressure
in order to break through. Pore-scale invasion continues at lower
capillary pressure between points 2 to 4 where the cluster merges with
an adjacent cluster (shown by the jump in water volume).

The water attaches to the channel rib region between point 4 and
5 which reduces the phase pressure due to the decrease of interface
curvature. This relaxation in pressure causes the connected water col-
umn to snap off as shown by the jump in capillary pressure at point
5 in Fig. 7. Point 6 represents the similar scenario as point 1. This
mechanism of water removal is an important feature of hydrophilic
channels, therefore a design of a PEFC with hydrophobic channel
features will not benefit from this water removal technique. The phase
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pressure profile obtained for this cluster is similar in phase pressure
magnitude (between 3–6 kPa) to the results found by [12].

However, the simulation most likely overestimates the evacuation
of water out of the structure due to the use of a single contact angle
for the GDL. This does not account for the receding contact angle which
will resist water movement out of the GDL, this has been shown in the
differences between simulation and experimental results [23,59].

3.5. Oxygen distribution at MPL surface

To show the impact of water flooding and microstructure on PEFC
performance, two simulations were performed under single-phase and
two-phase conditions (using the last time of the 14% MPL crack case).
In the two-phase case, the water surface was considered to be a solid
surface. The velocity field from solving the steady state momentum
equation was used to solve the advective–diffusive transport equation
with a fixed gradient boundary condition at the MPL surface. This
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Fig. 7. (a) 3D rendering of X-ray data removing the void space showing the rib, GDL and spherical volume of interest (VOI) for the following analysis. (b) Capillary pressure
(𝑃𝑐 = 𝑃𝑤𝑎𝑡𝑒𝑟 − 𝑃𝑎𝑖𝑟) and water cluster volume profiles over time for water percolation with 𝑃𝑐 variation from pore invasion (1–3), channel rib attachment (4) and interface snap off
(5) processes.
approximates the consumption of oxygen as a diffusive flux through
the boundary based on the current density (1 A cm−2) [5].

The velocity, pressure and oxygen concentration field through the
two-phase domain is shown in Fig. 8(a). The distribution of the velocity
due to the acceleration around droplets and low flux in the GDL creates
dispersion in the oxygen distribution, as shown by the differences in
concentration at the channel surface and at the MPL surface as shown in
Fig. 8(b). The presence of water clusters can create transport resistance
to areas directly beneath but also adjacent to each cluster.

The impact of both microstructure and water on the oxygen trans-
port can be seen in the oxygen distribution at the MPL surface for
single-phase and two-phase flow shown in Fig. 8(c). As discussed
earlier, in Fig. 6, the in-plane merging of water clusters can create
resistance for oxygen transport. This effect can be clearly seen in
regions between some of the MPL cracks which show reduction in
oxygen concentration by 10 to 15% compared to the single phase case.
The variation in oxygen concentration in PEFC operation will cause
large temperature profile variance, leading to more local degradation.
Although this is not studied in this work, future modelling work could
investigate the effect of these local gradients on the performance.
Fig. 8(d) shows the averaged oxygen concentration along the length of
the channel; the presence of water decreases the average concentration
at the MPL surface by about 3% compared to the single phase case, due
to the added transport resistance from the water. Although this value
is small, we only considered a small domain size (mm) in comparison
to the full cell area and at higher current density with less convection
in the channel, this variation in oxygen concentration could be higher.

This phenomena is important to consider for the design of new GDL
and MPL materials. For an optimal water removal, water should feature
low in-plane movement to restrict the impact of water on oxygen
transport to the MPL surface. Introduction of more convection into
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the GDL could reduce the large gradients in oxygen, which could be
achieved by more open pore structures [5,60].

4. Conclusion

In this study CFD simulations have been used in a segmented X-
ray CT image of a Toray material to understand the impact of injection
conditions formed by the microporous layer (MPL) on the water clusters
formed in the GDL. The artificial cracking of the MPL was used to
understand the potential consequences of material degradation. The use
of VoF was analysed against exact water volume data in an operando
experiment, showing a 58%–88% match at water breakthrough to the
channel. This result improves the confidence in the use of CFD for
predicting water distribution in pore-scale materials in PEFC.

Using a quick image analysis code, the 3D averaged contact angle
was found for the internal surfaces which showed that around 80%
of the surface was hydrophobic with a mean contact angle of 118◦.
The water cluster density was shown to be between 5–15 n mm−2 and
depends on the water source condition from the MPL interface. This
value has been shown to be an important condition for two-phase flow
simulations in the flow channels [1].

An MPL with increasing crack dilation will increase GDL water
flooding due to greater options and probability for the connected water
network to flow (resulting in more in-plane movement before break-
through to the channel). The presence of an MPL was shown to create
main water cluster pathways (14% crack area) that were not replicated
by the GDL without an MPL (100% crack area). Consequently, the
results presented in this study highlight the importance of minimising
microporous layer cracking; since the 2% area boundary condition
resulted in a lower overall saturation. Furthermore, the results highlight
that using a thinner GDL may limit the in-plane coalescence of clusters.
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Fig. 8. (a) steady state velocity field, pressure field and oxygen concentration for a slice through the simulation domain with 14% MPL cracking. (b) Rendering of water volume
effect on the oxygen distribution in the channel and at the MPL surface. (c) Differences between oxygen distribution at the MPL between single-phase and two-phase flow. (d)
Averaged concentration of oxygen along the length of the channel at the MPL surface for single-phase and two-phase flow (14% cracked).
This study also showed that the boundary conditions for water injection
into the GDL can create different water distributions.

The effect of the water clusters on oxygen distribution was simu-
lated using a scalar consumption boundary condition at the CL surface
which showed that locally there could be a minimum of 10% difference
compared to the single-phase case. This is caused by the in-plane
extent of some water clusters between MPL cracks and therefore, it
is important to limit water cluster growth in the in-plane direction.
This could be made possible through the use of porous microstructure
design [5] and or patterned wettability alteration [58].

Future work should consider firstly if the distribution of MPL cracks
can be controlled and secondly to select a cracking arrangement that
minimises water cluster merging, subsequently reducing the impact of
in-plane water spreading on the oxygen transport to the CL. Further
simulation studies could investigate the effect of local oxygen concen-
tration on the temperature variation and subsequent degradation of the
cell.
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