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This paper proposes a three-dimensional (3D) volume of fluid (VOF) study to investigate two-phase flow in the gas diffusion layer
(GDL) of proton exchange membrane (PEM) fuel cells and liquid water distribution. A stochastic model was adopted to reconstruct
the 3D microstructures of Toray carbon papers and incorporate the experimentally-determined varying porosity. The VOF predictions
were compared with the water profiles obtained by the X-ray tomographic microscopy (XTM) and the Leverett correlation. It was
found local water profiles are similar in the sample’s sub-regions under the pressure difference p = 1000 Pa between the two GDL
surfaces, but may vary significantly under p = 6000 Pa. The water-air interfaces inside the GDL structure were presented to show
water distribution and breakthrough.
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Proton exchange membrane (PEM) fuel cells offer much promise
for replacing the internal combustion engines because of its outstanding merits such as high efficiency, low noise and negligible emissions.
The gas diffusion layer (GDL), which provides the transport paths for
reactants, is one of the key components in PEM fuel cells.1 Liquid
water in the GDL is originated from the oxygen reduction reaction
(ORR) at the cathode catalyst layer, hindering gaseous reactant transport to the catalyst sites. Under severe conditions, electrode “flooding”
occurs and may cause material degradation and efficiency reduction.
Thus, liquid water needs to be efficiently removed via the GDL to
avoid electrode flooding,2 and predicting the 3D water distribution in
the GDL is crucial for fuel cell design and performance optimization.3
In general, the GDL is a porous layer composed of woven (carbon cloth) or randomly oriented non-woven carbon fiber (carbon
paper),3,4 as shown in Fig. 1a. A high experimental resolution is extremely necessary for probing water distribution in the GDL that is
around 200 μm thick.5 Presently, two promising imaging techniques
are mainly adopted to probe water distribution in GDLs: Neutron
radiography6,7 and X-ray tomography.8–10 Both techniques are nondestructive to obtain local water content. Cooper et al.7 employed
neutron radiography to examine the local water saturation of an insitu PEMFC in the direction of through-plane. They found that 3D
carbon cloth GDL has lower water saturation than 2D carbon straight
fiber paper GDL; Flückiger et al.8 adopted X-ray tomography microscopy to detect the local water saturation distribution in an ex-situ
Toray GDL, they found liquid water retention effect at the denser layers near the surface; Zenyuk et al.9 used X-ray computed tomography
to investigate the land and channel effects on local liquid water distribution in the GDL under different levels of compression, a strong
correlation between liquid water saturation and porosity distribution
was found at high compression. These imaging techniques are usually
costly and time consuming.
Alternatively, several two-phase models have been proposed to
predict water dynamics and distribution such as the multiphase mixture (M2 ) model,11–15 lattice Boltzmann method (LBM),16–20 pore network method (PNM)21–23 and volume of fluid (VOF) method.24–26
Pasaogullari et al.11 presented a M2 model to predict liquid water profile across the GDL. The Leverett J function was used to estimate the
capillary pressure in the GDL. Baschuk and Li13 adopted a M2 model
to formulate the mass and liquid water transport in the GDL. Wang15
investigated single- and two-phase regions inside a GDL for both co
and counter-flow configurations. They also predicted the liquid water
in the anode side. Hao et al.17 developed a two-phase LBM model to
study air-water flow in the GDL’s microstructures. They predicted the
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capillary pressure-water saturation curves in a mixed wettability GDL
and compared them with experiments. Agaesse et al.23 presented a
PNM model to perform validation of two-phase flow in the GDL, and
a new scheme was proposed for generating the random fiber structures.
Park et al.24 adopted VOF method to investigate water dynamics in
the GDL’s microstructures, and the effects of fiber contact angle and
pressure gradient along the through-plane direction. Yin et al.25 used
a similar approach as Ref. 27 to reconstruct GDLs, and developed a
two-phase VOF model to study the effect of non-uniform fiber contact
angle on water transport. Importance and theory of multiphase models
in PEM fuel cell were discussed by a few reviews and works1,2,28,29 in
detail.
Though various two-phase models have been proposed, few studies
compared their prediction of liquid water profile across the GDL with
experiment data.23 One major reason is that those detailed data were
only available recently when high-resolution radiography techniques
were introduced. In this study, a 3D two-phase VOF model, along
with a stochastic model of GDL microstructures reconstruction, was
developed to investigate the liquid water distribution inside the Toray
carbon paper GDL (TGP-H-060). Although several two-phase VOF
models have been adopted for the air-water flow in GDLs,24–26 model
comparison with experimental water profiles in GDLs was mostly
ignored. In this study, a major goal is to compare the numerical results
of the VOF model with the experimental data obtained from 3D X-ray
tomographic microscopy of an ex-situ GDL.8 The water-air interfaces
were presented and water breakthrough was discussed.
Model Development
VOF model.—Governing equations.—In the two-phase VOF
model, the liquid water phase fraction γ is introduced as a main
variable to be solved. The cells fully occupied by liquid water are
marked as γ=1, whereas cells fully occupied by air are marked as
γ=0. The cells with phase fraction between 0 and 1 consist of airwater interface. The volume averaged density and dynamic viscosity
for air-water mixture, ρ and μ, are calculated based on the water phase
fraction γ as follows:
ρ = ρl γ + ρg (1 − γ)

[1]

μ = μl γ + μg (1 − γ)

[2]

where subscripts l and g denote the liquid phase and gas phase respectively. The governing equations for the two-phase VOF model in this
study are listed as follows:
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Figure 1. (a) SEM images of carbon paper and carbon cloth4 (reprinted from Ref. 4 with the kind permission of the publisher). (b) Computational domain and
boundary conditions of two-phase flow within the reconstructed carbon paper model.

Continuity equation:
 =0
∇ ·U
Phase conservation equation:
 


∂γ
γ +∇ · U
 r γ (1 − γ) = 0
+∇ · U
∂t
Momentum equation:



 

)
∂ (ρU
U
 − ∇ · μ∇ U
 − ∇U
 · ∇μ
+
∇
·
ρ
U
∂t
= −∇ pd − g · x ∇ρ + σκ∇γ

[3]

[4]

pd = p − ρg · x
[5]

 is the effective velocity vector shared by the two phases
where U
throughout the flow domain, which is defined as
 = γU
 l + (1 − γ)U
g
U

r = U
l − U
 g is the relative velocity of liquid and gas at the
U
interface, designated as “compression velocity”, the subscript r here
denotes “relative velocity”; γ, σ and κ are the phase fraction, surface tension coefficient and mean curvature of the phase interface,
respectively. pd is a modified pressure for simplifying the boundary
conditions, defined as

[6]

[7]

where x is the position vector and g is the gravity vector, the subscript
d denotes “dynamic”. In this VOF model, the continuum surface force
(CSF) model is adopted to account for the effects of surface tension
at the liquid-gas interface by adding a force source f σ to Equation 5,
which is defined as follow
f σ = σκ∇γ

[8]
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Figure 2. Reconstructed 3D carbon paper and fiber distributions at different in-plane. (a) Constant porosity; (b) Varying porosity (varying porosity distribution is
potted in the Fig. 3a).

the subscript σ denotes “surface tension”, where the mean curvature
of the phase interface κ is determined by:


∇γ
[9]
κ = −∇ · n = −∇ ·
|∇γ|
It can be observed that κ is the interface curvature that is calculated
with the divergence of the unit interface normal n and the unit interface
normal n can be approximated with ∇γ/|∇γ|. The surface unit normal
n is adjusted in the cells adjacent to the wall according to the following
equation:
n = n w cos θ + tw sin θ

[10]

where n w is the unit vector normal to the wall, tw is the unit vector
tangential to the wall, the subscript w denotes wall. θ is the contact
angle. In this study, only the constant contact angle is considered.
Initial and boundary conditions.—The GDL sample in this study
is 190 μm thick with a diameter of 1.5 mm. A pressure difference p
between the inlet and outlet (or the two GDL surfaces) was set, which
drives liquid water permeation through the GDL sample. The no-slip
boundaries were imposed on the other walls. For no-slip boundary
condition, the liquid velocity is set zero at the wall surface. The liquid
velocity at the cells adjacent to the wall may not be zero. No-slip
boundary is a popular boundary condition set at solid wall surfaces. For

example, for liquid flow in a channel/tube, no-slip boundary condition
is usually applied at the channel/tube inner surface. A constant fiber
contact angle θ, 109◦ was set for the polytetrafluoroethylene (PTFE)
treated (20 wt%) GDL.30 Initially, there was no liquid water in the
GDL.
Numerical procedures.—Because of the complex microstructures
and the limited computational mesh, a fiber cross-section is approximated as a square shape, which has been adopted in many previous GDL models.16–20,25–27 We also conducted a grid-independence
study using a small domain, showing the approximation is accurate
in predicting two-phase flow in GDLs using the chosen grid size.
The computational domain of the present GDL was discretized with 4
million of hexahedral mesh, as shown in Fig. 1b. The open source software Open FOAM was adopted to perform the numerical simulations,
and the semi-implicit method for pressure linked equation (SIMPLE)
scheme was responsible for the coupling solution of the pressure and
velocity. The open-MPI was adopted for parallel computation. The
time step was set 2 × 10−7 s. Each case took about 48 hours by using
28 Intel Xeon @2.93 GHz processors in parallel.
Stochastic model.—A Toray carbon paper consists of numerous horizontally orientated straight fibers, as shown in Fig. 1a.
The Toray carbon paper TGP-H-060 in the X-ray experiment8 was
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Results and Discussion
Water through-plane distribution.—This section presents comparison of the local water saturation in the through-plane direction
between the model prediction and X-ray experimental data.8 The local
water saturation was obtained by averaging the water phase fraction in
the pore space in the in-plane direction. Fig. 3a compares the spatially
varying porosity profiles for digitally reconstructed and experimental
GDLs.8 It can be seen that the spatially varying porosities follow similar patterns as the experimental ones with a spatial variation ranging
from 0.55 to 0.95. Fig. 3b compares the predicted water profiles with
the X-ray experimental data for the three cases. It is noted that the
three pressure values of 1000 Pa, 4000 Pa, 6000 Pa refer to the pressure
difference p between the two GDL surfaces. For the case of 1000 Pa,
a rapid drop of the water saturation was indicated near the water entrance in both the experimental data and numerical prediction. After
the initial drop, the saturation remains low with little variation. In
general, the numerical result agrees well with the experimental data.
When the liquid injection pressure increases to 4000 Pa, the prediction
shows similar trend as the experimental data, including the beginning
fast drop. However, the model prediction shows a slight bump at the
middle depth of the GDL, which is absent in the experimental data.
For 6000 Pa, the bump near the middle depth in the model prediction
is significant, considerably deviating from the experimental data. In
addition, the experimental data shows a big jump in the water saturation near the water exit (or right) side of the GDL, where the model
only predicted a small increase. The cause for these observed deviations is possibly due to difference in the porosity in-plane variation9
or the PTFE loading (hence the contact angle) spatial variation.34 In
the range of pressure 1000–6000 Pa, the average water velocity varies
from 0 (liquid water fails to break through GDL) to about 0.014 m
s−1 , which correspond to the water production rate of fuel cell at a
current of 0 A cm−2 to 7000 A cm−2 (normal PEM fuel cell operates up to about 2 A cm−2 ). For the predicted water velocity larger
than normal fuel cell water production rate, we think three points are
important to justify the selected range: 1.) Water flow in the cathode
GDL may come from other resources, including the anode side via
water electroosmosis and water accumulation (or local storage). Water
accumulation (or storage) has been observed by other experiments,
which leads to periodic liquid break-through GDL.35 2.) The experiment paper studied this range of operation (i.e. 1000–6000 Pa) and
provided the corresponding image data of water. And 3.) It is also
of fundamental importance to investigate general two-phase flows in
carbon papers.
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digitally reconstructed using a stochastic method.17,18,25–27 The following assumptions were made in the digital reconstruction: (i) straightly
cylindrical fibers of the same diameter lay in each plane; (ii) fibers
are perpendicular to the in-plane direction and can be overlapped with
each other; (iii) fibers are randomly distributed in each plane. For
the through-plane uniform porosity GDL, in the construction of each
plane the same porosity was set. The pore size distribution in the
experimental sample was not provided by the original experimental
work.8 However, the pore size distribution of the GDL reconstructed
by this commonly used stochastic method has been validated in previous studies.31–33 For the varying porosity sample, the local porosity
of each plane was specified according to the experiment data.8 Fig.
2 shows a reconstructed carbon paper GDL with spatially constant
and varying porosities, respectively. The fiber distributions at different locations are shown in details, and the varying porosity profile in
the through-plane direction is plotted in the Fig. 3a. It is seen that the
spatially varying porosity case has a larger porosity at the two sides
of the GDL and smaller in the middle. In addition, though fibers in
each plane were randomly distributed, the pore size is not uniform
throughout the plane. Specially, Fig. 2b shows sparse fibers (or relatively large local porosity) at the upper right corner at h = 0.39.
The GDL of spatially constant porosity was also reconstructed with a
porosity ε = 0.8, which is the average of the experimental data.8
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Figure 3. Comparisons of local porosity and water saturation over the
through-plane direction between numerical results and X-ray experiment data.8
Operating conditions: fiber contact angle θ = 109◦ , 20 wt% PTFE treatment
for the GDL, p = 1000, 4000, 6000 Pa. (a) Local porosity; (b) Local water
saturation.

Averaged water saturation in GDLs.—Fig. 4 compares the averaged water saturation prediction with experimental data.8 It can be
seen that the model prediction agrees well with the experimental data
despite the deviation in the local profiles for 6000 Pa. The model prediction of the uniform porosity GDL is also presented for comparison,
showing a large discrepancy with the experimental data. Furthermore,
the Leverett J function, a popular correlation for the capillary pressure
in porous media, is also plotted. It is seen that under the two low
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Figure 4. Comparison of numerically averaged water saturation in the entire
GDL (both constant porosity and varying porosity) with experimental ones8
and standard Leverett capillary pressure function model. Operating condition:
fiber contact angle θ = 109◦ , 20 wt% PTFE in GDL, p = 1000 Pa, 2000 Pa,
4000 Pa, 6000 Pa. Parameters for the Leverett capillary pressure function
model: Permeability K = 4.24 × 10−12 , porosity ε = 0.79, contact angle θ =
109◦ . The experimental data at 2000 Pa is directly from the Reference 8, while
others are calculated from the integral of local water saturation.
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pressures the experimental and model data are close to the correlation, while under the two high pressures (i.e. 4000 Pa and 6000 Pa)
the correlation gives much higher liquid saturations. This may be due
to the unique structure of the GDLs that is different with the random
sphere packs for which the Leverett correlation was developed.36
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Water dynamics in GDLs.—Fig. 6 shows the liquid water dynamics in a cross section and water break-through (characterized by 3D
iso-surface of water phase fraction γ=0.5) in the GDL. In the case
of p = 1000 Pa, when the flow reaches almost steady state, a thin
layer of liquid water is evident near the water entrance region and the
majority of the rest part is almost free of water, which agrees with the
experimental observation as shown in Fig. 6c. In p = 6000 Pa, liquid
water permeates the GDL and fills the bottom part, as shown in Fig.
6b, which is consistent with the experimental observation (Figure 6c).
In the model prediction, water penetration took the paths of relatively
large local porosity, i.e. the two sides of the constructed GDL where
fibers are sparse. Water broke through these regions (highlighted in the
pink circle) as a result of the low resistance (or relatively large local
porosity37 ) to liquid flow. In contrast, the middle region (highlighted
in the green circle) is almost free of water possibly due to presence
of local small porosity. In experiment, Fig. 6c shows water breakthrough occurs near the middle region of the GDL for p = 6000 Pa.
It is consistent with Fig. 6b in term of local occurrence of water
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Water profiles in GDL sub-regions.—To further explore uniformity in the water profiles, the predicted local saturations in four subregions (q1-q4) of the GDLs are plotted in Fig. 5 for both 1000 Pa
and 6000 Pa, along with the corresponding local porosity profiles.
It can be seen that the porosities vary little among the four selected
sub-regions. For 1000 Pa, the saturation profiles are similar among the
four sub-regions. We also studied other selections of four sub-regions,
which gave similar profiles. For 6000 Pa, a variation of saturation as
large as ∼0.4 between q3 and q4 is indicated, showing that the liquid
water profile may change from region to region. We also found that the
variation is dependent on the selection of the sub-regions. It is unclear
why the difference is evident for the higher pressure. Further, a small
region, qs, is selected to study local porosity and water profiles (also
see the highlight in Fig. 2b). It is shown that this site in general has
a slightly higher porosity than the four regions, but a significant high
water saturation. This location is where water breakthrough occurs,
which will be explained in the following section.
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Figure 5. Local porosity and water saturation distribution in different quadrants of the GDL (in-plane) under operating conditions: fiber contact angle θ
= 109◦ , 20 wt% PTFE in GDL, p = 1000, 6000 Pa. (a) Porosity; (b) Local
water saturation. It is noted that the region “qs” is highlighted in the Fig. 2.
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Figure 6. Comparison of the experimental and numerical liquid water dynamics in the through-plane direction (2D slice across the center of the domain) and
water break-through (3D iso-surface of water phase
fraction γ=0.5) in the GDL. (a) p = 1000 Pa; (b)
p = 6000 Pa; (c) Experimental 3D liquid water
distribution. Operating conditions: fiber contact angle θ = 109◦ , 20 wt% PTFE in the GDL (reprinted
from Ref. 8 with the kind permission of the publisher). Experimental pictures are obtained from the
Reference 8.
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Figure 7. Liquid water flow dynamics in the entirely reconstructed GDL at different time instances (3D iso-surface of water phase fraction γ=0.5 and 2D water
phase fraction contour). Operating conditions: fiber contact angle θ = 109◦ , 20 wt% PTFE in GDL, p = 6000 Pa.

breakthrough, but not with the occurring locations. The breakthrough
is also determined by local pore size and pore connection,21,22,37 which
were not given in the experiment.8 Furthermore, this highly localized phenomenon may greatly impact the liquid water profile and the
capillary-liquid saturation correlation. A small region (e.g. qs) with
a relatively large porosity allows most liquid water to pass through,
yielding an overall low saturation as compared with the Leveret correlation. This may also partially explain the discrepancy observed
between the predicted profile and experimental data.
Fig. 7 shows details of the liquid water distribution inside the simulated GDL under the operating conditions of p = 6000 Pa. The
3D iso-surface of water phase fraction γ=0.5 is presented to show
the two-phase interface location and morphology during water breakthrough. It clearly shows that water penetration occurs at the two sides
(right and left) at t = 1.28 ms, when the water content is still small in
the rest part in comparison with t = 10.48 ms. In the zoon-in windows,
the liquid phase shape is evident when water breaks through the local
fiber-constructed throats. At the GDL surface, a partially spherical
shape is predicted, as observed by many optical experiments.38–41 In
addition, local water accumulation can be observed in the GDL primarily due to the local large porosity. Water breakthrough in these
locations yields water droplet formation at the corresponding GDL
surface, which is observed in the experiment in Fig. 6c.
Conclusions
In this study, the air-water flow in gas diffusion layer (GDL) was
investigated by a three-dimensional (3D) volume of fluid (VOF) model
with the porosity spatial variation taken into account.
1.

A stochastic method was employed to reconstruct the microstructure of the GDLs with the through-plane porosity profiles following the experimentally determined data. The local porosity varied
from 0.55 to 0.95 across the GDLs.

2.

3.

4.

The VOF model was validated with the experimental data from
X-ray tomographic microscopy (XTM) in terms of the averaged
water saturation as a function of pressure. The pressure-saturation
relationship agreed well with the Leverett function under low
pressures, i.e. 1000 and 2000 Pa, but gave much smaller liquid
saturation under 4000 and 6000 Pa.
In the water saturation profile, we found the predicted saturation
curves agreed well with the experimental data under 1000 Pa
and deviated under 4000 Pa and 6000 Pa. In addition, the water
profiles in the four sub-regions of GDLs were found similar with
each other under 1000 Pa, but varied considerably under 6000 Pa.
Water dynamics insider GDLs were discussed to show the twophase interface location/shape and water breakthrough. The predicted water distribution in a cross section of the GDL agreed
qualitatively with the experimental data for 1000 Pa. For 6000 Pa,
the water breakthrough was predicted to occur in a location different with the experiment. It was indicated that the breakthrough site
has a relatively large porosity, which may explain the discrepancies observed in the average saturation-pressure relationship and
the local saturation profiles.
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