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H I G H L I G H T S

• Two-phase flow in mixed-wettability GDLs are investigated using a 3D VOF model.

• The GDL microstructures of PTFE spatial distribution are digitally reconstructed.

• The VOF predictions are compared with the LBM and experimental results.

• The effects of the PTFE distribution on water dynamics are studied.
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A B S T R A C T

Polytetrafluoroethylene (PTFE) is widely employed to improve the hydrophobicity of gas diffusion layer (GDL)
in proton exchange membrane (PEM) fuel cells. In this study, the effects of different PTFE loadings on the
relationship of the capillary pressure Pc and water saturation s in the mixed-wettability GDL, i.e. Pc-s, are in-
vestigated using a three-dimensional (3D) volume of fluid (VOF) model. The simulated Pc-s curves are presented
and compared with results obtained from the lattice Boltzmann model (LBM) and experiments. The good
agreement between the VOF predictions and experiment data is achieved, indicating that the mixed wettability
in the PTFE treated GDL is an important feature to understand two-phase behaviors in fuel cells. The homo-
geneous and heterogeneous PTFE distributions resulted from two PTFE drying methods (i.e. the vacuum and air
dryings, respectively) are studied. It was found that the air drying GDL yields a high PTFE concentration near the
water inlet and reduces water imbibition near the inlet. The simulated Pc-s correlation from VOF model was
compared with standard Leverett correlation.

1. Introduction

Proton exchange membrane (PEM) fuel cells are promising alter-
native power devices of electric vehicles due to their outstanding merits
such as high efficiency, negligible emissions and high power density.
Water management is a major bottleneck for the improvement of fuel
cell efficiency and durability [1]. In PEM fuel cells, the gas diffusion
layer (GDL) is a key component which provides pore paths for reactant
diffusion and product water removal. Excessive liquid water in GDLs
may hinder reactant transport and increases the mass transport polar-
ization [2]. Thus, effective water removal is important to ensure high
efficient operation of fuel cells [3]. This issue requires comprehensive
understanding of liquid water transport in GDLs [4].

In general, GDLs are fibrous media, and carbon paper and carbon
cloth are popular GDL materials [5,6], as shown in Fig. 1. The inherent

hydrophilicity of graphite (its static contact angle θ ≈ 75–86° [7–9])
may resist water removal in GDLs. A common strategy of facilitating
water removal is to add hydrophobic agents, such as Polytetra-
fluoroethylene (PTFE) [10–15]. In fabrication, it is difficult to coat
PTFE homogeneously in all the inner surfaces, causing the treated GDL
to show mixed wettability, i.e. the part of the GDL inner surface is
hydrophobic, and the rest is hydrophilic. In addition, PTFE loadings
(typically 5–30wt%) [12,13], loss during mechanical compression or
freezing cycles [14,15], degradation [16–19], and drying methods (e.g.
air versus vacuum drying) [20] will impact the PTFE distribution and
mixed wettability in GDLs.

Several experiments were conducted to assess the GDL’s mixed
wettability and measure the correlation between the capillary pressure
Pc (defined as Pc= Pl− Pg) and water saturation s in GDLs [21–26].
Gostick et al. [21,22] employed the standard porosimetry (MSP)
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method to measure the Pc-s correlation under various GDL thickness,
PTFE loading, and compression. They found water withdrawal occurs at
a negative capillary pressure and observed hysteresis between water
injection and withdrawal processes. Kumbur et al. [24] measured the
Pc-s curves for SGL 24 series GDLs using the MSP technique. They de-
rived a new K function to replace the J function in the standard Leverett
correlation, which takes into account the PTFE loading (ranging from
5wt% to 20wt%). Hao and Cheng [26] developed a micro-fluidic de-
vice to investigate the Pc-s curves of the Toray-090 carbon paper coated
with different PTFE loadings (10 wt% and 30wt%). They determined
the parameters in the Leverett J correlation using experimental data.

Numerical study is an efficient tool to investigate the complex two-
phase transport in GDLs, such as the multiphase mixture (M2) model
[27–31], two-fluid model [32], lattice Boltzmann method (LBM)
[26,33–36], pore network method (PNM) [37–40] and volume of fluid

(VOF) method [41–45]. Wang and Chen [27] compared their M2 model
prediction (based on the standard Leverett correlation) of the liquid
water through-plane profile with the high-resolution neutron radio-
graphy data, and showed an acceptable agreement in the GDL regions.
Wang and Chen [28] further explored the spatial variation in GDL
properties including porosity, permeability, and wettability, and de-
rived a generalized formula based on the standard Leverett correlation
to account for the impacts of the property spatial variation. They also
explained local water accumulation observed in high-resolution neu-
tron radiography of GDLs and achieved a good agreement with the
experimental water profile. The impact of land compression was also
discussed and compared with experiment. Wu et al. [29] employed a
M2 model to explore how the arrangement pattern of the protrusive
GDL affects the fuel cell performance. They found that the small density
of protrusive GDL distribution can enhance the fuel flow into the cat-
alyst layer with the smallest pressure drop. Si et al. [32] adopted a two-
fluid model which incorporated a validated Leverett function (K func-
tion) in ref. [24] to investigate the effect of different PTFE loadings,
compression pressure and micro-porous layer (MPL) on the cell per-
formance. They found liquid water is hard to be removed from the GDL
with poor hydrophobicity. Hao and Cheng [26] developed a three-di-
mensional (3D) LBM model to perform pore scale simulations of air-
water flow in the mixed-wettability carbon paper GDL. They validated

Fig. 1. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) images of Toray-090 carbon paper. (a) In-plane [5] and (b)
through-plane [20].

Fig. 2. Computational domain and boundary conditions of present two-phase GDL model.
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Fig. 3. Comparisons of simulated and experimental local porosity distribution
[51] along the through-plane direction for GDLs.
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the simulated Pc-s curves with experimental data and further fitted
capillary pressure data to obtain the proper parameters for the modified
Leverett J function. Fang et al. [34] employed a multiple-relaxation-
time LBM model to predict the effective transport properties of re-
constructed perforated GDLs. They fitted effective transport properties
of partially saturated GDL as correlations. Chen et al. [36] adopted a 3D
multiphase LBM model to study the impact of PTFE loading and dis-
tribution on the air-water transport and gas relative permeability in
GDL. They found that the simulated liquid water saturation in GDL
decreases with the increase of PTFE loading in GDL. Sinha and Wang
[37] developed a PNM model to investigate the impact of wettability
distribution on flooding in GDL. They found liquid water preferentially
flows through a connected hydrophilic pore network in a mixed-wett-
ability GDL. Straubhaar et al. [38] developed a condensation PN model
to investigate the formation of liquid water by condensation in GDL.
Their numerical results agree well with several experimental data. Yin
et al. [43] employed a two-phase VOF model to study the effect of the
heterogeneous fiber contact angle on water transport in GDL. Niu et al.
[44] employed the VOF method to investigate the liquid water removal
via the by-pass flow under various wettability of GDLs and found that
the corner droplet in the flow channel is easier to be removed by by-
pass flow under the rib. Niu et al. [45] further extended the VOF study
to investigate the through-plane water profiles by accounting for the

porosity spatial distribution determined by experiment. Good agree-
ment was achieved for the liquid water through-plane profile under low
pressure and the average saturation-capillary pressure correlation. The
standard Leverett correlation was found to deviate from both the ex-
perimental and VOF prediction data under high pressure.

Though several numerical studies have been performed to study
two-phase flow in GDLs, few were focused on the impacts of PTFE
loadings and distributions in a mixed-wettability GDL [26,36]. One
major reason is that those detailed PTFE distributions were only
available recently when high-resolution scanning electron microscopy
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Fig. 4. Comparisons of Pc-s curves obtained from VOF simulations, LBM si-
mulations [26] and experimental data [22,26] for GDLs with different PTFE
loadings. Parameters for the Leverett J function model: Permeability
K=4.24× 10−12, porosity ε=0.74 (10 wt% PTFE) and 0.66 (20 wt% PTFE),
contact angle θ=109°.
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Fig. 5. Comparison of simulated and experimental local PTFE and porosity
distribution along the through-plane direction for GDLs under different PTFE
drying conditions (air pressure and vacuum pressure). (a) Experimental PTFE
profiles in Ref. [20]; (b) simulated PTFE profiles in VOF model; (c) simulated
local porosity profiles in VOF model and experimental porosity profiles in Refs.
[51,52].
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(SEM) and energy dispersive X-ray spectroscopy (EDS) techniques were
introduced to GDL studies. In this study, a 3D two-phase VOF model,
along with a stochastic model of PTFE treated GDL microstructures
reconstruction, was developed to investigate the Pc-s curves inside the
Toray carbon paper GDL (TGP-090) with various PTFE loadings and
spatial distributions. The simulated results were compared with the
experimental data [22,26] and LBM results [26], as well as the standard
Leverett J correlation. Summarily, the main objectives of this study are
to develop a two-phase VOF model to simulate the air–water flow in
GDLs with different PTFE treatments and PTFE local distributions, and
to highlight the significant effects of mixed wettability on the Pc-s
correlation of GDLs.

2. Model development

2.1. VOF model

(a) 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 air-water interface. The volume averaged density and dynamic
viscosity for air-water mixture, ρandμ, are calculated as follows:

= + −ρ ρ γ ρ γ(1 )l g (1)

= + −μ μ γ μ γ(1 )l g (2)

where subscripts l and g denote the liquid phase and gas phase re-
spectively.

The governing equations for the two-phase VOF model in this study
are listed as follows [45]:

Continuity equation:

∇
→

=U· 0 (3)

Phase conservation equation:

∂
∂
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→
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Momentum equation [46,47]:

+ ∇
→→

−∇ ∇
→

− ∇
→

∇

= −∇ −→ →∇ + ∇

∂
→

∂ ρU U μ U U μ

p g x ρ σκ γ

·( ) ·( ) ( )·

·

ρU
t

d

( )

(5)

where
→
U is the effective velocity vector shared by the two phases

throughout the flow domain, which is defined as

→
=

→
+ −

→
U γU γ U(1 )l g (6)

→
=

→
−

→
U U Ur l g is the relative velocity of liquid and gas at the interface,

designated as “compression velocity”, the subscript r here denotes
“relative velocity”; γ , σ andκ 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

= − → →p p ρg x·d (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 fσ to Eq. (5), which is
defined as follow

= ∇f σκ γσ (8)

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

⎜ ⎟= −∇ → = −∇ ⎛
⎝

∇
∇

⎞
⎠

κ n
γ
γ

· ·
| | (9)

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 inter-
face 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 θ t θcos sinw w (10)

where →nw 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.

(b) Initial and boundary conditions

The GDL sample (Toray-090 carbon paper) in this study is 296 μm
thick with a cross-section of 225 μm×225 μm, which is same as values
in Ref. [26]. Simulations were performed by imposing different inlet
pressures of liquid water, while keeping the same outlet pressure. The
liquid water saturation at different capillary pressure was obtained by
increasing the inlet pressure gradually. The other side walls are as-
sumed symmetric planes. The contact angle θ is set as 80° for carbon
fiber and 109° for PTFE [7–9,48–50]. Initially, there was no liquid
water in the GDL.

(c) Numerical procedures

The open source software Open FOAM was adopted to perform all
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 computational domain of the
present GDL was discretized with about 1 million of hexahedral mesh
(90×148×90, x, y, z respectively), as shown in Fig. 2. The open-MPI
was adopted for parallel computation. The time step was set 4×10−7

s. Each case took about 16 h by using 48 Intel Xeon @2.93 GHz pro-
cessors in parallel. We used the hexahedral mesh for pore regions of
GDLs, following our previous work [45] and other studies
[26,33–36,43–45]. The chosen mesh size (2.5 μm) is similar to the LBM
study in Ref. [26], our pervious validation work [45], and other VOF
GDL simulations [43]. We also conducted a grid-independence study
using a small domain, showing the approximation is accurate in pre-
dicting two-phase flow in GDLs using the chosen grid size. The fiber
surface is treated as no-slip wall. The Reynolds number in the present
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Fig. 6. Comparisons of Pc-s curves obtained from GDLs with different PTFE
distributions.
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GDL ranges from about 0.01 to 0.1 based on the averaged water velo-
city (e.g. 0.011m s−1) at the inlet and fiber diameter 8 μm as the
characteristic length. The flow recirculation behind fibers would be
captured by this model if it physically occurs.

2.2. Stochastic model

Toray carbon paper consists of numerous horizontally orientated
straight fibers, the scanning SEM and EDS images of Toray-090 in both
directions of in-plane and through-plane are shown in Fig. 1. The Toray
carbon paper TGP-090 was digitally reconstructed using a stochastic
method [26,34,36,43–45]. Based on the GDL reconstruction method in
our previous study [45], the Toray-090 carbon paper without PTFE
treatment is firstly reconstructed (porosity ε=0.74) and the fiber
diameter is set as 8 μm. After generating fiber structures of the GDL
without PTFE (Toray-090 0wt% PTFE), the PTFE is added by randomly
marking cells near the fiber surface as PTFE locations. This process was

repeated until the target PTFE loading was achieved. This method of
adding PTFE is similar with that in [26]. And the size of single PTFE
parcel equals to the cell size. The PTFE with flake shape at the fiber
intersection is also determined by this random process. The re-
constructed fiber structures and PTFE locations (including both air and
vacuum dryings) of Toray-090 are shown in Fig. 2. The distributions of
simulated local porosity along the through-plane direction for GDLs
with different PTFE loadings (0 wt%, 10 wt%, 20 wt%) were compared
with experimental profiles in Ref. [51], as shown in Fig. 3.

3. Results and discussion

3.1. Effects of PTFE loading on liquid water transport

This section presents the effects of PTFE loadings on the liquid water
transport in GDLs. The simulated Pc-s curves of GDLs with 10wt% and
20wt% PTFE loading were compared with experimental data in Ref.

Fig. 7. Qualitative comparison among present VOF results, LBM simulations and experimental images. (a) Liquid water dynamics under different capillary pressure
Pc for GDLs with different PTFE distributions; (b) experimental visualization and LBM simulations of liquid water dynamics in an enlarged GDL [54].
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[22,26] and LBM results in ref. [26]. Fig. 4a compared the simulated Pc-
s curves with experimental data and LBM results for the GDL treated
with 10wt% PTFE [26]. It can be seen that the water saturation in-
creases gradually as Pc under 3000 Pa. Then, a rapid increase of the
water saturation was indicated when Pc raises over 3000 Pa. This rapid
increase in the water saturation corresponds to liquid water breaking
through the GDL. In the high capillary pressure region (Pc > 5000 Pa),
the water saturation shows minor increment as Pc continues to increase.
In overall, the numerical results agree well with experimental data. The
LBM results for the GDL with 10wt% PTFE are also plotted in Fig. 4a. It
can be seen that the VOF prediction agrees with LBM results at the low
Pc region but underestimates water saturation in the high Pc region. A
purely hydrophobic GDL was also simulated for comparison, which
deviates from the mixed-wettability GDL. Fig. 4b compares the simu-
lated Pc-s curves with experimental data for the GDL of 20 wt% PTFE
[22]. It can be seen that water breakthrough starts when Pc raises over
6000 Pa. The difference in the Pc-s curves between the purely hydro-
phobic and mixed-wettability GDLs decreases as PTFE loading in-
creases. This may be due to the fact that the GDL of 20 wt% PTFE
contains more hydrophobic pores.

Furthermore, the Leverett J correlation, a popular correlation for Pc-
s in porous media, was compared with the simulated Pc-s curves of GDLs
with different PTFE loadings, as shown in Fig. 4a and b. The Leverett J
correlation is given below [26]:

= ⎛
⎝

⎞
⎠

P σ θ ε
K

J scos( ) ( )c

1 2

(11)

where ε and K are the average porosity and absolute permeability of the
GDL, respectively. The standard Leverett function J(s) for purely hy-
drophobic and hydrophilic porous media is following [26]:

= ⎧
⎨⎩

− − + − − − >
− − + <

∘

∘

J s

s s s θ
s s s θ

( )

1.417(1 ) 2.120(1 ) 1.263(1 ) , if 90 hydrophobic
1.417(1 ) 2.120 1.263 , if 90 hydrophilic

2 3

2 3

(12)

It is seen in Fig. 4 that the simulated Pc-s curve is close to the Le-
verett correlation in the GDL with low PTFE loading (10 wt%), but
deviates for high PTFE loading (20 wt%). Note that the Leverett J
function was originally developed for homogeneous sand structures,
which are different from the fibrous GDLs. Besides, the contact angle is
assumed uniform in the Leverett J function, while PTFE treated GDLs
show mixed wettability. Compared with the purely hydrophobic GDL,
the mixed-wettability GDL model gives a Pc-s correlation closer to the
experimental data.

3.2. Effects of PTFE spatial distribution on two-phase flow

GDLs are commonly treated with a hydrophobic agent such as PTFE
to increase the hydrophobicity. In the treatment, GDLs are dipped into
an aqueous PTFE dispersion to enable PTFE addition. Excess dispersion
is allowed to dip off, then the remaining solvent is removed by oven
drying. Finally, the PTFE is sintered at above 350 °C. In the PTFE drying
process, e.g. the vacuum pressure (vacuum-dried) and atmospheric
pressure (air-dried), have a significant impact on the PTFE distribution
in the through-plane direction [20]. Fig. 1b shows the through-plane
SEM images and corresponding EDS maps of PTFE distributions for
GDLs with drying PTFE under air pressure (air drying) and vacuum
pressure (vacuum drying) [20]. It is seen that PTFE is heterogeneously
distributed near the top and bottom surface in the air drying GDL,
whereas PTFE is distributed more homogeneously through the bulk
under the vacuum drying condition. The cause is the absence of capil-
lary force in the vacuum pressure condition, which enables the PTFE
solution to permeate GDL deeply. The experimentally measured PTFE
distributions fPTFE along the through-plane direction for GDLs with two
PTFE drying methods [20] are shown in Fig. 5a. The grey-scale of each

pixel along the in-plane direction of the EDS image in Fig. 1b was
summed to obtain a relative PTFE value. After that, the relative PTFE
values were normalized across the through-plane direction to obtain
fPTFE.

In this section, two kinds of PTFE distributions were investigated for
the two drying methods [20], as shown in Fig. 5a. It is noted that this
study considers effects of different drying methods by mapping the
experimentally determined PTFE profiles of two drying methods in [20]
to the present GDL. The physical PTFE drying process is interesting, but
out of scope of this model, thus was excluded in this study. Both GDLs
were treated with 20wt% PTFE in the GDL reconstruction and VOF
simulation. The profiles of the corresponding mPTFE are shown in
Fig. 5b. mPTFE is defined as the total mass of local PTFE in the in-plane
direction divided by the sum of PTFE in the entire GDL. Because the
PTFE is physically present in the pore network, its addition will reduce
local porosity [51]. The local porosity profiles used in the VOF simu-
lation are given in Fig. 5c. Because of the more PTFE loading near the
top and bottom surface, two dense layers occur in the GDL with air
drying PTFE.

Fig. 6 shows the simulated Pc-s curves for the GDLs under air and
vacuum drying methods, respectively. It can be seen that water sa-
turation of the GDL with air drying PTFE is lower than that of the GDL
with vacuum drying GDL in the low Pc region (Pc < 6000 Pa). The
reason may be due to the low local porosity near the inlet, caused by the
more PTFE loading. Besides, the maximum of the water saturation in
the GDL with air drying PTFE is larger than that in the GDL with va-
cuum drying when water breakthrough starts.

Fig. 7a shows the liquid water dynamics (characterized by the value
of water phase fraction γ=1) in GDLs with the two PTFE drying
methods, respectively. Both GDLs have similar water dynamics when Pc
is low. Slight difference is present in local, as highlighted by the dash
circles. Under the high Pc of 7000 and 10,000 Pa, a barrier to water
imbibition for air drying can be observed (the blue or water-free zone in
the lower side), which blocks water breakthrough. For 7000 Pa, when
liquid water starts to break through the GDL with air drying PTFE, it
firstly fills the middle region. In comparison, liquid breaks through the
vacuum drying GDL directly, as shown in Fig. 7a. The reason for this
significant difference is that a higher PTFE concentration appears near
the water inlet in the air drying GDL, which presents a large barrier for
water imbibition. In addition, the middle region has low PTFE loading
for air drying PTFE, which permits liquid to occupy the region after
overcoming the first barrier. Wang and Chen [27] showed water local
accumulation in the middle of GDLs in both their model prediction and
neutron radiography data. In addition, fluctuation in the local water
content may arise from spatial variation in porosity and permeability
[28], phase change [53], and liquid water cross-flow under ribs [44]. In
our previous study [45] that used a similar model, we have compared
the predicted liquid water dynamics in GDLs with experimental data
obtained by the X-ray tomographic microscopy (XTM) for constant-
contact-angle GDLs. Moreover, the present study already compares the
predicted liquid dynamics in Fig. 7a qualitatively with both experi-
mental data and LBM simulations [54] under the similar GDL config-
urations, as shown in Fig. 7b.

4. Conclusions

In this study, the air-water two-phase flow in the mixed-wettability
gas diffusion layer (GDL) was investigated using a three-dimensional
(3D) volume of fluid (VOF) model. A stochastic method was developed
to reconstruct the microstructures of mixed-wettability GDLs with dif-
ferent PTFE loadings.

(1) The VOF model predictions were validated with experimental data
and lattice Boltzmann method (LBM) results. The predicted curves
of the capillary pressure Pc versus water saturation s, i.e. Pc-s,
agreed well with the experimental data, and were slightly lower
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than the LBM results.
(2) Two PTFE spatial distributions caused by two PTFE drying

methods, i.e. air pressure and vacuum pressure, respectively, were
investigated. The air drying GDL requires a higher breakthrough
pressure.

(3) The model prediction of the Pc-s curves was compared with the
Leverett J correlation. It was found that the two were close under
the lower PTFE loadings (10 wt%), but large deviation was pre-
sented under the higher loading (20 wt%).

(4) Comparing with the purely hydrophobic GDL case, the mixed-
wettability GDL showed a Pc-s curve more close to experimental
data, indicating that the mixed wettability in the PTFE treated GDL
needs to be taken into account in order to accurately predict two-
phase behaviors.

Overall, the present study highlights the significant effects of PTFE
distributions caused by the different drying methods in real applica-
tions. The developed two-phase VOF GDL model benefits the accurate
prediction of correlation of capillary pressure and water saturation in
the mixed-wettability gas diffusion layers. In addition, practical GDLs
can be fabricated with a PTFE loading spatial variation using either
different drying methods or other coating methods to improve water
management. The proposed VOF model provides a fast and efficient
tool to optimize the loading variation for water management purpose.
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